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Abstract

Point-of-care devices have the potential to revolutionize public health care in both devel-
oping and developed countries. In today’s society, rapid, relatively inexpensive, disposable
tests are becoming an important necessity, particularly for tracing the sources of infectious
diseases. On the other hand, these devices can be a key to the development of developing
countries where access to safe and sufficient water is not yet assured. In recent years,
interest in point-of-care screening devices has increased and is expected to continue to
grow, in particular due to changes in the need for health care.

The project that led to this master’s thesis aims to create a prototype point-of-care screen-
ing device suitable for use in developing countries. This affordable, portable and sensitive
biosensor will consist of a disposable paper-based platform that will allow microflow of a
water sample and electrical detection of harmful E. coli bacteria. Although the detection
of E. coli in a developing country is the intended application, these devices may have
different uses. The emergence in 2019 of the new coronavirus disease (COVID-19) has
highlighted one of them. The biosensor to be studied could meet the need for detection of
various viruses in the coming years through appropriate modifications.

In this work the use of a nitrocellulose membrane as biosensor substrate for the detection
of E. coli bacteria from a water matrix is discussed. It is conducted by the study of
microfluidics in the nitrocellulose through a discussion of design parameters impact on the
biosensor response, and by the introduction of membrane biofunctionalization by phage
receptor binding proteins (RBPs) and cell binding domains (CBDs).

The test sensitivity is mainly affected by the capillary flow rate of the water sample at
the specific test line location. Even if smallest pores sizes lead to a smaller flow rate, high
ones allow an easiest displacement of target particles through the device so that this type
of membrane should be preferred. The capillary flow rate could be controlled by adapted
sudden change in the strip width.

The volume of analyzed sample is also a parameter playing a role on the sensitivity of the
device. It is related to the void volume downstream the capture line and the addition of
an absorbent pad (i.e. a chromatography paper) at the top of the strip can be used to
increase the volume of sample flowing through the test line.

Nitrocellulose is of high interest as biosensor substrate thanks to its very good properties
of immobilizing biomolecules. In this work the first biofunctionalization experiences are
done with receptors specific to the Bacillus cereus group. This approach "proof-of-concept'
highlights that phages RBPs and CBDs are good candidates to be used as bioreceptors.
The choice of the nitrocellulose support for microfluidics needs compared to the PDMS
one is confirmed thanks to a comparative life cycle assessment (LCA) comparing their
embodied energy and their carbon footprint.
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Chapter 1

Introduction

The assessment and management of water quality contributes to access to safe and sufficient
water in developed countries. Meanwhile, the lack of scientific and technical progress in
developing countries leads to serious problems due to water pollution, as rigorous water
quality analyses are not easily carried out.

The project that led to this master’s thesis aims to produce a prototype point-of-care
device adapted to developing countries. This affordable, portable and sensitive biosensor
will consist of a disposable paper-based platform that allows the microfluidic displacement
of a water sample and the electrical detection of the harmful E. coli bacteria found in it.

Although the primary targeted application is the detection of F. coli in water, this test
could have other uses. One specific use has been identified with the appearance in 2019 of
COVID-19 caused by SARS-CoV-2 infection. The most effective way to contain the spread
of this virus is to trace its sources. However, many carriers may be asymptomatic, so the
entire population living in infected countries must be tested, which implies mass screening.
This is very difficult because it takes time but also because there are not enough testing
technologies available. This is where the biosensor under study could be useful because
it could, with appropriate receptors, be able to detect the SARS CoV-2 in the sewage
of local areas and thus minimize the risk of spreading the pathogen by monitoring the
corresponding population [I].

The research is based on the understanding of the parameters impacting the biosensor
response. This involves understanding the microfluidics on the porous paper-based support
and its design parameters, as well as understanding the biofunctionalization allowing the
capture of bioelements of interest from the water sample and understanding the electrical
platform allowing accurate quantitative detection of harmful bacteria. Environmental,
socio-economic and health impact assessments will be integrated in the design phase in
order to optimize the device and its applications and to evaluate a multidimensional
analysis.

This work will specifically focus on providing guidelines for the design of the microfluidic
device and initiating the biofunctionalization of this medium with innovative bioreceptors.
The introduction being the first chapter, the second chapter will introduce important
concepts for the contextualization and understanding of the following chapters. To this
end, point-of-care devices as well as classical methods for bacterial detection will first



be presented. Then, the use of biosensors for the detection of bacteria will be explained
and described. This section ends with a review of several biosensor support materials in
order to get a general idea of what can be done and to compare these materials using
technical and sustainable criteria. Finally, the last section of the state of the art will go
into more detail on paper as a support material for microfluidic biosensors. The choice of
the support platform is based on paper materials mainly because of its wicking capability
and because, compared to other materials commonly used for biosensor applications, they
are more environmentally friendly. However, the nitrocellulosic paper membrane will be
used because of its higher wicking performance and bioaffinity, making it more attractive
than cellulose paper for this application.

After introducing the objectives of the master thesis in the third chapter, the fourth
chapter will describe the materials and methods and the fifth chapter will present the
results obtained from them. The sixth chapter will draw conclusions towards general
guidelines for microfluidic biosensor prototyping.

While technical performance will be the focus of the first part of the work, the last chapter
will focus on the environmental issue with the aim of developing an effective integrated
solution offering both technical and sustainable performance. To this end, the final chapter
will provide guidance based on a comparative environmental study of the manufacture of
two different microfluidic devices.



Chapter 2

State of the art

2.1 Interest for point-of-care (PoC) devices

While infectious diseases are not a problem in developed countries thanks to scientific
and technical progress, they nevertheless pose many problems in developing countries,
particularly because of bacterial pollution of water. There are various reliable methods for
detecting bacteria in water samples, such as colony counting, polymerase chain reaction
(PCR) and enzyme-linked immunosorbent assay (ELISA), which are briefly described in
Section [2.2] However, developing countries lack the basic resources and well-equipped
laboratory facilities needed for these diagnostic methods. In addition, these techniques are
relatively expensive and are not suitable for such conditions.

This is where Point-of-Care devices (PoC) come in. Criteria for point-of-care detection
devices suitable for these uses have been listed by the World Health Organization. This
list is often known by the abbreviation "ASSURED": affordable, sensitive, specific, user-
friendly, fast and robust, without equipment and delivered. In light of these guidelines
and the critical area of water management, the Section presents the biosensors that
respond to these guidelines by offering the possibility of rapid and cost-effective bacterial
detection at the point of use, particularly through the use of microfluidics.

2.2 Classical bacteria detection

The detection of pathogens is one of the most important keys to water treatment, alongside
other typical water pollutants such as inorganic species and organic chemicals. The
relevant legislation is strict because in certain circumstances the failure to detect critical
pathogenic bacteria can lead to serious problems in the area of public health and safety.
The main areas in which the detection of harmful bacteria is of great interest are, in order
of importance, the food industry, the clinical field and the monitoring of water quality and
the environment.

Of all the microorganisms detected, Salmonella and E. coli account for more than 50% of
the distribution of the number of articles published in the literature .

Several methods have been implemented for the detection of bacteria. Among them, the
most common are colony counting, polymerase chain reaction (PCR) and enzyme-linked



immunosorbent assay (ELISA) methods [2]. (see Table [2.1)). Culture and colony counting
methods do not require advanced equipment. They consist of a selective growth medium
that detects specific bacteria, followed by direct counting by ocular inspection or other
optical methods such as microscopic counts using a hemocytometer or counting chamber
[3]. The PCR method is a technique based on different DNA amplification cycles (see

Figure[2.1) [2] .

Template DNA

94°C - 98°C

Denaturation

s = P
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Figure 2.1: Illustration of the main steps in PCR: denaturation, annealing, extension to
amplify target sequence from a template DNA [4].

The DNA sequence comprising the genetic material of the target bacterium is first denatured
by heat. Then specific primers recognize the DNA strand and are added during the
annealing step and finally the DNA strands are extended by polymerization. Then the
amount of amplified sequence can be detected by gel electrophoresis. Among the different
PCR methods, multiplex PCR allows the simultaneous detection of several organisms. The
greatest disadvantage of PCR methods is that they do not differentiate between viable
and non-viable cells.

The most common ELISA test is the sandwich ELISA [2]. It consists of four main steps:
immobilisation of the antigen-specific antibody on a substrate ("capture antibody"), addi-
tion of the antigen (target bacteria), addition of the enzyme-labelled antibody ("detection
antibody") and finally introduction of the enzyme substrate and appearance of the stained

product (see Figure [2.2).
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Figure 2.2: A representative image of the Sandwich format ELISA. The sandwich format
is so named because the analyte is "sandwiched" between a capture and detection antibody

[5].

These last two techniques can also be coupled with others giving other methods such as
PCR-ELISA and LightCyber real-time PCR (LC-PCR) [2].

The Table[2.1| groups these three traditional detection techniques and their main parameters
for E. coli detection. However, even these popular methods are sufficiently sensitive and
are capable of detecting different bacteria depending on the detection technique used, they
are time-consuming. This is the main reason why biosensors have become increasingly
important in the field of pathogen detection in recent years.

Table 2.1: Traditional detection techniques for E. coli [2][6][7].

Limit of detection | Response time | Cost
[CFU mL~!]
Culture and || Low CFUs Several days Low
colony count
PCR ~ 103 Approx. > 2h | High
ELISA ~ 103 ~ 1 day Medium

2.3 Biosensors for PoC bacteria detection in a liquid
media

Biosensors are powerful and innovative devices used to convert biological reactions into
measurable signals to detect target analytes. The ELISA technique, briefly described in
the Section [2.2] is the inspiration for many of them, so that the common principle of a
biosensor is similar to that of its sandwich analysis. The block diagram of a biosensor
is presented on Figure [2.3] it consists mainly of two parts, namely the sensory layer or
bioreceptor layer and the transducer. The recognition element of a biosensor is generally
referred to as the bioreceptor. Bioreceptors are usually enzymes or antibodies and are
immobilised on support materials to use their ability to recognise the target compound

11



present in the so-called matrix. The transducer is then used to convert the signal resulting
from this interaction into an observable signal [8].

sensory layer transducer

b
b
b

recognition | gjgnal |

|’ 4

Figure 2.3: Block diagram of a biosensor [9].

Biosensors are used in various fields such as medicine, environment, industry, but much
research is still being done. An important application is the detection of critical pathogens.
For this purpose, several other methods have been implemented, such as colony counting,
PCR and ELISA methods. These traditional techniques are discussed in Section 2.2] As
already mentioned, biosensors have reached an important place in the field of pathogen
detection because of their ability to solve the problem of the slowness of existing methods
(discussed in Section , but they are also very promising for their sensitivity, selectivity

3

and compactness [2].

2.3.1 Bioreceptors

The biological recognition element of a biosensor is generally referred to as a bioreceptor.
Its role is to functionalize the support and catch the targeted molecule. It must therefore
demonstrate a high selectivity for the specific analyte among other species that may be
included in the sample matrix. Biosensors can use several mechanisms for biological
signalling. These can be classified according to the group of recognition elements: enzymes,
antibodies and antigens, nucleic acids (DNA), cell structures or whole cells and biomimetic
receptors [2][10][L1].

Bioreceptors can be attached to the substrate in different ways. The most commonly used
immobilization techniques are covalent binding, cross-linking, trapping, adsorption and
affinity binding.

2.3.1.1 Types of bioreceptors

Proteins

Phage proteins: Bacteriophages are viruses capable of infecting bacteria. They are
usually able to infect a single bacterial species or a few strains. Phages produce a wide

number of proteins with potential in biotechnology applications such as biosensors. The
two most promising proteins are the Receptor Binding Protein (RBP) and the endolysins.

12
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Figure 2.4: Left: Recognition bacteria by RBP [12]. Right: schematic representation of
phage life cycles [13].

The life cycle of phages is represented on the right side of the Figure The process of
infection begins with the recognition of bacteria. This involves the irreversible binding
of RBPs to specific bacterial receptors. This process takes place in several steps. First,
random collisions occur between the phage and the host, then the phage reversibly binds
to the bacterial surface and finally irreversibly binds to the bacterial receptors. Once this
adsorption step is complete, phages can infect bacteria by injecting their genetic material
into the host.

RBPs are proteins that allow infection of host cells through recognition of certain bacteria.
Recognition is based on specific interactions between the phage RBP and host surface
receptors (see the left side of Figure 2.4). RBPs can therefore be used as biosensors to
detect bacteria by allowing specific immobilization.

This immobilization is governed by the specificity of the RBP but also by the host’s
receptors. The latter differ according to the type of bacteria, which can be Gram-positive
or Gram-negative. These two bacteria can be distinguished by the difference in thickness,
uniformity and lipid/lipoprotein content of their cell wall but their main difference is that
Gram-negative bacteria have an external membrane while Gran-positive bacteria do not.

Endolysins are involved at the end of the phage cycle to lyse bacteria and liberate new
produced virus. An endolysin is composed of two parts, the enzymatically active domain
(EAD) having the lytic activity or the cell wall binding domain (CBD) responsible of the
binding to the inner wall of the bacterium.

Endolysin is expressed only after a number of new virions are reached in the cell during the
lytic cycle. Through degradation of the peptidoglycan layer, endolysins allow the release
of new virions which then infect other bacterial cells (see the right side of Figure . The
CBD then confers specificity to endolysins by recognizing and binding to ligands within
the cell wall. Therefore, it is also an interesting candidate as a bioreceptor element [14].

13



Pathogen detection platforms typically use antibodies as bioreceptors. However, these
offer biosensors with a lack of specificity, low separation efficiency and low sensitivity. In
addition, their production is long, expensive and laborious and their activity may be lost
due to changes in environmental conditions. Thanks to their properties described just
before, tail proteins from bacteriophages may be an alternative. They have in fact been
positively compared to antibodies and appear in various articles, cited in [15].

Antibodies and antigens: Antibodies (Ab) are Y-shaped proteins, also known as im-
moglobulins (Ig). They are produced primarily by plasma cells used by the immune system
to neutralize pathogens. An antibody is specific by its variable part capable of binding
to the corresponding pathogen through a single molecule called antigen [I6][10]. The
recognition step of this type of biosensor is therefore based on the specificity and high
affinity between the antibody and the antigen.

The antibodies can be monoclonal, polyclonal or recombinant depending on their mode of
synthesis and their selective properties [2]. For example, O157:H7 monoclonal antibodies
are selective for E. coli [17].

Antibodies are widely used as recognition elements in biosensor applications, such as in
the well-known lateral flow assay (LFA) where they can have two different functions. They
can have a capture role and biofunctionalize the carrier to attach the target element to a
specific capture line [I8] and they can also be used as detection antibodies and be attached
to colored nanoparticles (i.e. AuNP on Figure [2.5). This is the case with colorimetric tests
where the molecules to be detected are made visible by being attached to the detection
antibodies [19][20]. Both antibodies can naturally be present in the same GLA.

\
sample /i~ Flow
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[

EIE PN

Sample Conjugate L
pad pad Test Control Absorbent
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Control line e

. e NP=-Ab _ouem
Test line - -
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tigen
Sample + .
NP-mAb ., nmobilized mAb

Figure 2.5: Both functions of antibodies (capture antibody in purple and detection antibody
in green) used in a LFA [21].

Enzymes: Enzymes are defined as proteins that catalyze specific chemical reactions and
are therefore very effective biocatalysts. They can be used by different mechanisms. In
fact, this type of biosensor can recognize the analyte either by the conversion by the

14



enzyme of the target analyte into a product detectable by the sensor, or by the detection
of an analyte acting as an enzyme activator or inhibitor, or by monitoring changes in the
properties of the enzyme resulting from the interaction with the analyte [I1]. However,
enzymes tend to be used more often as markers than as recognition elements [2].

Nucleic acids

In the case of using the nucleic acid sequence as a bioreceptor, the recognition process is
based on the highly specific affinity between complementary pairs of single strands of DNA
(adenine:thymine or cytosine:guanine) [L0][II]. Thus, if the target nucleic acid sequence is
known, the corresponding sequence can be immobilized on the sensor.

Cells

Whole living cells or specific cell components (e.g. a non-catalytic receptor protein) can
also be used as biorecognition elements because they are easily immobilized on the surface
and are capable of detecting microenvironmental conditions or physiological parameters
and can respond to several types of stimulants [I1]. The main disadvantage of the cellular

biosensor is that many conditions must be met in order for the cell to remain stable and
alive [10].

Biomimetic receptors

The principle of this type of receiver is to artificially imitate a bioreceptor. For this
purpose, receptors can be for example artificial membranes, aptamers or genetically
modified molecules [11][10].

Others

Another detection surface tested is Man/MUA-MH/Au. This biologically active sable
surface is prepared by immobilizing modified phenyl mannose molecules on the surface
of the gold electrode, which has been modified by a self-assembled monolayer of 11-
mercaptoalkanoic acid. and 6-mercapto hexanol. This method was specifically implemented
for S. typhimurium because of its higher adsorption capacity for this surface [22].

2.3.1.2 Irreversible immobilization techniques of the bioreceptor

Covalent binding

The covalent bond between the support and the biomolecule is the most widely used
and is generally irreversible due to the stable nature of the bonds. The covalent bond is
made by functional groups in enzymes that are not essential for their catalytic activity.
Usually the nucleophilic functional groups of the amino acid side chains, such as hydroxyl,
amino, carboxylic and thiol groups, are used for the binding of antibodies or enzymes. By
using surface active materials, such as dextran, gels or glass, the amino acid side chains
can be covalently bound. Support materials have also been activated to allow covalent
immobilization of a biomolecule using crosslinkers [§].

Crosslinking

Crosslinkers with reactive free ends are used to form covalent bonds that are strong and can
anchor biomolecules to the substrate surface. When cross-linking is used, the bioreceptor
must be bound without significantly affecting its conformation, as even slight modifications

15



can affect the binding of a ligand to a protein. The substrate material is not an absolute
requirement in cross-linking (carrier-free technique) [§].

Entrapment

This method of physical immobilization uses a network of polymer gels prepared in a
solution containing biomolecules. The structure is designed to retain the enzyme inside
while allowing the substrate and products to pass through. Usually the enzyme is not
attached to the support material in this method, unlike covalent bonding. Entrapment
is primarily used when cells or cellular organelles are used. Passive trapping of cells in
the pores of membranes made of cellulose or other synthetic materials is a well-known
approach. Another common approach is to hold cells or enzymes in close proximity to the
transducer surface using a dialysis membrane [§] .

2.3.1.3 Reversible immobilization techniques of the bioreceptor

Adsorption

This is the simplest method of immobilization, which involves bonding biomolecules to
surfaces using hydrogen bonds, Van der Waal forces, multiple salt bonds and the formation
of electron transition complexes. Many macromolecules such as cellulose, collodion, silica
gel, glass, hydroxyapatite and collagen have the ability to adsorb enzymes. In addition to
these macromolecules, synthetic polymers such as polyaniline, polyethyleneimine (PEI),
polypyrrole and polystyrene can be used separately to glue biomolecules. Enzymes and
antibodies are usually immobilized by adsorption prior to cross-linking [§].

Affinity binding

This method of immobilization involves non-covalent interactions that depend on the
creation of affinity bonds between the activated support and a specific group of the protein
sequence. The natural affinity relationship between biomolecules such as lectin and sugar
and antibody and antigen can be used in the immobilization. The best known procedure
in this method is the streptavidin-biotin interaction which leads to one of the strongest
non-covalent formations. Another procedure is the formation of affinity interactions with
a protein specific to the Fec regions of an antibody such as protein A or G [g].

2.3.2 Transducers

The transducer is the component of the biosensor that converts the bioreceptor-target
molecule interaction into an output in the form of a measurable signal that must be
proportional to the presence of the target analyte. The type of transduction method
applied may, as a class of bioreceptor, categorise the biosensor. The three main types are
optical, mechanical and electrochemical biosensors.

Optical

Optical biosensors are the most popular in bioanalysis because of their selectivity and
sensitivity, but this type of signal also allows for quick and easy detection . However, its
main disadvantage is that it is not very quantitative.

Fluorescence-based biosensors can be distinguished from those not labeled [23]. Fluores-
cence and surface plasmon resonance are respectively the most popular in these classes.
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The detection method of the first class is based on the change in fluorescence of the
substrate. Fluorescence is the excitation of a valence electron from its ground state to
a singlet state excited by an external light source [2]. After excitation, the electron
immediately returns to its initial position by emitting a lower energy photon which gives
the fluorescent light. To observe this phenomenon, fluorescent markers must be added to
the sample, which can be costly but also time-consuming because these compounds must
be conjugated with the detection elements. Fluorescence can be integrated into fiber optic
biosensors [10].

Surface plasmon resonance resonance (SPR) is a non-labelled optical method that detects
changes in surface electromagnetic waves as the target molecule interacts with the biore-
ceptor. (see Figure . To do this, the system comprises a source of plane polarized light
passing through a prism and the SPR transducer is included in the biorecognition element,
so that when the interaction occurs, the refractive index at the sensor surface changes.
This change induces a variation in the propagation of the surface plasmon wave which is
measured by a spectrophotometer. Its sensitivity is generally low and it requires specialized
personnel, but its main advantage is the ability to perform real-time measurements as it
does not require any fluorescence or radioactivity [10][23].
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Figure 2.6: Surface plasmon resonance (SPR) [24].

Mechanical

The mechanical biosensors do not require sample processing or reagent addition, which
allows fast processing [23]. Labelless piezoelectric biosensors and labelless microcantile
biosensors are the two main categories.

The piezoelectric effect applied to biosensors works mainly on the principle that an
oscillating crystal resonates at a natural resonant frequency [10].

The biosensing material is the transducer and consists of a piezoelectric material (usually
quartz) vibrating at a natural frequency. The frequency is controlled by an external
electrical signal producing a certain current. When the target analyte interacts with
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the sensor surface, it changes the frequency, which changes the value of the current in
proportion to the mass of the analyte.

Cantilevered sensors are also based on the change in frequency. In this case, the bioreceptor
is a microcantilever oscillating at a certain resonant frequency and this frequency will
change due to an increase in mass on the sensor surface [10].

Electrochemical

There are different types of electrochemical sensors such as potentiometric, amperometric
and impedimetric sensors, but in all these cases, the transducer is an electrode and the
current produced by the recognition of the analyte is proportional to its concentration [23].
This method has many advantages such as speed, simplicity, low cost and high sensitivity
[10].

The Potentiometric biosensor uses ion-selective electrodes to measure the change in
potential when the target molecule is recognized on the electrode surface and involves the
enzyme-catalyzed reaction. This reaction either consumes or generates a substance detected
by the electrode [2]. This method, with the exception of some innovative applications, is
not able to provide specific signals for large analytes such as bacteria [23].

The Amperometric sensors measure the current generated by the oxidation-reduction of
the species produced by the analyte-bioreceptor interaction.

Finally, Electrical Impedance Spectroscopy (EIS) was not often used in electrochem-
ical detection, but it has become popular because it is cheaper than other methods, easily
miniaturized, reagent-free and label-free unlike amperometry and potentiometry [10]. In
addition, it allows the detection of bacteria from whole cells and is less destructive for
biological and chemical analysis. These biosensors detect the change in impedance of the
medium due to the binding of the analyte between the two electrodes. Its principle is
schematized on Figure [2.7
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Figure 2.7: Electrochemical impedance spectroscopy principle [9]. At a specific frequency,
the bacteria medium responds to the applied signal and an increase in the medium
capacitance is observed. The magnitude of the capacitance change depends on the bacteria
concentration.

2.3.3 Microfluidics interest in PoC applications

The market for microfluidics has been highly developed over the past decade but is not
yet widely adopted, mainly due to the complexity and cost of these technologies. However,
this market is expected to grow due to the multiple advantages of microfluidic devices, the
growing interest in polymer uses and the increasing investments in the field that will lead
to the increasing adoption of this technology in the years to come [25].

Microfluidics refers to the manipulation, control and behaviour of fluids contained in very
small scale. In microfluidics devices, only small volumes are involved, typically femto to
microliter, and the properties of the fluid are of great importance as they are not negligible
compared to the small system. Today, many fields use this type of technology, such as
engineering, physics, chemistry, biochemistry, nanotechnology and biotechnology. This is
not surprising because its advantages are particularly relevant today. Its small size allows
for a significant reduction in material and reagents and can therefore lead to lower costs
and less environmental impact. Another positive point is the precision and selectivity of
these devices, which can reach a high level. In addition, the time needed to obtain certain
results or products can be reduced. Finally, microfluidics allow a high portability of the
devices and therefore facilitate diagnosis and analysis in complex situations such as field
actions or continuous monitoring of patient health. All these features make microfluidics
of great interest in the field of PoC devices by meeting ASSURED criteria.

Microfluidics can be divided into different sub-domains according to the small-scale fluid
behaviour. The three main ones are droplet microfluidics, flow microfluidics and open
microfluidics.

Droplet microfluidics uses droplets in a filling medium. They are considered as an
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independent sample where the reactions triggered remain encapsulated within it [26].
Figures [2.§ and [2.9] illustrate these two first sub-domains of microfluidics.

)

(

Figure 2.8: Generation of controlled size mi-

crofluidic droplets in a glass microfluidic chip

by regulating the pressure rate and/or by reg-

ulatjng the flow rate m Figure 2.9: PDMS microfluidic de-
vice for microflow [28].

Open microfluidics is the field of interest of this master thesis because the flow of fluids

in a porous medium with a capillary as the main small effect acting on the fluid will be
studied (see illustration on Figure [2.10)).

Figure 2.10: Paper-based microfluidic device [29].

The main methods of fluid transport in microfluidic channels are pressure flow, electrokinetic
flow and fluid transport created by motor proteins [30]. Only when capillarity occurs is no
additional micropump or electric field required.

2.3.4 Support materials review

The project aims to develop a PoC biosensor with good technical and durable performances.
Different materials can be used to meet the needs of biosensors, namely biological materials
for the immobilization of bioreceptors, electronic materials for the transduction method,
in particular EIS, and microfluidic materials. In light of these criteria required for the
specific application and in order to justify and identify the most attractive choice, this
section reviews the different support materials.
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In an electronic device, the substrate is used to support the other compounds. To fulfill
this role, it usually has to be thicker and larger than the other functional components and
therefore generates more waste. Because of the ultimate goal of this project, which is to
create a single-use biosensor, its overall environmental impact as well as its price will be
an important part of the project.

The biosensor aims to monitor water by capturing E. coli bacteria. To do this, the antigens
must first be immobilized on the substrate before the focused bacteria can be fixed. The
substrate should therefore be inert against the biomolecules used but biocompatible. The
immobilization of biomolecules can be achieved using different techniques but in each of
them they will bind to the functional groups of the support material, which should then
contain easily modifiable groups [§].

The Tables 2.2] [2.3] 2.4 and 2.5 bring together information from the examination of the
support materials according to several properties and factors for each of the main aspects,
namely microfluidics, bioaffinity, electronic integration and environmental impact. These
properties are listed and their role and importance are briefly described below.

e Microfluidics integration allows the flow of fluid into the biosensor.

— Microfluidic manufacturing: by channels creation or by using the wicking ability
of the material.

— Optical properties: to make easy the monitoring (fluid imaging, fluorescence
detection).

— Mechanical properties: will impact the fabrication and the use of the biosensor.

— Depth-to-width aspect ratio: important parameter to control design of flow
channels and make them collapse-resistant after fabrication. A general rule is
to stay above a low aspect ratio 1:10 (height:width) and a high aspect ratio
below 4:1 [31].

— Cost of material and manufacturing.

— Young Modulus: high value means high rigidity.

— Smallest channel dimension: characterizes what precision is possible to get.
— Contact angle with water: characterizes the hydrophilicity.

e Bioaffinity allows the immobilization of biological elements for identification of the
target molecule.

Biocompatibility of the material.

— Specific area: influence the available surface for bioelements adsorption.

Pore diameter /porosity: percents of air present in the porous structure. Influence
the movement and diffusion of biomolecules in the sensor.

— Permeability to oxygen.

e Electronics integration.
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— Surface properties: important properties for printing.

— Surface roughness rms: influence the printing resolution and easiness.
— Compatibility with organic solvents.

— Conductivity.

— Dielectric constant: the ratio of permittivity of the substance to permittivity of
the free space.

e Environmental impact.
— Water consumption.

— CO, footprint.

Biodegradability.

— Recyclability: end of life strategies.
— Embodied energy.

— Ressources toxicity.

— Scarcity.

— Eutrophication/acidicification.

22



Table 2.2: Summary table for support materials - Microfluidics integration.

Microfluidics integration

Material Microfluidic manu- | Optical proper- | Mechanical D/w aspect | Cost ma- | Young Smallest Contact angle

facturing ties properties ratio terial and | Modulus channel with water
manufac- [GPal] dimen-
turing sion

Amorphous|| Simple ther- | Excellent opti- | Rigid, high | Higher Cheap 1.4-4.1 [36] ~ Hydrophilic, ~

thermo- moforming of | cal transmissiv- | stiffness than material 100 nm [36] 68° [37]

plastics channels: hot | ity in the visi- PDMS, and man-

(ex: mold pressure, | ble range [34] collapse- ufacturing

PMMA) fast embossing or resistant [32]
laser cutting [32] channels
5o )

Thermo- Patterning of | Very high | Rigid [35] High shape | Cheap ma- | 2.0-2.7 [36] < 100 | Not highly

setting channels by pho- | optical trans- factor [35] terial  but nm [36] hydrophilic,

polymers tolithography parency above not cheap ~ 79° |39

(SU-8) (time consuming) | 360 nm [38] micro-

[35] fabrication
[32] [35]

Elastomers || Mainly casting | Excellent Elasticity Channels Material ~ 1 pm [36] | Hydrophobic,

(PDMS) (fast), possible | optical trans- | [34][30] deforma- ~ 50 | 0.0005 [36] ~
hybrid structures, | missivity in tion issues | times more 110° [43][44)[45]
surface modif. | the visible [34] [30] expen-
needed if water | range, low sive  than
[35] [40] [41] [42] fluorescence PMMA

(301 5] (3] 30]

Glass Mostly bulk mi- | Optically Rigid, brittle, | High d/w | Expensive 50-90 [36] <100 nm | Hydrophilic, ~
cromachining transparent thermal insula- | ratio [32] material [36] 30—35° [48][49]
(complex and | and low auto- | tor [47][35] and fab-
time consum- | fluorescence rication
ing),  possibility | [47] [32)
of sealing with
other materials,
hard integration
of pumps/valves
[351 (321 A1 6]

Silicon Mostly bulk mi- | Optically Hardness High shape | Expensive 130-180 <100 nm | 5-96° [51]
cromachining opaque [42] (11.5 GPa), | factors [32] | material [36] [36]

(complex),  hard brittle, light and fab-
integration of [42] [50] [51] rication
pumps/valves [32]

[ 351 6]

Porous sil- || Channels creation | Special optico- | Much lower | High sur- | Quite in- | ~ ~ Strongly depen-

icon or membrane fab- | physical prop- | hardness (0.2- | face to | expensive 17100 [54][51]] 100 nm [55] dent on pore
rication (complex) | erties as lumi- | 10 GPa), slowly | volume ra- | prepara- sizes  (smaller
[52] nescence [53] dissolvable in | tio (pores) | tion from pore size lead

aqueous so- | [B3 bulk silicon to smaller
lution  (fixed 53] contact angles),
by oxida- ~ 20—140° [56]
tion  process)

GAEAG

Metals Easy microma- | Optically Excellent High sur- | Increases 69 (Al) [60], | Small Hydrophilic,

(ex: alu- || chining and | opaque mech. prop., | face to | exponen- different de- 35-45°(Al) [62)

minium, cleaning of chan- good thermal | volume ra- | tially with | pending on

NMOs) nels (Al) |57, conductivity, tio (NMOs) | design NMO mate-
nanoporous resistant to or- | [59] complexity | rial [61]
alumina by ganic solvents
anodization[58] (A 57

Textile Wicking  ability, | Opacity de- | Flexible, weara- | No need of | Cheap ~ 3 [65] / Hydrophobic,
easy manufactur- | pends on | bility [47][63] patterned manu- ~ 135° (coton)
ing [63][64] weaving hydropho- facturing [64] [66] [67]

bic  barri-
ers [64]

Paper Wicking abil- | Opacity de- | Flexible, light | High sur- | Cheap[68] 0.0003- ~ Strongly de-
ity, hydropho- | pends on | weight [47][68] face to 0.0025 200 pum | pends on time
bic/hydrophilic pulping pro- volume [36] [36] because of
channels creation | cess but low ratio [71] water affinity
[47] [68] [69] [21] optical  trans- [72]

parency  [70]
[36]

Nitro- Wicking abil- | Idem than pa- | Flexible, light | High sur- | Inexpensive | ~ ~ 60 um | Hydrophilic,

cellulose ity, hydropho- | per weight [47][G8] face to | fabrication | 0.00045 [74] | [75] ~ 70° [76],
bic/hydrophilic volume [73] strongly de-
channels creation ratio [71] pends on time
(mostly by wax because of
patterning),  res- water affinity
olution 100 um [72)]

[73]




Table 2.3: Summary table for support materials - Bioaffinity.

Bioaffinity
Material Biocompatibility Specific area [m?/g] Pore diame- | Permeability to oxy-
ter/Porosity gen [Barrer]
Amorphous ther- || For many | Microchannels will | No porous structure, | 0.05-5 [46], 4.31-7.19
moplastics (ex: || biomolecules and | define the allowed | microchannels willde- | (cm® x mm)/(m? x
PMMA) cells [34][47] size of  flowing | fine the allowed size | dayxatm) [EduPack]
molecules of flowing molecules

Thermosetting Yes [77] Idem Idem 0.03-1 [46]
polymers (SU-8)
Elastomers With many | Idem Idem ~500 [46]
(PDMS) biomolecules [40][47]
Glass With most biologi- | Idem Idem <0.01 [46]

cal samples but no

long term adsorption

[42][36]
Silicon Yes [50] Idem Idem <0.01 [46]
Porous silicon High biorecognition | 100-800 [51] 2-50 nm / 20-95% [51]

by surface modifica-

tions, high surface

reactivity —especially

by adsorption [53]
Metals (ex: alu- || Ability to  bind | Microchannels will | No porous structure, | ~ 0 (Al) [78]
minium) biomolecules by | define the allowed | microchannels will de-

physical adsorption | size of flowing | fine the allowed size

or chemical binding | molecules of flowing molecules

(NMOs) [59]
Textile Yes [64] / / High
Paper Yes [21] [68][79] Very depending on re- | 15-70% [81][80], de- | > 1 [46]

fining [80] pending on refining

Nitrocellulose Yes, very good bioim- | Idem, surface area ra- | 70-80% [83] High

mobilization proper-
ties [73][82]

tio 50-200 B3]




Table 2.4: Summary table for support materials - Electronics integration.

Electronics integration

Material Surface properties Surface roughness | Compatibility Conducti- Dielectric Other
rms [pm] with organic | vity [S/m]/ | constant [/]
solvents Resistivity
[$2m]
Amorphous ther- || Suitable for | ~ 1.5% 1073 (un- | Medium to high | (pure 3.2-3.4 [Edu- | Deposed metal
moplastics (ex: || printed electronics | treated PMMA) | [36] PMMA) Pack] films can frac-
PMMA) [47], good surface | [84] 107189/ m, tured easily be-
properties, can insula- cause of its flex-
bond well with tor [85], > ibility [35]
adhesive [34] 2x 1015 2em
1861
Thermosetting Suitable for | ~ 0.7 [88] High [36] 10° — | 4-6 [Edu- | /
polymers (SU-8) printed electronics 104 0cm Pack]
[47], good com- [EduPack]
patibility with
electrodes integra-
tion [35][38][87]
Elastomers Suitable for | ~ 5%1072 [89) Low [36] Non- 2.3-2.8 [45] Deposed metal
(PDMS) printed electronics conducting films can frac-
[47], hybrid struc- material, tured easily be-
ture with glass 4 x 10130m cause of its flex-
can offer easy [90] ibility [35]
metal deposition
possibility [40]
Glass Good compatibil- | ~ 0.38%1073 [91] | Very high [36] ~ 10"0Qm | 3.7-10 [@3] | /
ity with microelec. [92] [94]
processes (easy
metal deposition)
[35]32] [42]
Silicon Good  electronic | ~ 0.18%1073 [9I] | Very high [36] Semi- 11-12  [94] | /
integration (easy conductor, 196]
metal deposition) depends
[42) strongly
on the
presence of
impurities
5]
Porous silicon Good adherence of | ~ 2—4%1072 [97] | Idem 103 — 1012 | 1-12 de- | /
printed materials Ncm [B1) pending on
thanks to porosity porosity [98]
Metals / 1.32-2.26 (Al alloy) | Good to excellent | Conductors, | Infinite /
depending on cut- | [100] ~ 1078 —
ting pattern [99] 107702m
depending
on metallic
materials
[101]
Textile Good adherence of | / Compatible with a | Low conduc- | / /
printed materials wide range organic | tivity
thanks to textile solvents (ex: cot-
fibers ton)
Paper Good adherence of | 2 [21] Medium [36] ~ 1010 — | ~ 2 [@4 |/
printed materials 101202m [104)
thanks to porosity [103]
[102]
Nitrocellulose Good adherence of | 0.5 [21] Soluble in many | Very low | 1.2-1.7 [107] | /
printed materials organic  solvents | conductiv-
thanks to porosity, [106] ity

uniform porosity
(more precise
wax penetration),

much more flat
surface (uni-
form  electrodes)

73] [105]




Table 2.5: Summary table for support materials - Environmental impact.

Environmental impact

Material Water con- | GWP/carbon Biodegrad- End of life Embodied Scarcity Acidification
sumption footprint  [kg | ability energy [MJ/kg] /Eutrophica-
kgw/kg] CO2 eq/kg] tion potential

l9s0, eqa/kg]/
9pos- ca/kel

Amorphous || 614 [108] 4.77 [108] No [EduPack] Raw materials | Energy- < 5%uwg of crit- | 26.3/2.99 [108]

thermoplas- used can be recy- | consuming ical  elements

tics (ex: cled and reused | fabrication pro- | [I08][EduPack]

PMMA) (sulphuric acid, | cess, 131.5 (119

MMA), energy | [MJ] of fossil
recovery or land- | fuels) [I08]

fill [109] [108)]

[EduPack]

Thermo- 406 [110] 8.1 [110] No [EduPack] No recycling but | Energy- < 5%uwg of crit- | < 0.1/ < 0.01

setting energy recovery or | consuming ical  elements | [III]

polymers landfill [EduPack] fabrication [EduPack]

(SU-8) process, 137

(mostly  fossil
fuels)
Elastomers 190-571 [Edu- | 6.3 & 1.3 [I12] | Yes, harmless | > 97% removed | Energy- < 5%uwg of crit-
(PDMS) Pack] degradation by | by adsorption in | consuming ical  elements
formation  of | sewage sludge | fabrication [EduPack]
silicon  oxide, | and then disposed | process, 140
carbon dioxide | with it (landfilled | [EduPack]
and water [I13] | or incinerated)
[114] [114]
Glass 1.44 [115][116] 1.23 [116] No [117] Fully recyclable | 9.1 [116] Non-renewable | Acidification:
[I17 raw  material | SO2 and NOx
[115) emissions
(~ 1 —3) [115]
[118]
Silicon 23.2-25.7 [Edu- | 4.78-5.27 [Edu- | No [EduPack] No recycling but | 116-128 [Edu- | > 5%uwg of crit-
Pack] Pack] landfill [EduPack] | Pack] ical  elements
[EduPack]

Porous sili- || Idem + electro- | Idem + electro- | Idem Idem + electro- | Idem Idem

con chemical etch- | chemical etch- chemical etching
ing water con- | ing CO2 emis- energy needs
sumption sions

Metals (Al) || 1140-1260 12.5-13.8 [Edu- | No [EduPack] Recycling 190-209 [Edu- | > 5%uwg of crit- | 131 [119] / 5.36
[EduPack] Pack] /reusability  [57] | Pack] ical  elements | [120]

[EduPack], landfill [EduPack]

Textile 176-194 [Edu- | 7.3-8.1  [Edu- | No [EduPack] Recycling, energy | 122-143 [Edu- | < 5%uwg of crit- | NOx formation

(polyamide Pack] Pack] recovery, landfill | Pack] ical  elements | [12]

fibers) [EduPack] [EduPack]

Paper 1620-1790 1.11-1.23 [Edu- | Yes [32] [Edu- | Recycling, energy | 49-54 [Edu- | < 5%uwg of crit-

[EduPack] Pack] Pack] recovery, landfill | Pack] ical  elements
[EduPack] [EduPack]

Nitro- ~4 Yes [122] Disposable or in- | ~ 65 < 5%y of crit-

cellulose cineration ical  elements

[EduPack]




As polydimethylsiloxane will be compared to nitrocellulose in a life cycle analysis in
Chapter [7], the following section briefly describes its main properties and manufacturing
techniques in parallel with the previous tables in order to have a sufficient knowledge of
this material as a carrier for microfluidic biosensing applications.

PDMS is a silicon-based organic polymer and is the most widely used elastomer in
biosensor applications. Its main advantages are its elasticity, optical transparency, low
fluorescence, cost and speed of processing, but it can suffer from channel deformation and
solvent swelling problems, which makes thermoplastics also interesting [34][30].

Microfluidics integration Micro-channels are mainly manufactured by casting where
PDMS is poured directly into a mould before undergoing cross-linking. This mould is
usually made with SU-8 [123]. The manufacture of multilayer PDMS devices or the
integration of valves and pumps is possible thanks to its elastomeric nature which makes
the layers easily conformable to each other [35]. The additional layer is bonded by a simple
plasma treatment and can be another layer of PDMS but also a layer of another material.
Another proposed hybrid structure is the bonding of PDMS to a PMMA layer where
functional devices are integrated while PDMS provides support for microfluidics [41].

Due to its inherent hydrophobicity, it is not easy to work with aqueous solutions in the
microchannels and hydrophobic compounds can be easily adsorbed but surface modifications
can be implemented to solve this problem [41]. PDMS is gas permeable, which can be
either an advantage (for cell culture for example) or a disadvantage depending on the
application with regard to compatibility with organic solvents [32] [46].

Bioaffinity Like thermoplastics, PDMS is biocompatible with many biomolecules [40].
In particular, PDMS has been used to study the growth of E. coli bacteria by fluorescence
microscopy and is particularly suitable for cell culture due to its gas permeability [30].

Electronics integration The integration of metal deposition electrodes is a challenge
because of its flexibility, which can easily lead to fracturing of the metal film [35].

To avoid this problem, a glass layer can be bonded to the PDMS so that PDMS multi-
layer devices benefit from the possibilities of glass such as metal deposition and surface
functionalization [40)].

Environmental impact The base material for PDMS is silicon, which is found in nature
in the form of Si10,. Silicon metal powder is converted to methylchlorosilanes which are
distilled and then hydrolyzed to methylsiloxanes. These are then used to produce PDMS
by polymerization [112].

The GWP indicator is approximately 6.3kgco,eq [112].

The degradation of PDMS has already been extensively studied and has shown that
degradation is observed after only a few weeks of contact with the soil. The main
degradation product is (C'H3)2Si(OH )s which is then oxidized in the environment to
form silica, carbon dioxide and water. No effects of these products on plant growth, seed
germination or plant biomass have been observed [113].
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2.4 Paper as a support for microfluidic biosensor

The first commercial biosensor was introduced in the mid-1970s for blood glucose mon-
itoring, but it was not until 1987 that fully printed glucose biosensor strips (similar to
those we know today) were introduced on the market. The success of this application for
diabetes management, combined with advances in many other areas of technology such as
microfabrication, microfluidics and electronics, marked the beginning of the exponential
growth of the biosensor market.

The growing interest in biosensors has led to a considerable increase in the volume of
electronic waste, and concerns about global warming and pollution worldwide are driving
the search for environmentally friendly solutions. Due to its high recyclability, paper is
emerging as an alternative to the traditional plastic biosensor. Miniaturized paper-based
devices have been widely used in diagnostic biosensors because of their many other inherent
advantages, including ease of fabrication, high portability, low cost and excellent capillarity
[124].

The best known and most basic test is the colorimetric test used widely for private pools,
which generally checks pH, chlorine, alkalinity and calcium hardness. The principle is
based on changing the colour of paper pads by detecting a specific reagent. Although these
tests are popular because of their ease of use and affordability, they are only qualitative
and have a certain level of subjectivity. Biosensors solve this accuracy problem by using
a quantitative transducer. Today, some paper-based biosensors have been developed
by industries and have reached the market, such as the pregnancy test. However, they
mainly provide qualitative or semi-quantitative yes/no answers, which limits their field of
application.

In the meantime, research is underway to resolve these issues. Paper is now used as a
substrate for printed electronic components, as do GREENSENS, IMPETUS or INNPAPER
[124]. This improvement makes quantitative measurements possible.

2.4.1 Paper

Paper is an inexpensive cellulosic material characterized by a porous structure giving it a
high surface/volume ratio [68][71]. These pores exist due to the binding of the paper fibres
which is highly dependent on the papermaking process; further refining will reduce porosity
and make the paper denser, but other steps such as surface sizing, coating, calendering
and supercalendering will also play a role in porosity [70].

There are different papers: Whatman brand chromatographic paper, filter paper, bioactive
paper and glossy paper to name just four. Each of them has specific properties due to
their different manufacture, so it is important to know which type of paper is used to make
the sensors [102]. Whatman filter paper is the most widely used because of its superior
wicking capacity, relatively uniform thickness, and superior adsorption and retention of
reagents compared to similar types of paper. Another important type of paper is the
nitrocellulose membrane which has been used specifically for its ability to immobilize
biomolecules through their chemical functional groups [71]. (see Section [2.4.2)).

Microfluidics integration Its lightness, flexibility and especially its natural wicking
ability make it an interesting material for biosensor applications [47][68]. Microfluidic
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devices take full advantage of the latter property and the basis of the manufacturing
methods is to create hydrophobic/hydrophilic channels [69]. These channels can be made
by simple cutting or by cross-linking SU-8 resin, wax, PDMS or polystyrene [32].

The capillary action is highly dependent on the environment such as relative humidity and
allows non-specific adsorption. To solve this problem, another manufacturing process was
implemented in order to no longer use the fibrous matrix but to release channels made by
hot embossing to allow spontaneous capillary flow. This flow can be generated thanks to a
double-layer coating: the first coating makes the paper impermeable so that the liquid
does not penetrate the pores and the second coating imparts hydrophilicity to the surface
of the channels to obtain capillary forces. In this case, the spontaneous capillary flows
must be studied in order to understand all the different factors that have an impact on
them, and in particular the geometry of the channel [32].

Bioaffinity The paper devices are biocompatible and therefore able to detect biological
substances [68]. The immobilization of biological molecules can be done by physical
absorption, chemical coupling, deposition on a support or sol-gel treatment [79].

In many paper-based biosensors, the conjugation of biomolecules on the paper surface
is crucial to increase the functionality of these devices. Most of the techniques used to
immobilize biomolecules are based on physical adsorption between the biomolecule and
reactive functional groups in the paper structure, mainly hydroxyl [125].

This binding to the paper fibers is direct but weak. Covalent bonding is one way to improve
the functionalization of paper materials, but this technique must transform the hydroxyl
groups, which are a compound of the paper, into other functional groups to allow the
covalent immobilization of biomolecules by common bioconjugate techniques. To this end,
various surface chemistries have been proposed to facilitate the covalent immobilization of
biomolecules on paper, such as divinyl sulfone chemistry, diazonium chemistry or polymer
chemistry [126][127]. However, it has been demonstrated in [126] that unmodified paper
can be used for covalent conjugation of enzymes and serves as a tool for bioanalysis due to
its low content of carboxyl groups facilitating covalent immobilization of biomolecules.

Electronics integration If electronic performance is to be incorporated into the device,
the method generally involves printing on materials and photolithography, but techniques
such as plasma processing, laser processing or wet etching may be other alternatives
[69]. The porosity allows good adhesion of the printed materials [102]. To achieve good
resolution, the paper must be treated to absorb ink but gives a wide contact angle [68].
Another way could be to incorporate conductive materials such as carbon and metallized
fibers directly into the paper to make it conductive [102].

Screen printing was the first method used in electrochemical sensor applications and
involves the spreading of ink on a designed pattern using a squeegee. Among other
manufacturing methods for integrating electronic components such as electrodes onto a
substrate, inkjet printing allows materials to be deposited onto paper in a controlled and
economical manner. This method is well known because it is the one used in common
printers and, in fact, these can be modified for use with conductive inks if moderate
accuracy, control and speed are suitable for the application [68]. Wax printing is fast
and inexpensive and consists of two main steps which are the printing of wax patterns
and the melting of the wax to incorporate it into the porous substrate. Its significant
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advantage, apart from its speed, is the fact that the whole process can be easily disposed
of by incineration as it does not involve any organic solvent. However, the wax required is
expensive [69].

Photolithography uses light through a mask to give the patterns the desired shape of the
electrodes. It is fast, inexpensive and offers high resolution but requires organic solvents
and expensive equipment [69].

Lateral flow strips Paper sensors based on the colorimetric method have been used
extensively for various types of applications. The simple pH test is well known, but
for several years more complex research has been carried out on the paper colorimetric
technique, such as the detection of glucose or proteins [128].

Two major paper-based devices have already given good results: the analytical microfluidic
paper-based device, uPAD, and the electrochemical microfluidic paper-based device,
wPED.

The best known, the uPAD, is the lateral flow assay (LFA) which relies primarily on
optical detection (colorimetric and fluorescence). This implies a lack of quantification and
then a detection limit (LOD) too high for the detection of bacteria [21].

A uPED is a uPAD with electrochemical detection. It combines channel structuring with
conductive ink printing [79]. It offers high sensitivity and selectivity of bioelectrochemical
detection through the use of an electrical measurement method that allows a lower detection
limit than the pPAD and quantitative tests [21].

In addition to optical and electrochemical methods, two other detection methods exist.
The thermal detection method exploits the thermal response of tracing nanoparticles
under external stimulation. The result is an increase in temperature that can be related
to the amount of tracer particles. Similarly, the magnetic method exploits the magnetic
response of magnetic nanoparticles under the application of an external magnetic field. The
generated field can be detected by different methods [129]. These four different methods
of LFA detection and their associated tracers are grouped on Figure [2.11]
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Figure 2.11: High-sensitivity LFA detection methods. The detection methods are cat-
egorized based on the sensing modalities that can operate with various tracers and
recognition /amplification strategies. A binding method based on conventional immuno-
chemistry is included for reference. AuNP, gold nanoparticle; AgNP, silver nanoparticle;
CuONP, copper oxide nanoparticle; MNP, magnetic nanoparticle; IrO2NP, iridium oxide
(IV) nanoparticle; GO, graphene oxide; CNT, carbon nanotube; CNB, cellulose nanobead;
BP, black phosphor; Pt, platinum [129].

Although LFAs are inexpensive, portable, simple and fast, they have low sensitivity.
This limits their applications for the detection of low-concentration targets. Chemical
pre-treatments and physical methods such as hydrophobic barrier fabrication have been
proposed to improve the performance of LFAs [130]. A further improvement to increase the
detection sensitivity of these products is the incorporation of cotton yarn-based barriers
into paper. This will reduce the sample throughput and thus increase the reaction time

[131].
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Figure 2.12: Lateral flow assay strip resulting in colored lines for positive test. The
detection relies on the formation of a sandwich immunoassay when a targeted biomarker
is present, which can be made visible because of the accumulation of gold nanoparticles
(AuNP) - antibodies (Ab) conjugates at the test line [21].

Figure [2.12] schematizes an example of lateral flow assay. It consists of several pads.

The sample pad has different purposes. The primary objective is to ensure uniform and
controlled distribution of the sample onto the conjugate pad. It can also be impregnated
with different chemicals to perform different functions such as increasing the viscosity of
the sample or changing the chemical nature of the sample to make it compatible with the
test line. Usually this pad consists of a cellulose fiber filter or woven mesh. Cellulose filters
are the most common because they are cheaper and have a larger bed volume, allowing
sufficient loading of solutes.

The conjugate pad contains antibody-conjugated microspheres (<1/10 the size of the
membrane pores for optimal flow). When wetted with the sample, these detector reagents
solubilize and if the bacteria are present in the sample, their antigenic sites bind to them.
There exist two predominant approaches to the test, the first one is the non-competitive
(or direct) reaction scheme and the second is the competitive reaction scheme. These two

are best explained graphically on Figures and taken from [132].

32



> § < Sample Flow
L —
'>'§-< Sample Flow i -
- ————> [

. m o )
L] /W <& 227" |ateral Flow Device, with capture and control lines.
=== | ateral Flow Device, with capture and control lines.  Dyed Microspheres
0 Dyed Microspheres & Free antigen, if present, binds to antibody/microsphere complex. This is introduced
@ Freeantigen, if present, binds to antibody/microspheres complex. This onto device by adding sample (urine, serum, atc.) onto sample pad
is introduced onto device by adding sample (urine, serum, etc.) onto Y  Antibody 1, specific for sample antigen, is coupled to dyed microspheres.

sample addition pad.

Y Antibody 1, specific for epitope 1 of sample antigen, is coupled to dyed
mlcrOSDh.ereS and dried onto dgwce. When sample is add?d’beads."qb v Antibody 2 is dried onto membrane at control line, and is a species-specific anti-
complex is rehydrated and carried to capture and control lines by liquid. immunoglobulin that will capture the reagent particles and confirm that the test is

Antibody 2, specific far second antigenic site (epitope 2) of sample complete.
Positive Test J_%_L

Antigen/Carrier moleculs (normally BSA) conjugate is dried onto membrane at
capture line.

=<

antigen, is dried onto membrane at capture line.

Y  Antibody 3, a species-specific, anti-immunaglobulin antibody that will EE

react with antibody 1, is dried onto membrane at contral line.

Positive

. . - | - : . Antibody on microspheres (Ab1) is already saturated Any beads not caught by
If antigen is present in sample, it will bind, Antibody 1 coated micro-  Jhu e from sample, and so anfigen conjugate Ag carrier can be caught
by its two antigenic sites, to both antibody 1 spheres are bound by anti-  pound at capture line doss ot bind ta it by Ab2 on cantrol line
(conjugated to microspheres)and antibody 2 body 3 control line.whether
(dried onto membrane at capture line). antigen is present or not.

Negative
Test :ﬁ:u Negative Test
IYYYY

Antigen not present in sample, microspheres pass capture line without being
trapped, but are caught by control line.

Antigen is not present in sample, allowing antibody-coated dyed microspheres to be captured
by antigen conjugate bound at capture line.

Figure 2.13: Direct reaction scheme [132]. Figﬁre 2.14: Competitive reaction scheme
152].

The conjugate pad must have weak non-specific binding so that the detector reagent and
analyte are not made unavailable. Glass fiber filters, cellulose filters and surface-treated
polyester (hydrophilic) or polypropylene filters are commonly used as a conjugate pad.
The main function of the absorbent pad is to increase the volume of sample entering the
strip. Most absorbent pads are made from cellulose filters [132].

These lateral flow test strips are already widely used in the biological field. Today,
they are commercially available for ovulation monitoring, detection of infectious disease
organisms, analysis of drugs of abuse and measurement of other analytes important for
human physiology. Products have also been introduced for veterinary testing, agricultural
applications, environmental testing and product quality assessment.

In the meantime, much research is still ongoing to develop new and increasingly technical
LFAs. Many examples of paper-based electronic biosensor applications can therefore be
found in the literature. Among others, the article "A paper electrode integrated lateral
flow immunosensor for quantitative analysis of oxidative stress induced DNA damage'
presents a device with electrodes printed on paper and taking advantage of the speed and
low cost of the conventional strip test as well as the high reliability and accuracy of the
electrochemical test [I33]. Another, "Nanowire labelled direct-charge transfer biosensor
for detecting Bacillus species", involves the manufacture of a biosensor using antibodies
as the sensing element and a polyaniline nanowire as the molecular electrical transducer
[134]. "Multiplexed electrochemical immunoassay using gold nanoparticle probes and
immunochromatographic strips" describes a multiplexed electrochemical immunoassay
based on the use of gold nanoparticle (Au-NP) probes and immunochromatographic
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(IS) strips. The approach takes advantage of the speed and low cost of conventional IS
assays and the high sensitivities of electrochemical immunoassays based on nanoparticles
[135]. "Novel biosensor based on electrospun nanofibers and magnetic nanoparticles for
the detection of F. coli O157:H7" features a lateral flow immunosensor with conductive
magnetic nanoparticles bioconjugated with an antibody specific to E. coli O157:H7 to
act as an immunomagnetic separator to extract and purify the target from the sample
solution [136].

Environmental impact In addition to these technical considerations, the paper material
is renewable because its raw material is wood, of natural origin. The wood cycle is even
carbon dioxide neutral. Paper is biodegradable but it is also easily incinerated, which is
advantageous for avoiding contamination and making them disposable devices [32].

Even though the paper comes from renewable sources, forests are disappearing due in part
to harvesting for its production, which accounts for 42% of the world’s total wood harvest.
The world has already lost 80% of its forests and it is continuing at a rate of 375 km? per
day [32].

One of its other drawbacks is its water consumption, which is huge because of the pulp
washing stage; 1620 to 1790 liters of water per kilogram of paper [137][EuPack].
Depending on the pulping process, chemical or mechanical, the energy consumption is
not the same. Chemical pulp mills are self-sufficient in terms of heat because the process
produces more heat than is consumed, but this is not the case for mechanical pulping,
which has about three times higher energy demand [137].

In addition, the paper industries have significant air emissions such as nitrogen oxides,
sulphur oxides and carbon dioxide and use chemicals that create environmental problems
and degradation.

2.4.2 Nitrocellulose

Different nitrocellulose materials exist according to the manufacturing process [73]. Nitro-
cellulose is a kind of paper substrate made of conventional cellulose treated with nitric
acid or another nitrating agent in order to replace the hydroxyl groups in the cellulose
with nitrate groups [82]. The manufacture of the membrane involves slow and controlled
precipitation of the polymer from a solvent system and often includes the addition of a
surfactant to render the inherent hydrophobic material hydrophilic [I38]. One of its main
advantages is that nitrocellulose is produced from wood, which is a natural renewable and
biodegradable raw material [122].

Microfluidics integration The most widely used method of manufacturing nitrocellu-
lose microchannels is wax modeling, which involves the formation of hydrophobic regions.
This process comprises a printing step where the wax is deposited on the surface of
the nitrocellulose and a baking step where the wax melts and penetrates through the
nitrocellulose. These two steps can be completed in 10 minutes, which allows for easy and
fast production, as well as low cost. In addition, it does not require any organic solvents
[73].

The wax printing method can generate micro-channels up to a resolution of 100 million
dollars, which is comparable to the photolithography method, which is much more com-
plex because it includes many more steps: coating, pre-coating, exposure, post-coating,
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development and curing [73]. The conditions of nitrocellulose must be carefully controlled
because its flash point is about 200 degrees C and it is therefore highly flammable and
explosive [73][105].

Another simple and inexpensive way of shaping the microchannels is laser cutting. To do
this, the paper is first modified with a hydrophobic coating and then the carbon dioxide
laser creates hydrophilic channels through the formation of carbonyl and hydroxyl groups.
However, this required specialized equipment [71].

Another advantage of this type of membrane is that it prevents diffusion and leaching of
the samples, which results in a higher degree of retention in the sensor [71]. Capillary
effects also occur in this porous material and avoid the use and manufacture of pumps
and valves needed to obtain fluid flow in the microchannels of the biosensor.

Bioaffinity Finally, nitrocellulose is used for its very good properties of immobilizing
biomolecules. Due to the charge-charge interactions and the weak hydrogen bonds and
van der Waals interactions, it allows easy electrostatic binding of proteins through the
interaction of the strong dipole of nitrate esters with the strong dipoles of the peptide
bonds within the protein [73][83] (see Figure [2.15).

-0 I
Cellulose—C]—N;_h0 R, —C —NH—R,

Figure 2.15: Structure of nitrocellulose ester and protein dipoles [83].

In addition, its porous structure makes this type of membrane ideal for adsorption [82].
Because of this, side-stream nitrocellulose assays often need to be pre-treated with a
protein-based solution to avoid undesirable adsorption prior to the test line [82].

To achieve immobilization of the target particles, they must first be able to flow through
the material and the two membrane parameters that affect this ability are pore size and
flow rate. The pore size determines the size of the particles that can flow through and the
flow rate gives the force required to push the particles through [138].

Cellulose acetate can also be used as a carrier material. It has about the same characteristics
as nitrocellulose, but its ability to bind proteins is weak, which makes nitrocellulose more
attractive.

Electronics integration Electrodes can be deposited on this material with a uniform
thickness thanks to its much flatter surface than traditional cellulose paper [105]. Other
electronic integration methods applied to paper materials can also be used in nitrocellulose.

Environmental impact As nitrocellulose is produced from a paper base. The envi-
ronmental issues are similar to those of paper, but the stage of converting paper into
nitrocellulose, including the production and integration of acids, must be added to the
discussion.

The greatest risk in using nitrocellulose is its high flammability.
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2.4.3 Porous media theory

Among all the materials examined, nitrocellulose will be the one used as a carrier for the
studied application of bio-detection of molecules in a liquid medium.

Through the previous discussions and tables, some of the advantages highlighted for paper
and nitrocellulose are their simplicity of manufacture, cost and flexibility. In addition,
their carbon footprint is small compared to other materials.

Compared to paper, nitrocellulose is characterised by a very porous structure with flat
surface, whereas cellulose paper has much larger fibres. The roughness of nitrocellulose is
also lower than that of cellulose paper. These factors tend to shift towards nitrocellulose.

All the interest of the studied biosensor is to make it disposable because its use will be
unique in order to avoid any contamination. Its impact on the environment is then of
great importance. Durability has a significant importance in this thesis because if the
nitrocellulose biosensor takes shape, it is not only the performance that is important but
also the circularity of the object. These aspects will be discussed in more detail in Section

[

The most important specificity of the nitrocellulose that will be used for the application
is its porosity. The following section therefore focuses on the theory of porous media in
order to provide sufficient context for the next chapters.

2.4.3.1 Porous media definition

A porous medium can be defined as a continuous solid phase in which a fluid phase is in
intimate contact.

The solid phase can be considered as a "consolidated porous media" or from the "loose
porous' family. The first denomination refers to materials having a precipitated continuity
at the molecular level and behaving as a solid corpus even if heterogeneous. They may
be derived from nature or artificially manufactured. If they are synthesised, consolidated
porous supports are manufactured in such a way as to have a fairly homogeneous distribution
of pores and pore size. The second case concerns materials consisting mainly of a disordered
stacking of solid particles of different sizes and shapes. The solid phase is well continuous
due to the contacts between the particles but is less rigid and more easily deformable.
In both cases, the fluid phase is present in free spaces, not occupied by the solid phase
[139].

2.4.3.2 Volumetric distribution of pores

The porous media can be determined by the volumetric distribution of its pores.

If V, is the total volume of pores in a sample of porous media, v is the volume of one
pore of diameter x and V,(v) is the total volume of pores having a volume smaller than a
certain volume v, the fraction of pores having a volume smaller than v can be defined by
the function:

This function Z(v) is then varying between 0 and 1 and will look like the right Figure [2.16]
This function can be derivated to give the volumetric distribution in the shape of a
bell-shape curve more visual (left Figure [2.16]) [139].
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Figure 2.16: Fundamental theorem [140)].

2.4.3.3 Stop threshold of a porous media

Solid particles transported by a fluid phase in a porous medium can be stopped in two
ways.

The first way is sieving. Indeed, if the pores of the particle are larger than the surface
pores of the solid phase, they will be stopped at the surface of the porous medium. In this
case, the porous material will be completely free of particles.

The second way involves the obstruction of the porous medium. In fact, pores are also
capable of stopping particles slightly smaller than the surface pores due to their progressive
movement in the pore forest characterized by a variable cross-section of the channels. This
clogging will be accelerated along the way as the stopped particles will reduce the internal
diameter of the pores [139].

2.4.3.4 Pressure drop - Poiseuille equation

The equations for a Stoke flows in a 3D rectangular channel of dimensions L x W x H

0 0 0

(respectively in the x, y and z directions) are the continuity equation, Ut 3, +3.

N I
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If H << W << L, by analysing orders of magnitude of the continuity equation: v ~
u% << wuand w ~ u% << u. Consequently the flow is in the direction z as well as the

pressure and the gradient is essentially along z. The differential equation is then:
JPu_o Ay
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By a similar reasoning for a cylindrical of radius R:
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By resolving the equation for v and with u,—gr = 0 and u,—g = u. as boundary conditions:

Ap

_ 2 2
u_4uL(R )

The flow rate @ is defined and calculated as:

By rearrangement of these last equations, in laminar regime the pressure drop in a channel
with a circular section of diameter Dy, a length L, and travelled by a fluid of maximal
velocity u. and of a dynamic viscosity p, is given by the Poiseuille equation:

AP 32pu,.
- 2.1
L, “ D3 (2.1)

with a = 1 for a circular section of channel and o = 1 £ 15% to take into account the
non-circularity. In a porous media the pressure drop can be calculated by applying this
equation and its parameters to interstitial channels. To have an estimation of these factors
simplified models can be used as the one of Kozeny which assumes the porous media as
a stack of cylindrical channels having the same length and the same diameter and being
independent from each other. In this model Dj is the hydraulic diameter and can be

estimated as

D 4 x surface area 4 X total volume of pores
h = =

wet perimeter total wet surface

and the length L, can be estimated as

1
cost

Lh:TLI

where 6 is the average inclination angle of fluid trickles and L is the thickness of the
stacking of trickles [141].
2.4.3.5 Young-Laplace equation

The Young-Laplace equation links pressure drop at an interface fluid-fluid to its geometry.
This equation can be derivated by taking the simple case of a soap spherical bubble of
radius R.

The total surface energy W of a soap spherical bubble of radius R is the superficial tension
7 [J/m?] times the area of its 2 faces, 2 x (47 R?).

W =7 x (87R?)
If the radius of the bubble is decreased by dR the surface energy is decreased of:

dW = d(y x 87 R?) = 167yRdR
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The decrease of the bubble volume dV' is compensated by an internal pressure being higher
of Ap than the external one. The work done for the decrease of dR is therefore:

4
ApdV = Ap x (3 X 3 X 7TR2dR>

If the work is equaling to the variation of surface energy:

16myRAR = Ap x (47 R*dR)

4y
Ap =
P= R

If the interface has only one side (for example a air bubble in a liquid) the equation
becomes: 9
Y
AP = — 2.2
R (2:2)

where v is the tension at the interface and R the radius of the interface. This equation is
known as the Young-Laplace formula.

2.4.3.6 Capillarity

Capillarity, or capillary action, describes the spontaneous flow of a liquid into a narrow
tube or porous material. It occurs with water because this fluid is sticky which is a
consequence of two types of intermolecular forces. The forces of cohesion involves that
water molecules like to stay close together and the forces of adhesion makes that water
molecules are attracted and stick to other substances. Capillary action occurs when the
adhesion to the walls, or pores in the case of porous media, is stronger than the cohesive
forces between the liquid molecules [142][143].

P1=Patm P|2 = Patm —Pc¢
aQ | Remaining
| dry portion

It)

Figure 2.17: The wetted length, 1(t), is directly proportional to the wicking time and a
function of the fluid and material properties. P, is the atmospheric pressure, and P, is
the capillary pressure [144].

The capillary force reflects the energy gained by the replacement of a solid-gas interface by
a solid-liquid interface. The capillary pressure, which is defined by the difference between
the pressure of the non-wetting phase and the one of the wetting phase, is usually defined
by the Equation [2.3] deduced from Equation

_ 2ycos(0)

Pcap: atm_Pc:AP Rc

(2.3)

where v is the superficial tension, 6 the wetting angle of the liquid on the surface of the
capillary, R, the radius of the capillary (cos(f) = R./R) (see Figure [2.18)) [145][146][32].
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Fluid-fluid
interface

Figure 2.18: Scheme of capillary rise of a fluid. Adapted from [146].

The capillary pressure, dicted by the surface tension, is balanced by the gravity and by
equaling both forces an upper height h,,., can be found:

2ycost
= hmax -
R~ Ihmaa(p =)
T 27ycos(0)
max pch

where p is the fluid density, po is the gaseous fluid density and is then negligible compared
to p and g = 9.81 [m?/sec] is the gravitationnal acceleration [146][32].

Even if in the following equations the capillary speed will be shown to be decreasing with
time, physically that is well the gravity that decreases the speed of the wicking water
by decreasing the force resulting from the difference between the gravity force and the
capillary force.

The Washburn’s equation, extended to imbibition into porous materials, describes the
passive wicking of fluids in dry porous media. This equation is obtained by putting the
Young-Laplace equation (Equation in the Poiseuille equation (Equation where the
length is here the height of penetration of the fluid in the porous media, also referenced as

the liquid-front location L;¢:
dycost)  32uLgy dLyy

D. D} at
D, cos0
Ly == (2.4)
m
dLiy  yDccos(0)
dt N 8[&Llf

2
D, is the effective pore diameter, D, = g—’;. If the capillary diameter D, and the hydraulic
diameter Dj, are equal, D, = Dy = D,. p is the dynamic viscosity of the fluid.
This equation assumes a constant cross-section, uniform pores (typically far from reality),
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no impurities, unlimited reservoir volume and no effect from hydrophobic channel walls.
The wet-out rate % is then inversely proportional to fluid viscosity but proportional to
pore diameter. The wettability can be improved by decrease the contact angle thanks to
surfactant addition.

Once the material is fully wetted then the Darcy’s equation (Equation is the one to
be applied.

The capillary flow rate is the speed at which a fluid front moves along a membrane strip
when a liquid is introduced at one end. Most often the capillary flow time is measured
instead of it because this rate decays exponentially as the liquid progresses along the
membrane. The capillary flow time is defined as the time required for the liquid to
completely fill a strip on a certain length and is usually expressed as cm/sec .

The assay sensitivity is proportional to the capillary flow time and therefore inversely
proportional to the flow rate as an increase of flow rate decreases the length of time that
the components of the reactive pair sample-receptors are close enough to bind to each
other.

Another important consideration is the fact that the capillary flow rate decreases expo-
nentially as the distance of the sample front from the origin increases as it will be shown
in the experiences. That means the placement of the test line has a big impact on the
sensitivity knowing the relation between the sensitivity and the flow rate [83].

Alternative models

The Lucas-Washburn model is the classical one. Originally it was developed to describe
one-dimensional capillary flow in parallel bundle of cylindrical tubes, but as it has been
shown in the previous section, it has been extended in order to link the wetted length
to the wicking time in porous materials. However it does not take into account effects
including evaporation, geometry and wetting characterisitics. Some alternative models
have been developed to consider some of these.

Camplisson et al. developed a model to take into consideration the evaporation of the
liquid [I47]. Elizlde et al. developed one for non-uniforme cross-sections [148]. Finally
Hong and Kim developed a modified form to account for contact angle variations due to
hydrophobic barries such as wax [149].

Spontaneous capillary
A spontaneous capillary flow (SCF) occurs if the reservoir pressure P, is higher than the
pressure of the front of the fluid P.p:

Pres > Pcap

These two pressures are located at one liquid-gas interface. P,.s is considered as time
independent and null compared to the atmospheric pressure so that finally P, has to be
negative (compared to the atmospheric pressure) to satisfy the SCF condition [32].
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2.4.3.7 Darcy equation

Fluid flow in wet, rigid and uniform porous media is described by the Darcy’s law which
is, for incompressible single-phase flow with negligible inertial and gravitational effects:

_e__.Ar
=g = KJML

(2.5)
where ug is the average fluid velocity defined by the volumetric flow rate @) divided by
the cross-sectional area of the flow S, AP is the fluid pressure difference, L is the length
over which the pressure drop is taking place (the thickness of the bed), u is the dynamic
viscosity of the fluid and k is the permeability coefficient of the substance. The porous
structure influence is included in this last parameter. The negative sign comes from the
fact that AP is negative as the fluid flows from a higher pressure to a lower pressure [150].
The assumptions of this equation are an infinite fluid source and a non-decreasing capillary
pressure as the wicking pad becomes wetted [82][144].

Assuming a capillary model where the pores are modeled as a bundle of capillary tubes,
an expression for the permeability x of the porous media can be found by comparing two
different equations for the liquid-front location L;y.

The first one is the Washburn equation (Equation and the second expression is the
one found by Masoodi et al. from the Darcy’s law and the Continuity equation :

2k P,
Lip = | =<y
e
with P, = 27}%‘289 (Equation :
4krycost
Lis = 2.6
0 " (2.6)
By comparing Equations [2.4] and [2.6] the following definition for x is found:
L o
R = gERC (27)

where € is the porosity of the media and R. is the pore radius [I51].
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Chapter 3

Objectives

In this master thesis, the focus will be on the use of the nitrocellulose membrane as a
biosensor substrate to detect F. coli bacteria from a water matrix. This takes place in
the current context of drinking water shortage where current detection techniques are
expensive, time consuming and require a well-equipped laboratory. Along with Salmonella,
E. coli is the most pathogenic bacterium that is detected by a variety of methods. It is
found in the environment, food and intestines and although some bacteria are harmless, F.
coli can cause illness and infection [145][2].

The final device expected is shown on Figure [3.1] It consists of a strip of nitrocellulose
to which a biological sample is added. The fluid then passes through the strip and the
biomolecules within it are immobilized on the test line by proteins that functionnalize
this specific area of the membrane. Due to the role of RBP and CBD in the human body,
they are able to specifically recognize bacteria and therefore they can be used in another
context as in this case as bioreceptors in biosensor applications.

sample NP-protein Capture control

| line line
U \\// \\ //
VY \\/ /
\ |

\ ]
/ \Nltrocellulose membrane

Sample pad

[
ConJugate pad Absorbent pad

—_—

Capture of bacteria
Y by specific protein

Figure 3.1: Scheme of the targeted final biosensor. A sample is added at the origin of
the lateral flow assay. The fluid wicks through the strip through different pads. In the
conjugate pad nano-particles NP are attached to targeted biomolecules present in the
sample. In the nitrocellulose membrane the biomolecule is captured by specific proteins.
At this place the change of impedance proportional to the concentration of immobilized
biomolecules in all the thickness of the membrane is measured thanks to an impedance
measurement. Inspired from [21].
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The first existing tests presented qualitative results based on the coloration or not of a
signal line made visible thanks to colored particles conjugated to the targeted biomolecule.
However nowadays test design has progressed toward semiquantitative and quantitative
assays thanks to the development of detection techniques. This important part of the
development of the sensor is studied by Margo Hauwaert in her master thesis [107]. The
idea is to use the EIS method in order to obtain a quantitative detection of bacteria. This
is made possible by the fact that bacteria immobilized at the capture line will involve a
change in the impedance, proportional to their concentration. More specifically Margo
Hauwaert will use the impedance spectroscopy to observe changes in capacitance due to
permittivity variations of the media in between the electrodes. As this change is small,
nanoparticles could be conjugated to the targeted molecules, through the conjugate pad,
similarly to colored particles for the qualitative tests, to amplify the detectable signal [83].

The goal of the following chapters is to obtain microfluidic and biologic guidelines for the
design of the device. The microfluidic phenomenon present in the membrane is referenced
as capillary. The capillary flow rate is then the important parameter to be hold. It is
mainly influenced by the porous media characteristics and its conditions. The capillary
flow rate is of high importance as it will affect the signal formation. In fact the chemical
constituents are constantly moving in the porous media and in the meantime they have
to react with the immobilized bioreceptors. The formation of complexes at the test line
therefore depends on the finite time period that the components are sufficiently close
to each other to bind to one another. The sensitivity of the biosensor will therefore be
inversely proportional to the capillary flow rate. Another consideration is the decrease of
the capillary flow rate with the increase of the sample front distance from the origin of the
test strip. This also have to be taken into account for the implementation of the device.
The volume of the sample is also of a point of interest as it is necessary to have enough
fluid passing through the capture line and enough targeted molecules being immobilized
there to be representative of the concentration in the tested media. This volume is often
increased by an eventual absorbent pad.

The microfluidics research question has as goal to design a sensitive enough biosensor by
playing with the influencing parameters of the strip and capture line geometries as well as
with the sample volume. It can therefore be formulated as "understand and characterise
impacts of design parameters on biosensor response” and it will be answered thanks to
modelizations, simulations and experiments.

The biological guidelines are about the biofunctionalization of the nitrocellulose membrane
by bioreceptors being specific to the targeted biomolecule. Proteins playing this role have
to be adsorbed into the membrane. The adsorption should be stable so that proteins are
keeping adsorbed to the nitrocellulose fibers for the needed time. Once the membrane
biofunctionnalized, the bacteria flowing through the substrate have to be immobilized
at the biofunctionalized line. At this time the important factors to be studied are then
the interaction between these two biological components as well as the issue of the non-
specific adsorption. In fact in practice the media is full of other molecules being eventually
competing for the bioreceptor. Also an enough large concentration of bacteria should be
captured at the test line in order to have a detection being comparable to the concentration
in the tested liquid matrix. The research question is "understand how RBP and CBD
could be used as bioreceptors’.

After that, the microfluidic and biological performances of the nitrocellulose membrane
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would have been discussed and to support the choice of the support material of the sensor,
a comparative life cycle assessment will be done in Chapter [7] in order to add to the
discussion an eco-design view. This will or will not confirm the choice in term of substrate
materials with the basis of a scientific method and environmental factors such as the
embodied energy and the carbon footprint. To introduce this comparative study, tables

in Section gave an overview of different support materials and their parameters of
interest.
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Chapter 4

Materials and methods

4.1 Simulations and modelisations on COMSOL

4.1.1 Water flow in the porous media

The first simulation simulates the wicking of water in a nitrocellulose strip. This phe-
nomenon occurs when a dry porous media is put into contact with a liquid and is due to
capillary forces.

In this COMSOL simulation inspired from [152], the multiphysics interface Multiphase
Flow in Porous Media is used, which couples the Darcy’s Law and Phase Transport in
Porous Media interfaces.

The model used for the Phase Transport in Porous Media interface calculates the average
volume fractions s; [/] of the non-wetting and wetting fluids based on the macroscopic
mass conservation equations of each phase i:

Gegt,o,& + V- (piw) = Q; (4.1)
€, is the porosity [/], p; is the density of the phase i [kg/m?| and Q; is a mass source for
phase i [kg/(m? - sec)].

It is assumed that the sum of the volume fractions of the phases equals 1 (volume constraint),
so that N-1 phase volume fractions are independent and are possible to solve with the
mass conservation equation and that one volume fraction s;_ is expressed using the other
volume fractions:

N
Sic =1- Z S;
i=1,iFic

The first term of Equation [4.1]is the mass change with time and the second is the convection
at the superficial velocity (or the volumetric flux of phase i) u; [m},/(m? - sec)] which is

46



determined by the extended Darcy’s law:

w =~ k(Vpi — pig)
k is the permeability [m?] of the porous media, g is the gravitational acceleration vector
[m?/sec], u; is the dynamic viscosity [kg/(m - sec)] of the phase i, p; is the pressure field
[Pa], p; is the density of the phase i and k,; is the relative permeability [/] of the phase i.
The pressure of the phase computed from the volume constraint, p;_, is chosen independently
and the other phase pressures are defined by the N-1 capillary pressure relations:

Pi = Di. + Pe; (81, ..., 8n)  for i # i,

The effects of the microscopic interfaces (pore scale) between the phase is taken into
account via the capillary pressure functions p., and the relative permeability x,, which are
calculated from the model of Brooks and Corey [153]. If the wetting phase is the same as
the phase computed from the volume constraint, then:

Di = Pi, + Pe for i #i.

otherwise,
pi =Di. —Pc  JoriFic

The expression of the capillary pressure as a function of saturation follows the curve:

1
Pe = pecsTUli/)‘P

where ), is the pore distribution index and 5, denotes the effective saturation of the
wetting phase. This equation means that the capillary pressure is maximal when the
porous media is completly dry and equals 0 when the media is completely wet. The
effective saturation of each phase is defined as:

Si — Sri

=7 _ <N .
1— Zj:1 Srj

Si

where s,; denotes the residual saturation of phase j (usually called irreductible saturation
in the petroleum litterature and representing the minimum possible water saturation).
Here s,; = 0.

The relative permeabilities are given by:

_ —(3+2/X
e, = Fo3H2/0)

Fors, = E2(1 o (1 . $>(1+2/)\P))

Initially the nitrocellulose strip is full of air with an relative humidity RH of 33% corre-
sponding to an approximated initial water saturation of sg,, = 0.01 [154].

Only the first 5 millimeters are referenced as completely wet (water saturation of 1) because
they are the ones immersed in water.

No flux of air is assumed at the bottom boundary immersed and a mass flux for the air
phase is defined with results from the pressure gradient given in the Darcy model.
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The Darcy’s law, together with the continuity equation and equation of state for the pore
fluid provides a complete mathematical model suitable notably for porous media flows
when the pressure gradient is the major driving force. The approach is to assume the
porous and fluid media into a single medium. The Darcy’s law interface computes the
pressure field by combining the continuity equation and the Darcy’s law [I51]:

aat(epp) + V- (pu) = Qn

u= —EVp
v

No water flow is assumed at the side boundaries of the nitrocellulose strip. The boundary
conditions for the Darcy’s law are the atmospheric pressure for water phase at the interface
immersed in the water and the hydrostatic atmospheric pressure minus the capillary
pressure at the top boundary. The capillary pressure is set to zero when the strip is totally
soaked with water as no void volume is available anymore to pump more liquid by capillary
action.

The height of the liquid front H;; can also be calculated from the analytical expression
of the Lucas-Washburn equation where the porous medium is assumed to be a bundle of
aligned cylindrical tubes of the same radii [I51]:

The nitrocellulose material properties used are the ones of the CN140 membrane and are
coming from experimental observations (see Figure |5.6) and porosity is assumed to be 0.75
[83]. The pore size distribution index is calculated with the index of distribution. These
and properties of water and air are presented in Table

The entry capillary pressure expression is deduced from the Young-Laplace equation
(Equation [2.3) which assumes all pores having the same radius R.. The expression for the
permeability has been shown from the comparison between the Lucas-Washburn equation
and the Darcy’s law (see Equation [2.7)) [I51].
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Table 4.1: Material properties for water, air and the CN140 membrane.

Material property Symbol Value Unit
Density of water Puw 1000 kg/m3
Density of air Da 1 kg/m3
Viscosity of water haw 0.001 Paxsec
Viscosity of air tha 1.76 x107° | Paxsec
Porosity €p 0.75 /
Permeability k=€, R?/8 3.1568x 10713 m?
Mean pore radius R, 1.835x106 m
Surface tension of water 07 0.0723 N/m
Liquid-fiber contact angle 0 14 rad
Entry capillary pressure | pe. =2 -7 - cos(6)/R. 13394 Pa
Pore size distribution index Ap 1.5 /

4.1.2

To study the flow of particles in the liquid in the pores themself the Creeping Flow module
coupled with the Particles Tracing for Fluid Flow module are used.

Water flow at the pores scale

The Creeping Flow interface is used for simulating fluid flows at very low Reynolds numbers
for which the inertial term in the Navier-Stokes equations can be neglected. This is in fact
the case here since the diameter of channels are at most 13um (see Figure and the
maximum velocity is 1 mm/sec which makes the Reynolds number, Re = , far away
smaller than 1. Creeping flow, also referred to as Stokes flow, occurs in systems with high
viscosity or small geometrical length scales as in microfluidics.

The general equations solved by the Creeping Flow interface are the continuity equation

for conservation of mass and the Navier-Stokes equations for conservation of momentum:

gﬁ—i—v-(pu)zo

P TP V)u=V-[-pl+7]+pg

where I is the identity matrix and 7 is the viscous stress tensor [Pa]. For a viscous
incompressible Newtonian fluid, 7 is defined as:

T =2ud

d— ;(Vu +(Vu))
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The Navier-Stokes equation becomes:

+pu-V)u=—-Vp+ uVu + pg (4.2)

ot
The different terms can be associated to different contributions; the first left term is the
local acceleration, the second left term is the convectional acceleration, the first right
term is the pressure gradient, the second right term is the viscous shear and the last right
term is the gravitational force. Two interesting non-dimensional number are the Reynolds
number Re and the Womersley number «. Their respective order of magnitude can be
estimated for a flow of characteristic size R, speed V', pressure P and timescale T', thanks
to their definition:

R convection acceleration  V Rp
e = - =
viscous shear W

\/ local acceleration pR?
= g e
viscous shear wl

In the Stokes regime (creeping flow) Re << 1 and o << 1 so that Equation becomes:

Vp = uV?u + pg

The wall boundary condition assuming in this simulation is that there are no viscous
effects at the slip wall and hence, no boundary layer develops. This is the slip condition
and this constraint can be formulated as:

u-n=20

The parameters needed for the implementation of this simulation are presented in the
Table [4.2] The particles properties are the ones of E. coli. Two different diameters are
simulated in order to take into account the size of this bacteria which is 1um x 2um. The
density of E. coli is 1 pg/um?, or equivalently 1000 kg/m3.

Table 4.2: Material properties for water and particles.

Material property Symbol | Value Unit
Density of water Pw 1000 kg/m3
Density of particles Pp 1000 kg/m3
Viscosity of water L 0.001 | Paxsec
Mean particles 1 diameter dp, 1x1076 m
Mean particles 2 diameter dp, 2x1076 m

The first idea of the following simulation was to use the particle tracing module of COMSOL
in order to study the displacement of bacteria in the porous media. However this module
does not take into account the particle diameter in the geometry constraints so that a
diameter of particles larger than the pore diameter is going to enter and move through the
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pore. Therefore it will not be possible to see if the bacteria will block the pores. As it was
the main goal of the simulation, this last one was finally used in another goal: to find the
geometry fitting the best the nitrocellulose membrane at the pores scale.

Three geometries of pores are going to be compared.

The first one simplifies the porous structure of the nitrocellulose membrane as a serie of
layers of different diameters and that for each pore as shown on Figure [4.1L The properties
of the porous media needed to draw the geometry such as the porosity and the mean pore
diameter are the ones present in the Table {.1] for the CN140 membrane.
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Figure 4.1: Geometry 1 for porous structure of the CN140 nitrocellulose membrane.

The second tested geometry (Figure tries to include the interconnectivity between the
pores of the nitrocellulose membrane. Again it is drawed by satisfying the properties of the
porous media as a bed volume portion of 75% and a mean distance of pores of 4um. As it
can be shown on the Figure the porous structure is now simulated as small spherical
holes representing a cut in the fibers. The water therefore flows in the space between holes
representing the void volume. The horizontal distance between 2 holes is 3.8um and the
ones 45°-oriented is 4.2um making the mean distance between nitrocellulose fibers equal
dpm.

The assumptions and parameters needed for the creeping flow are the same than for the
first geometry.
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Figure 4.2: Geometry 2 for porous structure of the CN140 nitrocellulose membrane.

The last geometry shown on Figure is inspired from the first geometry but also takes
into account the interconnectivity between pores as does the second geometry.

Again the assumptions and parameters needed for the creeping flow are the same than for
the first geometry.
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Figure 4.3: Geometry 3 for porous structure of the CN140 nitrocellulose membrane.

The pressure drop between the inlet and the outlet corresponds to the capillary pressure
and is assumed to be only dependent on the length where the pressure is applied. It is
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then calculated from the total pressure drop for the strip of lem x 5em (pe. in Table .
The calculation is then for the three geometries:

42pum

1.39 x 10°Pa x = 116.76 Pa

cm

4.2 Experiments

4.2.1 Comparison of different papers by the absorption of one
water drop

Cellulose paper, Whatman paper, glazed paper and nitrocellulose paper will be compared
depending on the absorption of one water drop. The water is colored with methyl blue in
order to clearly see the absorption shape.

The parameters to be varied are the porosity by analysing the different papers and the
deposited water volume (5, 10, 25, 50 and 100 pL).

The characteristics of the methyl blue are a molar mass of 319,85 g/mol, a solubility of 40

g/L and a shape of 17A x 7, 6A x 3, 3A. One Angstrom A worth 0.1 nanometer so that it
should easily go through all pores of the different papers.

The membrane made in cellulose nitrate is specified as UniSart CN140 unbacked and
comes from the company SARTORIUS. The Whatman paper is a qualitative filter paper
of grade 1. Its pore size is 11um, its porosity is 68% and its contact angle is 30° [I55].
The thickness of the different studied papers have been measured with a micrometer and
they are shown in the Table [4.3]

Table 4.3: Thickness of different papers used for the experience of a water drop absorption.

Cellulose paper | CN140 unbacked | CN140 backed Whatman | Glazed paper

backing of 100pum
in polyester clear

Thickness [pm] 98 120-160 225-255 including 194 196

The procedure followed is described hereafter:
1. Make the dilution 1/15 of methyl blue in pure water.
. Cut the paper samples of 5cm x Sem.

. Depose orthogonally to the paper surface a volume of water with a pipette.

2
3
4. Wait 10 seconds.
5. Trace the shape formed by the water drop on both sides of the paper.
6

. Do the same experience 3 times for the repeatability.
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4.2.2 Effect of pores size and strip geometry on capillary flow

First of all different types of channels are feasible: non confined, confined on one side,
completely confined. Once the method chosen, the main principle of microfluidic channels
fabrication is to make hydrophobic the part of the support which is wanted to not be part
of the channels [I56]. However the simplest way is the cutting of a non-confined channel
with the shape of a test strip. This is the one which will be studied in this thesis.

Different nitrocellulose membranes and geometries of strips will be compared by studying
the flow of colored liquid. The relative humidity effect will also be studied on one specific
membrane.

The procedure followed is described hereafter:
1. Cut the strip with the chosen geometry in the nitrocellulose membrane.

2. Put the membrane at equilibrium with a certain relative humidity (RH). To put a
desiccator at the chosen RH a specific salt solution must be prepared. Each salt
generates a specific RH at a fixed temperature [I57].

(a) Prepare the salt sursatured solution by putting 5 — 10%,,, more than the needed
salt mass for water saturation in heated water.

(b) Make the solution get colder. The extra salt forms a layer at the bottom of the
recipient.

(c) Put the solution and the membrane in a closed enclosure for night at a given
temperature.

3. Make the dilution 1/15 of methyl blue in pure water.

4. Quench 5mm of the strip in container filled with colored water OR put a drop of
100 L of colored liquid on the edge of a plastic container and quench the strip into
it vertically OR put a drop of 100uL of colored liquid on the beginning of the strip
laying vertically.

In the first possibility the used containers have a radius of 8.5mm and then to have
a quench of around 5mm the volume of liquid V' to be filled is calculated as follows:

V =7%(85)2%5=1.13ecm® = ImL

5. Measure the length of the front of water on the strip after a certain amount of time.
6. Do the experience 3 times for the repeatability.

The nitrocellulose membranes studied are the UniSart ones coming from the company
SARTORIUS. Their specifications and characteristics provided by SARTORIUS are shown
in the Table [4.4]
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Table 4.4: Specifications and characteristics of used SARTORIUS UniSart membranes of
cellulose nitrate.

CN95 backed CN140 unbacked | CN140 backed CN180 backed
Backing 100 um polyester | none 100 pum polyester | 100 um polyester
Thickness [pm] || 240-270 120-160 225-255 225-255
Capillary 65-115 90-150 95-155 135-175
speed  down
web, puri-
fied water
[sec/4mm)]

4.2.3 Characterization porous structure

Thanks to the confocal microscopy used to observe the deposition of proteins on the
nitrocellulose membrane (see Section scans of high resolution have been obtaining.
These highlight the porous structure of the CN140 unbacked membrane thanks to the
fluorescence of the deposed GFP and therefore allow to study pores size, pores size
distribution, percentage of available pores for bacteria in surface and in different cuts by
an image treatment.

4.2.4 Deposition of fluometric RBPs/CBDs

Using tagged antibodies and by means of fluorescence imaging of the substrate cross-section,
the adsorption of the antibodies in the nitrocellulose substrate was found by Grégoire
Lebrun to be complete and homogeneous on the whole membrane thickness [21][158].
The goal of this experiment is to make a similar observation with other bioreceptors. As
discussed on Section bioreceptors of interest are phage proteins such as RBPs and
CBDs.

To have fluorescence imaging, proteins must be made fluorescent by fused its C- or N-
terminal to respectively the N- or C-terminal of the Green Fluorescent Protein (GFP).
GFP is a versatile biological marker for among others visualizing protein localization. It is
a protein composed of amino acid residues that exhibits bright green fluorescence when
exposed to light in blue to ultraviolet range [159].

Once proteins tagged with GFP, the protocole of deposition is the same than for antibodies
and is described hereafter:

1. Put the CN140 unbacked membrane at equilibrium at a certain relative humidity

(RH).

(a) Prepare the salt sursatured solution by putting 5 —10%,,, more than the needed
salt mass for water saturation in heated water.

(b) Make the solution get colder. The extra salt forms a layer at the bottom of the
recipient.
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12.

(c¢) Put the solution and the membrane in a closed enclosure for night at a certain
temperature in function of the wanted RH.

Cut a square of lcm x lem in the membrane.

. Prepare the 0.1 mg/mL solution of proteins by dilution with ultra pure water and

put in in the centrifuge at 1 rpm for 10 seconds. Keep the solution in the dark by
covering it with aluminium foil.

Apply 40-50 pL of solution on the membrane by covering all the piece of membrane.
Keep the membrane with proteins in the dark by covering it with aluminium foil. It
is advised to apply the solution to the side which was in contact with belt during the
manufacture of the membrane (shinier one) as it rarely presents physical irregularities.

. Wait at least 10 min.

. Wipe the excess solution.

Make holes in the aluminium foil and dry the membrane at 37°C during 1h to take
out the water excess in the membrane.

. Keep the membrane in the desiccator (< 30°C) for at least 30 min to fix proteins.

9.
10.
11.

Rinse the membrane with distilled water (2 baths of 2 minutes).
Wipe the excess solution.
Dry the membrane 30 min at 30°C in the desiccator.

Stock in the fridge and in the dark to keep the fluorescence of proteins.

The drying steps is of high importance as the proteins retain its structural integrity while
completely dried. Thanks to that and while waiting to be used, the sensor may be stored
at ambient temperature (in dry conditions). By rehydrating the proteins by the sample
they should be instantly reactive.

The different bioreceptors deposed as well as the concentration of their initial solution and
the wavelength at which these fluorescent proteins are excited and emitted are shown in
the Table The purity of the solutions of proteins was verified by Audrey Leprince
thanks to protein electrophoresis. This method gives the electrophoresis gel shown on the

Figure [4.4]

Table 4.5: Characteristics of used GFP. One amino acid of a protein represents about 100

Da and its size can be approximated as 3.5A or 0.35 nm.

gp221_CBD deep-blue | gp32_ CBD deep-purple | gp185 deep-blue RBP
Initial solution concen- 0,96 1,44 0,22
tration [mg/mL]
Size [kDa] 50 40 56
Excitation GFP [nm] 460-500 460-500 460-500
Emission GFP [nm] 512-542 512-542 512-542
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Figure 4.4: Electrophoresis of gp221 CBD, gp32 CBD and gp185 (blue RBP).

To observe the deposition of the proteins in the nitrocellulose membrane epifluorescence
and confocal microscopes will be used.

The epifluorescence microscopy uses a light source illuminating the sample to analyze with
a certain wavelength selected by the excitation filter. In the case of GFP the wavelength
is the one of the green color. Once the light reaches the sample, the fluorescence emitted
by it is focused to the detector (see Figure .
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Dichroic Mirror
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\ Light Source
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Objective

l

Sample

Figure 4.5: Working principle of epifluorescence microscope [160].

The confocal laser scanning microscopy is another optical method but its resolution is
higher and it allows to obtain 3D images of the surface texture of the sample by capturing
2D images at different depths. A light source is sent to the object and is then returning on
the detector like for conventional microscope but in a confocal microscope only a smaller
beam of light at one narrow depth level at a time penetrates into the specimen. Thanks
to a rotating aperture disk with holes the whole surface of the object is detected. To get
3D scanning the distance of the lens from the object can be adjusted (see Figure .
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Figure 4.6: Working principle of confocal microscope [161].

4.2.5 Interaction bioreceptors-bacteria

A first experiment was conducted by Audrey Leprince and studies the interaction between
one strain of the Bacillus thuringiensis (GBJ001) and GFP fused CBDs (gp221).
The protocole followed is described hereafter:

1.

The bacteria was incubated overnight in LB medium at 30°C with an agitation of
120 rpm.

The overnight culture was diluted in fresh LB medium (1:100) and further incubated
(30°C - 120 rpm) until the bacteria reach the exponential phase. At this stage, the
bacteria are more sensitive to the attachment of the CBD as the peptidoglycan is
less cross-linked.

Centrifuge the culture (10 000g - 5 min) in order to collect the bacterial pellet which
is then washed 2 times with PBS and resuspend in 100 pL of PBS.

Add 10 pg of fluorescent proteins to the bacterial suspension and incubate it at 28°C
during 15 min with agitation.

Centrifuge 2 minutes at 4°C and 10 000g and the supernantant. Wash the bacterial
pellet at least two times with cold PBS to removed unadsorbed proteins.

. Finally, resuspend the bacterial pellet in 100 L of PBS and observe the bacteria

under the fluorescent microscope (zoom 100x).
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Chapter 5

Results and discussion

5.1 Nitrocellulose as a microfluidic platform for biosens-
ing applications

5.1.1 Choice of the microfluidic and absorbent substrate

Thanks to the observation of the absorption of one water drop on different support
materials, different papers such as an glazed paper, a cellulosic paper, a nitrocellulosic
paper and a Whatman paper have been compared.

The cellulosic paper as well as the glazed paper do not allow the water to be absorbed and
that for several minutes. The water is then forming a curved drop on the surface as it can
be seen on Figures [5.1] and [5.2] Both sides of the glossy paper, i.e. the glossy side and
the matt side, have been studied and show the same results for the adsorption of different
volumes of water drops as shown in the Table [5.1] giving the characteristics of the different
deposits.

Figure 5.1: Shape taken by one water drop Figure 5.2: Shape taken by water drops on
of 100uL on a cellulosic paper. the mat side of a glazed paper.
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Table 5.1: Diameters of water drops of different volumes deposed on different papers of
hydrophobic appearance.

Vi[puL] || Cellulose paper [cm] | Glazed paper, glazed side [cm] | Glazed paper, mat side [cm]
) 0.3 0.25 0.25
10 0.35 0.3 0.3
25 0.4 0.4 0.45
50 0.5 0.6 0.55
100 0.7 0.8 0.8

For the other papers materials the volume of the water deposed V; on the support is linked
to the final volume occupied by the water drop into it V; which is calculated as follows:

Vf:AfXG

with Ay is the measured surface of the water shape on the support material and e is the
thickness of the paper.

The results have been plotted into a graph shown on Figure This graph shows that
Whatman paper is much more absorbent than the nitrocellulose membrane as the same
volume of water deposed on the Whatman support takes a volume into it around 6 times
larger than in the nitrocellulose membrane. Also there is no significant difference between
the nitrocellulose membranes backed and unbacked. The Whatman paper may therefore
be used as absorbent pad in the biosensor strip.
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Figure 5.3: Volume final V; occupied in different papers by one water drop of initial volume

V.

Another remarkable fact is the observation of a pattern left on the support after the
evaporation of the water. This effect is known as the coffee ring effect and is especially
noticeable within the nitrocellulose membranes as it can be seen on Figure [5.4]

Figure 5.4: Shape and front of one colored water drop of 100uL on CN140 backed membrane
after 20 seconds (left) and 10 minutes (right).

The coffee ring effect is described as the phenomenon concentrating solid and spherical
particles on the ring of the perimeter of a liquid drop containing initially uniformly dispersed
particles. This is due to the capillary flow induced by the differential evaporation rate.
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Indeed the liquid evaporated at the edge of the drop is replenished by the internal liquid
thanks to capillarity [L62]. That effect is even accentuated at the end of the evaporation
process [163]. That is actually what it is observed as on the left Figure the drop is not
dried yet.

This capillary flow with a direction from interior to exterior of the drop is balanced by the
Marangoni flow induced by the evaporation and having an opposite direction. Consequently
to observe the coffee stain effect this last flow has to be weak, which is the case for pure
water. This Marangoni flow is due to a gradient of surface tension and therefore surfactants
can be added to lower it by reducing the liquid’s surface tension [164].

These rings are forming because of spherical particles agglomerating. One way to suppress
this effect is actually to add elongated particles as cellulose fibers to the spherical ones
[163]. Even the blue methyl molecules used in this experience are not spherical they may
be approximated as such compared to cellulose fibers.

The coffee ring effect can be disruptive when uniform dried deposit is required. This effect is
then not expected to impact the bacteria flow but could well affect the biofunctionnalization
of the test line by bioreceptors deposition.

5.1.2 Porous structure characterization and modelization

The porosity characterizing the paper material is on high interest in particular for its
influence on capillary and for its ability to immobilize a large amount of biomolecules.
Actually the porous structure of nitrocellulose membrane makes it ideal for adsorption as
it will be discussed in Section (.21

5.1.2.1 Porous structure characterization

Cellulose and nitrocellulose substrate were characterized by optical and SEM microscopies
and profilometry by Grégoire Le Brun. Nitrocellulose was shown to provide a highly porous
structure with flat surface, while cellulose paper has much larger fibres. A mean surface
roughness of about 2 um and 0.5 um were found for cellulose and nitrocellulose sheets
respectively [21].

By selecting two different places on the layer at a depth of 10.19 um of one 3D scan of the
confocal microscope (see Figure showing fluorescent of RBPs into the structure of
CN140 unbacked, the mean pore size of the membrane as well as its pore distribution and
the percentage of available pores for bacteria have been collecting.

The mean pore diameter is 3.55 um. E. coli having a size about 1um X 2um and regarding
the pore size distribution presented on Figure the percentage of available pores for
bacteria diffusion in the liquid media into the nitrocellulose membrane CN140 unbacked,
namely the percentage of pores having a diameter larger than 2um is 73.12%.
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Figure 5.5: Confocal images of CN140 unbacked membrane biofunctionnalized with
fluorescent RBPs a depth of 10.19 pum.
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Figure 5.6: Pore size distribution of CN140 unbacked membrane, based on Figure [5.5]

5.1.2.2 Porous structure modelization

Figures [5.7] and [5.9] show the velocity field due to capillary pressure in three different
pore structure geometries. From experiments it is known that the capillary speed in the
first seconds (when the gravity has a negligible effect) and in a strip of lem x 5em is about
1 mm/sec (see Figure [5.17)). This value is therefore the one to be approached as average
velocity in the tested geometries.

The geometry presented on Figure is too simple, it does not take into account the
connectivity between pores and the resulting average velocity (2.1 mm/sec) is too high.
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Figure 5.7: Velocity field in the first pore structure geometry when pressure drop is 116.76

Pa.

The average velocity that can be observed on Figure is too high as well (3.1 mm/sec),

is too simple as well to modelize the porous structure.

meaning that this second geometry

Surface: Velocity magnitude (mm/s)
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Figure 5.8: Velocity field in the second pore structure geometry when pressure drop is

116.76 Pa.

Finally the last geometry presents an average velocity (1.3 mm/sec) that jibe more with
the reality of experiments. The velocity field is quite complex as it is seen on Figure
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Figure 5.9: Velocity field in the third pores structure geometry when pressure drop is
116.76 Pa.

5.1.3 Parameters influencing the capillary flow

Figure [5.10| shows the simulation of the wicking of water in a CN140 strip of a geometry of
lem x bem. It represents the water saturation in the length of the strip and for different
times.
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Figure 5.10: Water Saturation in the nitrocellulose CN140 strip 1x5 em? after 20, 90, 140,
250 and 400 seconds.

The observation of capillary flow were also done by the mean of experiment with colored
water in different cellulose nitrate membranes. Vertical and horizontal flows have been
studied. As shown on Figure two distinct fronts (referenced as 1 and 2) are in almost
each case observed. The first one is the front of the saturated zone and the zone in between
the first and the second front is the unsaturated zone.

Figure 5.11: Observation of the 2 different fronts in vertical capillary flow in CN180 backed.
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The evolution of the liquid front is represented on a graph (see Figure where the
simulation values (blue solid line) are compared with those calculated from the analytical
expression given by the Lucas-Washburn equation (see Equation (dashed line) and
with the experiment (green solid line). The plateau means that after around 3.5 minutes
the strip is completely soaked.

The differences between the model and the simulation can be due to the fact that the
Lucas-Washburn equation does not take into account the non-uniformity of pore sizes but
only a mean pore radius.
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Figure 5.12: Water front versus time. Solid blue line: numerical solution. Dashed line:
analytical expression given by the Lucas-Washburn equation. Solid green line: experimental
curve.

The value of the contact angle # between the nitrocellulose fibers and the water is found
through trial and error in this wicking simulation. It is the one fitting the best the
experimental values with the simulation.

The influence of different parameters as the porosity, the mean pore radius, the pore size
distribution index and the geometry of the strip will be studied through simulations and
experiments.

The porosity was shown to not play a major role. Actually the difference in simulated
water saturation fronts between a porosity of 0.9 and one of 0.4 is imperceptible.
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5.1.3.1 Mean pore radius

The mean pore radius has a large influence on the capillary speed. Figure shows the
water saturation for different times in a nitrocellulose strip of a geometry of lem x H5em
and having a mean radius of pores twice the one of the CN140 membrane.

It is observed that by increasing the mean radius of pores the capillary speed increases as
well. Actually that is in adequacy with the Lucas-Washburn equation (Equation in
which it can be seen that the capillary speed is directly proportional to the square of the

mean pore radius: % X v R..
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Figure 5.13: Water Saturation in the nitrocellulose strip 1x5 em? after 20, 90, 140, 250 and
400 seconds. The porous material has a mean radius of pores twice the one of the CN140.

This parameter explains the major difference between the different nitrocellulosic mem-
branes tested in experiments (see Figure . In fact thanks to SARTORIUS SEM’s
pictures it is known that CN95 is the membrane having the largest mean pore radius and
the CN180 the one having the smallest one.

The results of vertical capillary flow experiment comparing membranes having different
mean pore radius but the same geometry, namely lem x 5e¢m, are recorded in Table [5.2]
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Table 5.2: Data from vertical capillary flow experiment on different CN membranes with a
geometry of lem x Sem.

CN95 backed | CN140 backed | CN180 backed

RH [%] 33% 33% 33%

Front 1 2 1 2 1 2

Distance [cm] after 90 sec || 3.9 | 4.15 3.3 3.6 2.9 3.4

Time [sec] for 2 cm 14.3 | 14.3 20 223 | 25.7 34

Time [sec] for 4 cm 823 | 913 | 115.7 | 1353 | 148.7 | 173

The values presented in the Table are an average from 3 repeats for each experiment.
The average standard deviation for the CN140 backed’s data is 1.66, for the CN95 backed’s
data is 1.80 and for CN180 backed’s data is 0.53.

Figures [5.14], [5.15] and [5.16] show how the fronts of vertical flow with the strip’s geometry
lem x 5em are. The fronts of the CN95 backed membranes are less homogeneous as well
as its repeatability.

Figure 5.14: Fronts Figure 5.15: Fronts CN180 Figure 5.16: Fronts CN95
CN140 backed lem x backed lem x bem at  backed lem x  Hem  at
5cm at 33%RH. 33%RH. 33%RH.

If an average between the two distinct fronts is taken, the capillary speed graph for the
relative humidity rate of 33% can be obtained to compare the CN95 backed, the CN140
backed and the CN180 backed membrane. This is presented on Figure
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Figure 5.17: Capillary speed graph of CN membranes of lem x 5em at 33% RH.

Two Lucas-Washburn equations are also plotted on Figure |5.17, They have been plotted
through trial and error in order to enclose the capillary speed curves of the CN membranes
and have an estimation of the mean pore radius range of these membranes.

Compared to the values given by SARTORIUS, even if the values obtained are not the
same, though similar, the order of magnitude is the same as the smaller capillary flow
time is the one of the CN95 backed and the higher one is the one of the CN180 backed.
From SARTORIUS it is known that there is no significant difference in the void volume
(or equivalently in the porosity) between CN95 and CN180. That even confirms that
the differences are due to other properties of the porous structure of the different CN
membranes, such as the pore size and the pore distribution.

The graph on Figure [5.17 shows that the capillary speed decays exponentially as the liquid
progresses along the membrane. Approximately it takes five times as long from the flow to
move from 20 to 40 mm as it takes from 0 to 20 mm. This can be explained by the fact
that the difference between the capillary force and the gravitational one is decreasing with
the increase of the height of the liquid front.

The capillary flow rate has consequently an effect on the detectability of the signal at the
test line. Actually the chemical compounds are constantly moving through the porous
media and therefore the formation of complexes at the test line depends on the finite time
period during which the components are sufficiently close at the molecular level to bind to
one another. The flow rate determines the length of this time period.

This impacts largely the placement of the test line as further it is from the origin, lower is
the flow rate passing through it and therefore higher is the sensitivity of the sensor. Also
the CN180 membrane allows a better sensitivity than the two other ones.
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The capillary flow speed values in mm/sec can be converted in pL/sec knowing the void
volume of the membrane:

y [uL/sec] = x [em/sec] x width [em] x thickness [cm] x porosity [/] x 10 [uL/cm?]

If we assume a porosity of 75%, Figure is obtained.
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Figure 5.18: Amount of water absorbed as a function of the time for different CN membranes
of 1em x Hem.

On Figure[5.19)it has been found that the mean pore radius fitting the best the experimental
curve through the Lucas-Washburn equation was 1.6pum, which is close of the value
determined thanks to Figure [5.6]
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Figure 5.19: Capillary speed CN140 membrane of lem x 5em at 33% RH.

5.1.3.2 Relative humidity

As clearly observable on Figure [5.20] if the water saturation (or relative humidity) is
increasing, the capillary speed is increasing as well. The strip is soaked well faster when
the water saturation is 0.5 than when is is 0.01.
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Figure 5.20: Water Saturation in the nitrocellulose strip 1x5 cm? after 20, 90, 140, 250
and 400 seconds. The initial air saturation of the strip is 0.5 (instead of 0.99).

A high relative humidity of 95% corresponds to an initial water saturation of the strip
of about 0.08 and a relative humidity of 76% to an initial water saturation of the strip
of about 0.04. In practice and depending on the exterior environment the difference
in capillary flow rate will be consequently light unless the membrane is exposed to a
condensing atmosphere.

Figure shows the capillary speed curve for CN140 backed at two different relative
humidity’s namely 33% and 76%. A small difference is observable. However to draw
conclusions on the effect of RH on capillary, more value of RH should have been experi-
mented. Actually Walji and MacDonald conclude in their article [165] that paper strip
with varying humidity levels can yield consistent flow behaviour regardless of fluctuating
levels of humidity. However this article is based on pure cellulose chromatography paper
strips so that the difference observed on Figure [5.21] reflects either a different behavior
for nitrocellulose or is due to experimental error. The last case may be explained by the
storage of the membrane at a high level of humidity during more than two months that
may have affected membrane properties and chemicals as that is not the recommended
storage conditions. In any case, further experiments have to be carried out to be able to
conclude to one of these possibilities.

Figure [5.23| and the associated discussion tends to confirm the tendency of an increase in
capillary speed with a decrease in relative humidity.
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Figure 5.21: Capillary speed in CN140 backed lem x 5em at 33% RH and 76% RH.

5.1.3.3 Strip geometry

The last parameter to study is the geometry.
By simulating a strip of 1x7 ¢m?, one of 1x10 em? and one of 0.5x5 ¢m? the simulation
values do not significantly differ.

This observation is also done in experiments and in the article [I66]. On Figure it is
seen that the different geometries, having the same area (5¢m?) and therefore the same
void volume, do not induces significant differences. The length and the width of the strip
do not influence the flow velocity. The width would have been an influencing parameter if
a capillary tube was studied because it will directly affect the amount of water in the tube.
Consequently the gravitational force applied on it will be higher and will compensate more
the capillary force. In comparison, a porous media may be seen as plenty of small capillary
tubes being characteristic of the pores, so that a increase of width does not increase the
geometry of the pores, only the one of the global porous media.

Bohm et al. [I67] observed slower flow in channels with smaller widths for paper strips
with hydrophobic barriers and widths of 1 to 5 mm, and found that the dependence on
width diminished above 4 mm. This behaviour was attributed to the large number of
pores that were “terminated” at the channel walls (dead-end pores) where the hydrophobic
barrier was located, thus interrupting flow and resulting in slower fluid flow (longer time
to fill a given volume of space). Hong and Kim [168] investigated small channel widths
of 1, 2, and 4 mm and concluded that the effects of hydrophobic channel boundaries are
significant with a width on the order of 1 mm. The slower flow in channels with smaller
widths was attributed to the surface tension forces at the hydrophobic boundaries that
oppose the flow, and therefore they expect no variation for paper strips with cut edges.
The slight differences that can be observed on Figure [5.22] can not be explained but from
experimental errors.
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Figure 5.22: Capillary speed graph at 33% RH for three different strip’s geometries. Two
of them have the same length and two others have the same width.

Figure [5.23] also presents the capillary speed graph for the three same different strip’s
geometries than on Figure [5.22|but in this case the nitrocellulose membranes have been put
at a relative humidity of 76%. The capillary velocity is observed to be increasing with the
length of the strip and to be decreasing with the width. However none previous work have
shown a dependence with the length. Some previous work have observed a dependence on
width but that one is inverse to the one observed here [I65][167][168]. One explanation
may be the waiting time in between the experiments during which the nitrocellulose strips
were not in a 76% RH environment anymore but in ambient conditions. The experiments
have consequently been conducted during the time where the strips were in between two
different relative humidity’s and temperatures. This explanation may therefore confirm
the behavior observed on Figure [5.21] as the first tested strip was the lem x 7cm one
and the last one was the 0.7cm x 7cm one. There would not have any length and width
dependence but well an increase in velocity with a decrease in relative humidity:.
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Figure 5.23: Capillary speed graph at 76% RH for three different strip’s geometries. Two
of them have the same length and two others have the same width.

What is going to change more with the geometry in strip with cut edges is the assay
sensitivity as for longer strip, more sample will pass over the capture line (if assumed
to be located at the same position in all geometries) as more bed volume are available
downstream the capture line for acting as absorbent material for the capillarity. This
concept is represented on Figure [5.24] Generally in lateral flow assay an absorbent pad is
present at the end of the membrane strip. In this case the consideration of the bed volume
of the strip is unimportant as it becomes naturally negligible compared to the one of the
absorbing pad.

Comparing two strip having the same length, the flux of reagent delivered will be directly
proportional to the width and inversely.
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Figure 5.24: Effect of membrane dimensions on volume of sample analyzed [83].

Because gravity may have an non-negligible impact on the vertical flow, horizontal low
experiments have been conducted. This can start by putting the strip on the water drop
or by putting the drop on the strip. The problem in the first case is that another capillary
flow occurs in parallel between the plastic support and the backing of the nitrocellulose
membrane as it can be observed on Figure [5.25 The same phenomenon occurs when
the nitrocellulose strip is reversed. That distorts the results and influences a lot the
repeatability as catching the membrane at the end of the experience with a clamp can
make contacting the water layer with the unbacked part of the nitrocellulose. The problem
in the second case is that a flow is induced because of the pressure at which the drop of
water is deposited with the pipette. Repeatability is in this case not guaranteed either.
Since it is not feasible to keep the unbacked strip vertically, horizontal data could not have
been compared with vertical ones.

These results could have therefore not be gathered to draw conclusions.

Figure 5.25: Layer of water in between the backing of 0.7cm x 7cm CN140 backed and the
plastic support.

77



A particularity can be observed on Figure [5.26] presenting the experiment of one CN140
unbacked strip deposition on a water drop of 100 pL. This phenomenon is called the
Saffman-Taylor instability or the viscous fingering instability and is the formation of
patterns in a morphologically unstable interface between two fluids in a porous medium.
Horizontally it occurs when a more viscous fluid is deplaced by a less viscous fluid. In the
case on Figure the more viscous fluid is the water without methyl blue, having its
interface a little bit above the one of the less viscous fluid being the water colored with
methyl blue. That would mean that the blue methyl solution is less viscous than the pure
water.

Figure 5.26: Viscous fingering instability on CN140 unbacked strip, with deposition of the
strip on one colored water drop of 100 uL.

It has been seen that a change of width does not affect the capillary speed, but a sudden
change of width in the geometry does as it will be shown in this part of the discussion
about the strip geometry.

In the case of an sudden expansion, the assumptions of the Lucas-Washburn equation of a
non-limiting source of liquid and of a constant cross-sectional area are violated. Figure
shows that the capillary speed decreases because of the width expansion. This can
be explained instinctively by the fact that a longer time is required for the fluid to fill a
volume element having a certain length and a larger width than a volume element having
the same length and a smaller width.
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Figure 5.27: Impact of a sudden-expansion in the strip geometries of the capillary speed.
The smaller width is 4mm and the larger one is 1cm for each geometry. The total length
of each strip is bem. The strip B has its expansion at 3.5c¢m, the strip C has its expansion
at 2.5cm and the strip D has its expansion at 1.5cm. The curve A corresponds to a strip
of 0.5cm x Hem.

When there is a sudden contraction in the geometry the assumption of Lucas-Washburn
equation of the constant cross-sectional area is violated but on the contrary on an expansion,
the assumption of a non-limiting source of liquid is correct. Figure [5.28 shows the impact
of a contraction on the capillary speed.
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Figure 5.28: Impact of a sudden-contraction in the strip geometries of the capillary speed.
The smaller width is 4mm and the larger one is 1cm for each geometry. The total length of
each strip is b5em. The strip B has its contraction at 1.5c¢m, the strip C has its contraction
at 2.5cm and the strip D has its contraction at 3.5cm.

Once the second width reached, the front follows the Washburn equation as in the first
segment but with a relative time ¢t — t; where t; is the time required to the fluid to reach
the end of the first segment of the strip.

On Figure [5.2§] it can be clearly seen that the strip minimizing the capillary time needed
to reach a certain height of the front is the strip C having both segments of equal length.
This can be explained by the following development.

From Equation the velocity equations for the segment before the contraction and for
the segment after it can be simplified respectively as (from [166], with 7 is the amount of
time needed to reach the behavior described by the Lucas-Wahsburn equation):

Vo1 \/F

Ul(t) = \/T——i-t (51)
oalt) = VT (5.2)

\/T‘i‘t—tl

Assuming that the Lucas-Washburn equation applies at all times is equivalent to assuming
that the inertia of the fluid is negligible, and that the fluid instantaneously adapts its
velocity to satisfy a balance between viscous friction forces and capillary forces. This
equilibrium implies that, at the interface between the segments of different width, the flow
evolves without discontinuity (because both the driving capillary pressure and the total
hydraulic resistance evolve continuously). The boundary condition consequently leads to a
relation between vg; and vga:

_ v Wi/T

Vo (t1)Wa = v9aWa = vy (t1) W1 St h
1

(5.3)
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The equations for the liquid front distance can be obtained by integration of equations
and [5.2] (with the initial conditions d;(0) = 0 and dy(t) = dy(¢1)):

di(t) = 20 vVT(VT +t —/T)

dg(t) = dl(tl) + 21]02\/;(\/7' +1t— tl — \/F)

If t7 is defined as the total required time to reach a distance d:

dr — d;(tq) ?
ty =t — oy
T 1 T_'_( 2’(]02\/? _‘_\/F

By assuming ¢; >> /7 and by using Equation , the solution that minimizes t7 is found
to be di = %T whatever the ratio W, /W5, which corresponds to the observation done on
Figure [5.28] It is important to mention that this result does not take into account the
presence of "dead zones" in the corners of the widest channel during the section contraction.
This means that the cross-sectional area useful for the passage of the flow is smaller than
the total width of the channel. These areas are likely to have a characteristic length in the

order of the difference of widths.

When fully wetted the Darcy’s law is the one to be applied. The sudden change in the
geometry of the strip will also affect the flow of water once the porous media wetted.
Actually by a simple calculation, it will be found the same condition saying that to have
the greatest transport time the length of both segments have to be equal [166].

If Equation [2.5]is generalized to the case of a strip with different segments of different

width:
AP

o 153 N Li
K Zi:l W,L'Hi

The equation for the time ¢ required to fill a volume V' of strip is defined as t = % with
V = LW H + Ly;W5H in the case of two different widths. Then it can be written:

Q=

o h Ly L2>__ p
t— APK(L1W1+L2W2)H<W1+W2 =

Iffy:%andﬁz%:

0=1LLy (14‘;7) (B+7)

By derivating this by v and by equaling the derivation to 0 a value for v minimizing the
required time is found:

v=1
That means that for any non-equal W; and W5 the greatest transport time can be obtained
for L1 = Ly = L (same conclusion than for non-fully wet strip).
With this condition and if 8 >> 1, § = L*(8 + 1), so that 8 has to be increased if longer
time ¢ is wanted. Figure [5.29 shows that this conclusion is also verified in non-fully wet
strips.
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Figure 5.29: Effect of § increase in a non-fully wet strip. The smaller width is 4mm, the
total length is 5cm and the expansion is located at 3.5cm for each geometry. The beta
parameter of strip E has a value of 5 while the beta parameter of strip A has a value of 2.5.

This results have been compared and are in accordance with the scientific article [166].

5.1.3.4 Absorbent pad

Generally the pore radius of an absorbent pad are bigger and its contact angle with water
as well so that the capillary speed in that media would be higher than in the nitrocellulose
strip. However its main function is to increase the volume of sample that can be analyzed
thanks to its high void volume and its addition at the top of the biosensor.

Figure |5.30| compares the Lucas-Washburn equation for the CN membrane and for the
Whatman paper. It can be observed that the graph looks like the one on Figure [5.3]
Figure [5.3T] shows the results of the experiment of capillary flow in the Whatman paper
compared to the ones obtained in the CN140 membrane. The difference with Figure
must have to do with the fact that the experiment is done vertically because when the strip
is placed horizontally as done for Figure this sudden slow down in capillary flow is
not observed. That could be due to the fact that the Whatman paper becomes very weak
once wet and the strip is therefore kept vertical by manual means during experiments.
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Figure 5.30: Lucas-Washburn equation for the CN membrane and for the Whatman paper
of grade 1. This type of Whatman paper as a thickness of 194 um, a pore size of 11 um, a
porosity of 68% and a contact angle of 30° [I55].
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Figure 5.31: Comparison of water front and absorbed water as a function of time in CN140
backed and Whatman filter paper of grade 1.

In the case where an absorbent pad is added at the end of the biosensing strop, the water is
going to start flowing through it when all the strip becomes wet. At this time the capillary
flow rate in the strip should shown a variation as the absorbent pad will then play the role
of "absorbent" and increase the flow rate in the strip.

Another possible use of an absorbent pad is to consider it as a flow delay. In fact if this
kind of pad is put at a certain place on the strip the capillary flow will be delayed because
more volume must be wetted because of this additional pad having a high void volume

[144].
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5.2 Nitrocellulose as substrate for biological detec-
tion

5.2.1 Biofunctionalization of nitrocellulose membrane

For lateral flow test strips, the nitrocellulose membrane must irreversibly bind the biore-
ceptors at the test lines. This binding capacity is determined by the surface area available
for the immobilization. This area depends mainly on pore size, porosity and thickness
of the membrane. The loading capacity of a protein acting as receptor depends on its
structure and its effective diameter. For example the loading capacity of the antibody IgG
is 119/cm?. To have a value for the binding capacity of the nitrocellulose membrane, the
loading capacity has to be multiplied by the surface area ratio which is typically found in
the range 50-200. Then assuming a test line of 1x0.1 ¢m?, the amount of capture reagent
is 5-20 pg which is greater than required for most assays [83].

The opacity of the nitrocellulose make the observation of the particles inside the membrane
difficult. Indeed any reagent bound deeper then ~ 10um from the surface becomes invisible
to the user. Then the percent of visible signal is related to the membrane’s thickness [83].

The first adsorption of GFP RBPs on CN140 unbacked membrane was made by deposition
on one side of 5 drops of 5uL each in order to wet all the surface of the membrane
piece. After the observation of the proteins’ fluorescence with Epifluo (see Figure
and confocal microscopes (see Figure , it has been seen that the deposition was not
uniform and that no RBPs were observed on both sides of the membrane. This is especially
observable on Epifluo images where the shape of the deposed drop in clearly visible (coffee
ring effect) and on Confocal image where the maximal depth of captured fluorescent is
17.32pum.

This issue should be solved by putting an larger drop of bioreceptors’ solution. Knowing
the void volume of the membrane (70-80%) and the volume of the membrane into which
the drop is applied (~2cm x 2cm x 140pm), 40uL should be appropriated.

Figure 5.32: Epifluo microscope images of CN140 unbacked biofunctionnalized with RBPs.
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Figure 5.33: Confocal microscope image of CN140 unbacked biofunctionnalized with RBPs.
2D scans from 0 to 17.32 pm depth.

During the manufacturing of the test strip, detergents or surfactants are added to the
naturally hydrophobic membrane in order to make it wettable. Figure|5.34|shows qualitative
influences of the detergent concentration.

Optimal Detergent
Concentration

Capillary Flow Rate \

Striping Consistency

Protein Binding

Stripe Width

Detergent Concentration

Figure 5.34: Effect of detergent or surfactant concentration on various membrane perfor-
mance characteristics [83].

As seen on Figure [5.34] this addition may decrease the protein binding ability of the
membrane by masking the nitrocellulose and broader the test band width which could
lead to a decrease in sensitivity [83]. For these reasons, the concentration of surfactant
should be hold at the minimum needed to make the membrane wettable.
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5.2.2 Binding affinity

Figures and shows that respectively gp221 CBD and gp185 (blue RBP) specifi-
cally recognize strains GBJ0O01 from Bacillus cereus group. These strains have a length
about 10um with a much smaller width. Their move in the porous media of the nitrocel-
lulose should not be an issue if the membrane with larger pores is selected, namely the

CN95 (see Figure [5.17)).

0 um 25 0 um 25

Figure 5.35: Strains GBJ001 from Bacillus cereus group recognized by fluorescent
gp221_CBD.

Figure 5.36: Strains GBJ001 from Bacillus cereus group recognized by fluorescent gp185
(blue RBP).
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Chapter 6

General technical discussion

6.1 Microfluidics guidelines

6.1.1 Nitrocellulose membrane selection
For the selection of the membrane two main parameters must be taken into account.

The first one is pore size through the mean pore size and the distribution of the pores
sizes. It has to be adapted to the size of the molecules present in the sample in order
to avoid inopportune clogging of the pores and allow the displacement of most particles
in the sample. Not only targeted molecules (E. coli is approximated as a cylindrical of
1pum of diameter and 2um of height) are of importance as other bigger molecules in the
complex sampling media could clog the ways and cause the non-detection of bacteria of
interest at the test line. For this purpose membrane with the highest mean pore radius is
the best choice.

The second parameter influenced by the choice of the membrane is the test sensitivity.
Actually it has been shown that membranes with larger pores are characterized by a larger
capillary flow. In the meantime the formation of complexes at the test line depends on
the finite time period during which the components are sufficiently close at the molecular
level to bind to one another. Consequently the capillary flow rate, even if it gives the
force needed to push the particles, affects the detectability of the signal at the test line by
affecting this finite time period that allows the binding between the target bacteria (Ag)
and the bioreceptors (P). The effective concentration of analyte has even been linked to
the capillary flow rate in [83] and is found to be inversely proportional to the square of
the change in flow rate. The following equations illustrates the influence of the capillary
flow rate on the amount of formed complexes R by the "effective" change in concentration
of P and Ag. In the case of a flow rate of 1X: R = k[P][Ag| while in the case of a flow
rate of 2X: R = k[0.25P][0.25A¢].

However it has also been observed in this master thesis that a sudden change in the strip
width influences the capillary flow rate and could therefore be used to adjust the sensitivity.
Another enhancement to improve the detection sensitivity involves the integration of cotton
thread-based barriers into paper. It has been shown in the article [I31] that it decreases
the flow rate of sample and extends the reaction time. The article [I30] described the
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development of novel device integrating dialysis-based concentration method into LFAs
with the aim to increase the sensitivity.

That leads to the conclusion that the membrane with a large enough mean pore size
is recommended to ensure a sufficient displacement of the particles in the strip as the
sensitivity issue can be fixed by other means.

6.1.2 Strip geometry

The strip geometry influences the sensitivity of the biosensor by the volume of sample that
will low through the test line and by the capillary speed of the sample at the test line.

The void volume downstream the test line represents the volume of sample that will pass
through this line and of which the target biomolecules will have the possibility to be bound
to the bioreceptors. An increase of area downstream the capture line leads therefore to an
increase of sensitivity of the sensor.

The volume of sample needed is the volume of sample that will enable enough bacteria to
be captured at the test line. This is constraint in an electrical one as it is linked to the
minimal amount of bacteria needed to the transducer to allow an optimal detection. This
point is discussed by Margo Hauwaert in her master thesis [107]. Once the needed amount
of bacteria would be known or approximated, it will be possible to determine the volume
of sample that has to be analyzed as well as the width of the test line needed to have the
corresponding needed amount of bioreceptors. This last parameter should not be limiting
as the bionfunctionalization is done with a high concentration in bioreceptors which are
well smaller than bacteria (see Table [.5). The volume of sample that will flow through
the capture line should taken into account to be able to determine the real concentration
of the target molecule in the media where the sample is taken.

Thanks to the sudden width expansion in the strip geometry, the capillary speed is
decreasing. As already mentioned, the sensitivity is inversely proportional to the square of
the capillary flow rate so that a sudden expansion before the test line will increase the
sensitivity.

The proper capillary speed at the capture line location will be consequently influenced by
the characteristics of the interaction between the bacteria and the RBP or CBD. Tests
should be done to determined the capillary flow rate allowing the optimal detection of the
bacteria. This flow rate should then be kept in mind for the choice of the location of the
sudden width change as well as for the choice of the widths ratio of this change.

6.2 Biofunctionalization guidelines

The following guidelines are mostly inspired from the document [83] written by EMD
Millipore.

6.2.1 Capture reagent solution

Different parameters have to be taken into account when preparing the solution of capture
reagents that will biofunctionalize the test line. The main ones are the the pH, the ionic
strength, the use of alcohol and detergents and the concentration of reagent.
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If the solubility of proteins increases, their tendency to partition onto the membrane
increases. The solubility of protein is minimal when it has no net charge, namely at the
isoelectric point. To reach minimal solubility, the pH has then to be adjusted to be close
to the isoelectric point of the proteins of interest.

The ionic strength of the buffer should be as small as possible because ions can interfere
with electrostatic interactions occuring between the membrane and the capture reagents.

The addition of small amount of alcohol such as methanol, ethanol or isopropanol in the
capture reagent solution may have very positive effects. The first one is that it will lower
the viscosity of the solution and its surface tension. Then it will decrease the solubility
of the proteins and enhance the adsorption of the bioreceptors onto the nitrocellulose
membrane. Finally it will improve the drying and the protein fixation.

If the test line addition displaces the surfactant present in the membrane, this line will
wet more slowly than other parts of the membrane and the front of the flow will become
deformed. To avoid this a small amount of detergent/surfactant can be added to the
reagent solution.

By decreasing the surface tension, the add of alcohol and /or surfactant lowers the Marangoni
flow responsible for the coffee ring effect. This effect mentioned in Section [5.1.1] could
occur during the drying of the capture line and be disruptive by resulting in a non-uniform
dried deposit, as observable on Figure [5.32]

Last but not least the concentration of bioreceptor elements in the capture reagent solution
will play an important role in the amount of immobilized protein along the capture line
and therefore also in the possible captured biomolecules. As already said this amount of
molecules fixed at the test line is an electrical constraint as it depends on how many bac-
teria should be present at this line to be able to have a sufficient detection by the transducer.

6.2.2 Application of bioreceptors to the membrane

For detection purposes, it is important to properly apply the capture reagent solution into
the membrane at the test line location. The parameters to take into account are mainly
the humidity of the membrane and the side of the membrane in case of unbacked one.

It is said in [83] that under conditions of low humidity, nitrocellulose membranes develop
a significant static charge. Water droplets being naturally electronegative, the droplets
could be repelled by static charge. The consequence would be a strong variation in the
width of the reagent line. A relative humidity about 50% at ambient temperature offers
optimal results according to this article.

It is advised to apply the solution to the side which was in contact with belt during the
manufacture of the membrane (shinier one) as it rarely presents physical irregularities.
The deposition will be therefore more uniform.

6.2.3 Fixation of the bioreceptors

Once applied, the solution of RBPs and CBDs has to be dried so that these proteins retain
their structural integrity waiting to be rehydrated. Because of this characteristic, the
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biosensor must be stored in dry conditions to prevent rehydratation of the bioreceptors.
The article [83] cites a relative humidity that has to be kept below 15% and a temperature
comprises in the range 4-20°C.

6.2.4 Non-specific detection and adsorption

The question of non-specific adsorption may be discussed through two different points.
The first one is the adsorption of unwanted compound at the test line. This is of high
importance as in the case of water monitoring goal, the sample will come from a complex
water media plenty of other molecules than the one wanted to be detected. The second
one is the non-specific adsorption of the target bacteria to the nitrocellulose out of the
capture line.

Before discussing different blocking agents that could be added to the sample or to the
membrane, a first important step should be to rinse the biosensor strip before doing the
electrical measurement at the test line. This rinsing will permit to clear the biosensor
from most non-adsorbed species. The wash buffer solution has to be optimized so that the
bindings between the bioreceptors and the target bacteria are uncompromised. PBS and
low pH PB rinses have been shown in to increase the LOD of the sensor [169].

To emphasize the detection of target molecules, nanoparticles could be added to them
through the conjugate pad. This in addition to the rinsing should strongly decrease the
influence of non-specific adsorption at the detection line.

To be able to detect the specific compounds and to not take into account the change of
impedance associated to unwanted particles, an extra electric measurement should be done
out of the test line location. This value must be then subtracted from the one that will be
obtained at the test line.

Usually and according to [83], proteins present in the initial sample or blocking agents
added to the sample are sufficient to avoid non-specific adsorption to the nitrocellulose
membrane. Both TBS-T, TENTC or again BSA and OVA are commonly used as blocking
reagents in immunoassays [I70][I71]. However in some cases the blocking of the membrane
is required. It consists of immersing the entire membrane into the blocking solution after
having applied and dried the capture reagents. The choice of the blocking agents and its
concentration have to be determined depending on the application. The excess blocking
agent must be removed thanks to a washing in a weak buffer solution to avoid clogging of
pores (ex: PBS buffer) [I71].
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Chapter 7

Towards the design of a sustainable
sensor

7.1 Responsible design

7.1.1 Introduction

Technologies are not neural. Several critical aspects may condition the manufacturing
of the technology in the long term, such as the availability, access and extraction of raw
materials, the impacts of typical elements for biosensor developments (materials and energy-
consuming processes) and its impacts on the environment (e.g. toxicity). Along with the
raw material impact assessments, societal implications of technologies must be collectively
managed towards socially robust decisions on their development and implementation.

Our team conducted innovative researches with the aim to develop appropriate, alternative,
sustainable biosensors for affordable water quality assessments. Such disruptive ways of
electronics design require multidisciplinary impact assessment studies about how and how
much these alternative products could be more appropriate than the current counterparts.
Specifically, there is a critical need to integrate holistic impact assessments (performances,
environment, socio-economic) at the technology design level to anticipate new technology-
related consequences hidden at first sight, and to activate the adequate levers to promote
their sustainable development and diligent dissemination.

Implementation of multidimensional evaluation prior to the deployment of such techno-
logical innovations, i.e. right from the early stages of researches, should aim at guiding
the design towards most appropriate technologies. From the scientist/technology designer
point of view, this implies to be driven by the desire to bring the right technology to the
right application/basic need and by mitigating technology-related consequences. In our
case, the objective of this study is to guide the design of water quality sensors to offer
the complete specification of a sustainable solution in all the relevant dimensions and an
efficient integrated solution (device, information system and assessment methodology),
most appropriate for the assessment of water quality in resource-poor settings.

Altogether, bringing ethics into science and technology-based innovation through mul-
tidimensional analysis allows us to question the preconceptions and hypotheses behind
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researches currently carried out and raise guidelines in order to become actor of its own
research path. Therefore, findings from this multidisciplinary study will also showcase how
to support the crisis medical diagnostic research field accommodating with sustainable
development goals and social accountability.

7.1.2 Emergence of systemic research questions

Before setting out the research questions that guide our systemic analysis, we emphasise, as
researchers in the applied science field, on considering the limits of our skills and techniques
in solving societal problems. We therefore insist on the necessity to be surrounded by
experienced mentors in the explored fields when conducting such an evaluation.

Technology assessments request for systemic methodologies, applied on the whole technology
value chain. Life Cycle Thinking (LCT) is the basic concept referring to the need for
assessing the burden of products adopting a holistic perspective following a Cradle-to-Grave
approach, from raw material extraction to end-of-life.

The Life Cycle Thinking approach recognizes that a balance is necessary across the three
pillars of sustainable development: environmental, social and economic. In order to
integrate all the possible dimensions in a holistic methodology, we question the technology
considered at the system level (i.e. integrated solution: production, device and information
system in a societal ecosystem). Going along the wheel on Figure 7 we showed the
emergence of research questions based on these three pillars all along the value-chain and
the life-cycle stages of the products.

ENVIRONMENTAL

SOCIETAL

NEED SOCIAL

Figure 7.1: Emergence of research questions for the multidimensional analysis of affordable
water quality sensors. Life cycle thinking applied to the three sustainability pillars shows
the emergence of questions all along the technology value chain, and from Cradle-to-Grave.

In our case, the research questions focus on reducing the overall effect of the biosensor
product on the environment and by studying the efficiency of the solution from a socio-
economic perspective (affordability, implementation). The answers to these questions will
be integrated to raise guidelines for the designer point of view.
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From this objective, the following questions are emerging.

Are the considered materials (support, metals, nanomaterials) better than other
materials in term of environmental impact (resource depletion, energy consumption
and C'O, footprint at the extraction and processing of raw materials), human health
treath (toxicity) as well as economic perspectives (price, criticality) 7

Is it interesting for single-use sensors to be paper-based, especially in terms of
production and end-of-life management? What are the main levers and barriers for
the recycling or re-manufacturing of such sensors ?

What are the possible end-of-life strategies of the bio-contaminated and electronic
sensor? Which one is the best adapted to its usage?

What are the most appropriated manufacturing techniques to reach the project
objectives (including performance, low-cost, affordability, reproducibility, improved
environmental impact,...)?

What are the risks of production faults according to the production methods? To
what extend will this bias the measurement?

Who are the major stakeholders to be included in the design of a solution answering
such a basic need (accessibility to information on drinkable water)?

What impact can a widespread use of this sensor have on a community in terms of
water management?

Can the sensor measurement result be made accessible to users without any scientific
background?

Can the production of this sensor be upscaled? If so, what is the impact of this
upscaling process on the final sensor quality and -price?

Is this sensor relevant compared to other existing technologies? If so, in what context?
What is the market to be targeted?

How could production and distribution of the sensors be aligned and implemented
and with the purpose of the project (giving accessibility to water quality in crisis
situations)?

How could the sensor design be adapted to accommodate with regulations (diagnostic
performances in terms of detection limit and time, electronic wastes) and with
certification procedures ?

In what extend would it be possible to generate economical value from the integration
of circular economy principles in the product design (related to end-of-life management
- waste valorization)? What are the main requirements to set up a circular business
model from single-use paper-based sensing solutions?

7.1.3 Methodologies to guide a multidimensional analysis

Eco-Design refers to an approach to innovative design of a product or service that take into
consideration the entire life cycle. The challenge is to design a circular system around the
product or service in order to increase its value for customers, decrease its environmental
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and societal impact and maximise its business impact all along its life cycle.

From more than 30 years now, methodologies are developed in an attempt to answer the
various and tailored-needs raised by the sustainability sciences. These tools and methods
help to ecodesigning by providing information to answer the different emerged research
questions [1]

The life cycle assessment (LCA) is a support and a tool for systematic evaluation of the
environmental aspects of a product or service system through all stages of its life cycle.
LCA studies are carried out in conformity with the ISO 14040 series. This is now accepted
as effective approach to provide an adequate instrument for environmental decision support
by analysing scientifically energy consumption and environmental impact associated with
a product or service.

Use2Use design comprises creating opportunities to enable and facilitate the circulation
of products from one user to another. Two major possibilities exist. First, design for
exchange, which implies either designing circular service offers or by designing products
that directly facilitate exchanges. Second, design for Multiple Use-Cycles, which ensures a
satisfying user experience not only for the first user, but also for the second, the tenth or
even the hundredth user.

In 2019-2020, two parallel assesments were made.

O. Crahay carried out a LCA comparing nitrocellulosic paper to PDMS as material
supporting the microfluidics of the sensor. Two environmental indicators have been
selected to be studied in this first simplified assessment: the embodied energy and the C'O,
footprint. Both materials and manufacturing processes are playing a role in these factors.
The choice of raw materials can be crucial because of the often significant embodied energy
and C'O, footprint associated with their extraction and/or production. Manufacturing
processes and especially microfabrications can also be energy-consuming and have a high
C'O, impact.

Alongside production process and materials, a usage-oriented assessment was made by M.
Hauwaert [I07]. Indeed, an accessible and cheap sensor might become widely spread, thus
adding a lot of information in community structures. However, this information can be
biased in many ways: due to a fault in sensor design, due to wrong sensor handling, due to
misreading or even intentional information manipulation. From a usage perspective, this
sensor gives consumers an unprecedented access to information concerning the quality of a
vital good: water. What is the fairest and most accurate way to manage this information?

7.1.4 Introduction to LCA

Among the three bottom lines presented on Figure one key concept to manage the
environmental performance is the life cycle thinking. This refers to the need of assessing
the burden of products or services from cradle to grave; from raw materials extraction
to end-of-life. The life cycle assessment (LCA) is a support and a tool for systematic
evaluation of the environmental aspects of a product or service system through all stages
of its life cycle. LCA studies are carried out in conformity with the ISO 14040 series. This
is now accepted as effective approach to provide an adequate instrument for environmental

Thttps:/ /sustainabilityguide.eu/
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decision support by analysing scientifically energy consumption and environmental impact
associated with a product or service. LCA is based on the product (or service) life
cycle stages (see Figure and includes 3 steps, the life-cycle inventory, the life cycle
impact assessment and the life-cycle improvement analysis (see Figure . The first step
determines the emissions that occur and the raw materials and energy that are used during
the life-cycle of a product. The life-cycle impact assessment assess what the impacts of
these emissions and raw material depletions are. For that step environmental indicators
are aggregated to generate indices for environmental and economic sustainability such as
global warming potential, acidification potential... [I72] The last step interprets the results
of the impact assessment in order to suggest improvements. When LCA is conducted
to compare products this step may consist of recommending the most environmentally
desirable product [173][174].
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Figure 7.2: Product Life Cycle Stages [174].
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Figure 7.3: Life Cycle Assessment [174].

Legislations and convention also help to have guidelines, objectives and clear goals.
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The United Nations Framework Convention on Climate Change (UNFCCC) includes 195
Parties. Its secretariat supports all institutions involved in the international climate change
negotiations as the Conference of the Parties (COP) The Kyoto Protocol was adopted in
1997 and is what “operationalizes” the Convention. It legally binds developed countries to
emission reduction targets based on the principles of the Convention. There are now 192
parties to the Kyoto Protocol. Three main mechanisms defined in articles of the Protocol
are the International Emissions Trading (the allowed emissions are divided into “assigned
amount units”), the Joint Implementation (a join implemented project must provide a
reduction in emissions by sources, or an enhancement of removals by sinks) and the Clean
Development Mechanism (implementation of an emission-reduction project in developing
countries).

The 2030 agenda for sustainable development is a call for action to change our world.
This integrates in a balanced manner the three dimensions of sustainable development
(economic, social and environmental) and was adopted by all United Nations member
states in 2015. The 17 global sustainable development goals (SGDs) are the world’s
best plan to build a better world for people and our planet by 2030 (see Figure .
The follow-up of these SDG’s is made by the high-level political forum (HLPF) which is
the main United Nations platform on sustainable development engaging 197 member states.
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Figure 7.4: Sustainable development goals [175].
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Among others, the REACH legislation regulates chemicals on the market. It involves a
clear legislative framework to place chemicals on the market. The legislation is hierarchized
in international, European, national and regional legislations [174].

7.2 Comparative Life Cycle Assessment

7.2.1 Introduction

Paper-based technologies are emerging because of their numerous advantages such as their
low cost, flexibility and light weight. One of the main motivations of such devices is their
disposability and in microfluidic applications, their ability of being self-sufficient thanks to
the capillarity taking place into porous material.
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The performances of biosensors are of high importance and they have been studied and
discuted for the nitrocellulose earlier in the last chapters of this master thesis. To obtain a
sensor with high performances, the targeted design gathers the advantages of the porous
and disposable material to an high sensitivity and selectivity by the implementation of an
impedance measurement.

The polydimethylsiloxane (PDMS) is a silicon-based organic polymer and it is the most
used elastomer in biosensors application. Its main advantages are its elasticity, its optical
transparency, its low fluorescence, its cost and its fast process. However on the contrary of
paper materials PDMS such as other polymers require complex fabrication techniques and
micromachined devices to induce microflow in their microfluidic channels [34] [30].

While the performances are important, in the current century the sustainability of new
designed product can not be neglect anymore. That actually takes place in the main global
challenges of today focusing notably on local and global pollution as well as on natural
resources depletion. "Environmental-friendly" products are filling the market more and
more because of the increasing demand and regulation.

In this context two microfluidic devices are going to be compared in this study through a
Life Cycle Assessment (LCA) taken into account different parameters influencing their
environment impact: a nitrocellulose strip and a PDMS chip.

The general frame of LCA is given by International Standards ISO 14040 and ISO 14044.
The following simplified LCA is based on the global life cycle of each microfluidic device by
using primary and generic data. Most of generic data come from the EduPack database.

A rigorous quantitative assessment of all burdens is a time-consuming task and requires deep
skills of those involved, leading many companies to abandon this approach. In this study,
the embodied energy and carbon footprint will be used for assessing the environmental
burden, not for replacing a complete LCA, but for providing fast and reliable information
to those involved in the design of a new product [176].

7.2.2 (Goal and scope definition

The goal of this LCA is to compare two different microfluidic support materials: nitrocel-
lulose and PDMS.

The function of both devices is to support a microfluidic flow in order to transport a
certain amount of liquid media. To fulfil this function a rectangular strip and a die are
needed respectively in the nitrocellulose and in the PDMS case. In both cases it is assumed
that the microfluidic device has an single use because of the biological nature of the liquid
sample which is going to flow into it. The functional unit is chosen to be 1000 microfluidic
devices each one able to transport 30 L of a liquid media in 90 seconds. That corresponds
to 1000 strips of lem x 3.5 ¢m of nitrocellulose and 1000 microfluidic caps of about 1
em?3 of PDMS with a flow rate of 20 uL/min going through the microfluidic channel of a
volume of 1-1.5 L.

The system boundaries considered are presented on Figure [7.5] The impacts selected
to be compared are the energy [MJ/kg] and the carbon footprint [kgco,.eq/kg]. The
infrastructures production, the transport, the use and the end-of-life phases as well as the
eventual reuse and recycling of input materials are excluded from the study.
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Figure 7.5: System boundaries for both microfluidic devices.

7.2.3 Data inventory

Figure[7.6| presents the processes from raw materials to the final device for the nitrocellulose
microfluidic device. It includes as well the used chemicals in the different steps. Such
membranes are manufactured by dissolving cellulose nitrate (or a mixture of cellulose
nitrate and cellulose acetate) in a solvent and casting the resulting viscous solution on an
endless steel belt. By controlling the conditions of solvent evaporation, controlled pores
are formed in the resulting polymer membrane [I77].

Extraction Steam Ammonia

natural gas TH2 | synthesis

Absorptionin | ,
water L H

Extraction
coal

Extraction
calcium
sulfate

Catalytic Absorption e SN I [
A — - osorp | H2504 F--------—— ! Acid mix |
conversion [ 503 inwater [ - | e

Extraction - - - " Cellulose | Refining/ - - -
wood —>| Defibration I_'I Beating U dbers [T * fractionation —'| Dewatering |—>| Drying | }NltrDCE‘IIulose

Figure 7.6: Flowsheet of the manufacturing of nitrocellulose from raw materials to the
microfluidic device.

Table presents the input mass flows for the manufacturing of the nitrocellulose mi-
crofluidic device and Table gathers secondary and generic data of energy and carbon
footprint for these chemicals and processes used in the nitrocellulose process.
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Table 7.1: Materials consumption (inputs and intermediate products) for the manufacturing
of 1000 membranes made each one of 0.079625 grams of nitrocellulose.

Material Mass consumption [g]
CHy4 6.80
Ni/MgAl,O,4 7.09e-7

Hy 2.55

F8304 4.05e-6

N, 11.89

NH; 14.44

PtRh 1.42e-5

HNO; 50.67

C 6.20
CaS04.2H50 (gypse) 140.64

V5,05 2.84e-4

Hy SO, 101.34
Solvent (assumption 62.47

same volume than final

membrane)

Surfactant 3.2e-4
Cellulosic fibers 43.43 (2.63e-4 m? ub wood)
Polyester 0.05

Table 7.2: Embodied energy and carbon footprint for chemicals and processes used in the
nitrocellulose (CN) process, from EduPack and [137, [178-HI86].

Chemical /Process Embodied energy [MJ/kg] | Carbon footprint [kgco,.eq/k9]
CHy 45 3.3
Ni/MgAl,O, 1.47e3 100
Steam reforming 8.5 67
F€304 3.92 0.3
Ny 0.66 0.06
N Hj synthesis 31 2.7
PtRh 3.2e5 16.5e4
HNQOj3 synthesis from N Hjy -1.6 2.79
C 24.5 0.265
V505 35 ?
H,S50, synthesis from gypse 0.69 0.14
Solvent (assumed C3HgO) 61.87 2
Surfactant 17 1.4
CN synthesis from acids and 50 1.2
wood

Polyester 80 2.7
Polyester film manufacture 6 0.46

On the contrary to porous materials simply offering their small pores as microfluidic
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channels, other materials require more complex processes to be considered as microfluidic
support. Different techniques for microfluidic devices fabrication exist. They may be
classified into direct techniques such as laser ablation or laser micromachining of polymers,
photolithography or optical lithography, X-ray lithography and prototyping techniques,
including hot embossing, injection molding, and soft lithography. The analysed method
in the LCA study is the photolithography of PDMS which is a technique based on the
exposure of light on a photoactive material that undergoes a chemical reaction to form a
liquid-solid transition. The advantages of photolithography are mainly the spatial control
of light and the high resolution of the microstructured fluidic devices or molds produced
[30].

Figure presents the processes from raw materials to PDMS monomer.

Extraction pr—
_____ i [ S —
coal c Coking ]

Hydrogenation I:CH§:OH
Extraction — T
quartz TS0 Reduction i Steam Extraction
IER

ffffffff

Lo reforming [ {'cyq | [ natural gas

______

+
Methylchlorosilanes o -
—>| I—-| Hydrol
? synthesis Distillation ydrolysis .

Stripping

H
L _monomer. _!

Figure 7.7: Flowsheet of the manufacturing of PDMS from raw materials to the PDMS
monomer.

The wafer fabrication presented on Figure accounts for a non-negligible part of the
microfluidic fabrication process in terms of energy and carbon footprint as it can be seen

from Tables [7.3] and [7.4l

[ \
Extraction Reaction Chemical
high quality R Reductionl—-| Powdering —— . with HCl I—' Distillation T vapor
quartz 15102 ] - |_mg:si b LS deposition |
T =R
i_ingot i
Sawing
Chemical
mechanical
polishing

Figure 7.8: Flowsheet of the wafer manufacturing, from [187].
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Table 7.3: Materials consumption for the manufacturing of one silicon wafer of 6.03 grams.

Material

Mass consumption [g]

Si0q
C
HCI1
Hy

12.92
5.17
23.25
0.43

Table 7.4: Embodied energy and carbon footprint for chemicals and processes used in the
silicon wafer process, from [I87] and [184].

Chemical/Process Embodied energy [MJ/kg| | Carbon footprint [kgco, cq/k9]
Si0s of high quality 40.45 2.37

C 24.5 0.265

HCl 0.91 0.08

H, 8.5 67

Fabrication processes 22.3e3 950.77

Figure presents the processes from PDMS monomer and silicon wafer to the final
PDMS microfluidic device followed by the Winfab lab. The used machines and their
specifications are gathered in Table [7.5] Thanks to the PTFE coating step the silicon
wafer may be used several times because this layer will prevent PDMS adhesion to the
mold [I88]. In this study it will be assumed that each wafer can be used 6 times and that
one use of the wafer produce 22 PDMS microfluidic devices.
The corresponding primary data are presented on Tables and [7.7]

Photoresist Metal

| Wafer cleaning I——'| Coating Spin-coating [ Soft bake | uv exposﬂ:lon [ Post bake | removal deposition

[ H2504 [ H202 | [ HOMS YN} [AZSTIAE [ AZMIF726 | i
[HF

Assembl surf PDMS PDMS PDMS Removal

SSEmBYY |, | urtace . [+ . ] ; Al etching SiO2 etching remaining

curing activation cutting curing pouring | L "1 e, L 1 hot ist

****** T PTFE (L H3PO& (L IPA & He i caFg i SF6 photoresis

PDMS
microfluidic
device

,,,,,,,,,,

L CH3OH i C3H60__ |

Figure 7.9: Flowsheet of the Winfab manufacturing of PDMS from PDMS monomer to

the microfluidic device.
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Table 7.5: Winfab machines specification for each machining step of the manufacturing of

the PDMS microfluidic device. Assumptions are written in italic.

Step Machine Specifications

Coating HDMS LPII oven 23 minutes, 120°C, 1.2kW, &5
wafers a time

Spin-coating SUSS Gamma 80 | 30 minutes, 21°C, 1000-4000

rpm/sec

Soft bake

SUSS Gamma 80

90 seconds, 110°C

UV exposition

SUSS MA6

0.6 seconds of exposition but +-
30 minutes of use, 1.5kW for light
and 3kW for machine

Post bake

SUSS Gamma 80

90-120 seconds, 118°C

Metal deposition

VACOTEC

5h30, 15kW for machine and
3.68kW for water heater, 5 wafers
a time

Removal remaining | EmiTech K1050X | 20 minutes, 2.5kW

photoresist

S104 etching Deep-RIE 19 seconds per cycle (etch-
ing+deposition), 3h10 of use,
2.5kW

Coating PTFE LPII oven 30 minutes, 120°C, 1.2kW, &
wafers a time

PDMS curing Oven 10 minutes, 150°C, 700W

Surface activation EmiTech K1050X | 1 minutes, 2.5kW

Assembly curing Oven 12h, 120°C, 700W
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Table 7.6: Winfab materials consumption for the manufacturing of 1000 PDMS microfluidic

103

devices.

Material Mass consumption [kg] | Comments

H,S0, 9.503 2 baths of piranha solution H>O :
HQSO4 (25) (]_ bath = 2L for 25
wafers)

Hy0, 2.995

HF 0.07 1 bath of 2L of 2% HF solution
for 25 wafers

HDMS 0.035 0.005mL/wafer

Ny 0.2383

AZ5214E 0.182 Approximated as PMMA

AZMIF726 (devel- 0.045 Approximated as TMAH, littera-

oper) ture value for mass of developer

Al 5.4e-4 Assuming 1um on all the chamber
(1m?) and 5 wafers a time (effi-
ciency 2.28%)

N, 1.408 Assuming needed amount N, =
volume of chamber

CH;0H 7.2e-3 5cl/bath

CsHgO 0.05 35¢cl/bath

09 0.0242 20" at 20L/min

He 0.4788

CyFy 7.56

SF6 11.96

H3; PO, 4.374 1 bath of 2L solution Hs PO, 85% :
IPA (5:2) for 25 wafers

IPA 0.817

PTFE 0.1 0.005mL/wafer

PDMS 1.25 4mm of thickness per wafer

O3 7.058e-4 35”7 at 20L/min



Table 7.7: Embodied energy and carbon footprint for chemicals and processes used in the
PDMS process, from EduPack and [183], 184 [189HI9T].

Chemical /Process Embodied energy [MJ/kg] | Carbon footprint [kgco,.eq/k9]
Electricity 10.5 [MJ/kWh] 0.447 [kgcoy eq/ kKW h]
H,S0, 4.55 0.4

H,0, 12 1

HF 18 1.5

Ny 0.66 0.06

HDMS 3.1 0.26
AZ5214E 102 4.875
AZMIF726 3.1 0.26

Al 260 22

CH;0H 18.6 104

C3HgO 61.87 2

0, 1.8 0.15

He 0.83 0.07

CyFy 0.8 0.07

SF6 1.93 22800

Hy PO4 3.1 0.26

IPA 3.1 0.26

PTFE 297.5 16.2

PDMS 120 8.58

7.2.4 Results and discussion

7.2.4.1 Polyester backing

In order to give strength to the nitrocellulose membrane which is very fragile, this one
is cast onto a baking in polyester. In addition to this improvement of the mechanical
strength and the easiness to handle it, the polyester film acts as a barrier to chemical
contamination from adhesive cards that are used to mount the membrane during test
strip manufacture for the ease of handling. Adhesives were shown to not penetrate into a
microporous membrane more than a few microns but volatile organic solvents released
from the adhesive during long-term storage may be adsorbed to the nitrocellulose. This
can alter the wetting properties of the membrane and therefore affect its lateral flow
properties. For these reasons, most lateral flow tests are produced using backed membranes
[83][132]. This addition of a polyester film is discussed in order to larger the scope of
the study and measure its environmental influence. Table gives the energy and the
carbon footprint of this film addition. The casting of the nitrocellulose membrane onto the
polyester backing is assumed to be included in the nitrocellulose synthesis where the energy
for lamination steps is already taken into account. Figure [7.10| shows the impact of the
polyester film backing on both embodied energy and carbon footprint of the microfluidic
device. It is observed that the polyester backing has a non-negligible negative impact on
the environmental point of view. Moreover the recyclability of the device is impacted as
well.
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Figure 7.10: Embodied energy and carbon footprint of nitrocellulose device with and
without polyester backing.

An uncertainity for the processes energy value for the nitrocellulose device should still be
mentioned as no specific data were found.

7.2.4.2 Comparison nitrocellulose and PDMS microfluidic devices

Figure [7.11] compares the environmental impacts of the materials and the manufacturing
processes required to produce 1000 microfluidic devices, each one able to transport 30 uL
of a liquid media in 90 seconds, of nitrocellulose and PDMS.

25000 300000

20000 250000

200000
15000

Processes 150000 Processes

10000 W Materials W Materials
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Embodied energy [MJ/1000 devices]
Carbon footprint [kgCO_2/1000 devices]

0 _— 0
Nitrocellulose PDMS Nitrocellulose PDMS

Figure 7.11: Comparison of embodied energy and carbon footprint of 1000 microfluidic
devices made in nitrocellulose and made in PDMS.

On the light of embodied energy and carbon footprint and in these circumstances, the

nitrocellulose device seems clearly to be the best choice in term of environmental impact
compared to the PDMS device.

From the study it can be seen that the processes required to manufacture the PDMS
device are very energy consuming. Actually, as it is highlighted by Figure [7.9] a lot of
processes are needed and some requires high amount of electricity, sometimes for several
hours of use. Figure presents the impact of each step on the total embodied energy
for the PDMS device manufacturing. The most impacting steps are the metallization, the
Si0 etching and the last curing for the assembly.
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Figure 7.12: Ccontribution of each process to the total process energy value for the PDMS
microfluidic device manufacturing.

While the processes are the most impacting for the energy point of view, the materials
consumed for the PDMS device manufacturing are the ones impacting the most the carbon
footprint of the device. This is essentially due to the SF6 gas having a very high carbon
footprint (see Table [7.7).

The impact of materials can not easily be decreased but the one of the processes can be
lowered by optimizing the use of the different machines. Each step should be started only
when the maximal number of wafers/devices that the corresponding machine can handle
is reached.

Scarcity and criticality of some raw materials

From the Edupack data source, the catalyst platinum rhodium (PtRh) contains more
than 5,,% of critical elements. Rhodium has an abundance of 0.0002 ppm in the Earth’s
crust, making it the second rarest element in Earth. The metal’s extremely low occurrence
means actually there are no primary rhodium mines. Rhodium is produced entirely as
a by-product, mostly as a by-product of platinum mining, being considered as a critical
element as well. There are fewer than 10 significant rhodium-producing mines in the world
and most are located in South Africa [192].

Silicon wafer is made of quartz. While quartz is the second most abundant mineral in
Earth’s continental crust as found in most of the world’s sand grains, the one used for high
quality electronics must be of high purity and is not found anywhere. High-purity silicon
dioxide particles are currently extracted for the Spruce Pine in North Carolina in USA. In
addition to the high impact of the silicon wafer manufacturing (see Table , its main
raw material is therefore not abundant at all and its current source is not renewable as it
took some 100 million years in specific conditions to form rocks almost without impurities

[193].

End of life strategies
The way in which waste materials and products are disposed of has an important bearing
on the sustainability of society.
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The waste hierarchy as laid down in the Waste Framework Directive (2008/98/EC)
defines the preferred approach to waste treatment (see Figure . The preferred option
is to reduce the amount of waste generated. If this is not possible then the hierarchy
ensures that no down-cycling takes place and that disposal/landfilling is limited as much

as possible [143].

e Waste Hierarchy

Preferred Environmental Option

Energy Recovery

Least Preferred Environmental Option
\ J

Figure 7.13: Waste hierarchy [143].

Nowadays a lot of objects (mainly packagings) are sold and said to be "compostable’. It is
interesting to mention that legally speaking, an object can be said compostable if it meets
four criteria:

e The amount of heavy metals has to be below given maximum values, and the final
compost must not be affected negatively.

e It has to be biodegradable, meaning that >90% of the original material have to be
converted into C'O,, water and minerals by biological processes within 6 months.

e After 3 months, the mass of residues has to be less than 10% of the original mass
and the residues have to be able to pass through a 2x2 mm sieve.

e The absence of toxic substances and other substances that negatively affect compost-
ing.

Health-care activities protect, restore health and save lives but they also generate waste
and by products. About 85% of them are considered as non-hazardous waste while the
remaining 15% may be infectious, chemical or radiactive hazardous waste. Treatment
and disposal of healthcare waste may pose health risks indirectly through the release of
pathogens and toxic pollutants into the environment. The management of health-care waste
requires increased attention and diligence to avoid adverse health outcomes associated
with poor practice, including exposure to infectious agents and toxic substances.

The World Health Organization (WHO) developed the first global and comprehensive
guidance document, Safe management of wastes from health-care activities, which addresses
aspects such as regulatory framework, planning issues, waste minimization and recycling,
handling, storage and transportation, treatment and disposal options, and training. Among
others, infectious wastes must be collected in leak-proof containers carefully sealed and
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transported to a central storage facility /delivery point in a way that precludes direct
contact. They must either be incinerated or be disinfected prior to final disposal using a
recognized method, preferably treatment with saturated steam (autoclaving). The method
must be verified by a recognized institution before first operation and at regular intervals
[194].

PDMS is not biodegradable and is not recycled but it can be incinerated for energy recovery.
Its heat of combustion is 13.1-14.2 MJ/kg. A certain share of the calorific value of the
waste input is often utilised for the production of electricity and/or heat (mostly district
heat), or the incinerated waste directly replaces fossil fuels (industrial plants). While
energy is recovered, the fossil carbon content of this silicone-based product is transformed
into COy. About 1.3 kilograms of C'O, per kilograms of incinerated matter is released to
the atmosphere.

Another end of life strategy for the PDMS is the waste disposable. In this case and because
of physical and chemical degradation processes (due to conditions in the landfills) carbon
in the silicone products can also be converted to C'O,.

Cellulose based papers are biodegradable and can be recycled, incinerated or disposed.
Nitrocellulose is mainly composed of cellulose fibers, sulfuric acid and nitric acid.
Sulfuric acid dissolves readily in water to form sulfate ions and hydrated protons. Its
toxicity in aquatic life is moderate acute (short-term) and it is very corrosive so that it
would burn any living species exposed to it. Large quantities of sulfuric acid may lower
the pH of aquatic systems for extended periods of time. However small quantities will be
neutralised by the natural alkalinity in such systems [195]. Nitric acid is highly corrosive
and a strongly oxidizing acid. Strong solutions of nitric acid can also cause burn to any
living species put in contact with and inhalation of this compound can cause severe health
effect [196]. Nitric acid will be gradually neutralized by hardness minerals (calcium and
magnesium) in water. The nitrate ion may persist longer but will ultimately be consumed
as a plant nutrient. If acid particles dissolve in clouds, fog, rain or snow it will result in
very dilute acid solutions causing environmental damage as wet acid deposition, usually
known as acid rain.

Recycling is not a possibility as the membrane, in addition to its microfluidic role, will be
used as a biological support.

The "Centers for Disease Control and Prevention" based in Atlanta published one report
concerning the recommended guidelines for disposing of nitrocellulose membrane [I77]. The
first recommendations in this is to suitably decontaminated the membrane by approved
methods to eliminate any possibility of a biohazard. One way is to sterilize the membrane
by steam sterilization. Then the easiest, safest, and least expensive method of disposing of
NC membranes is burial in an approved sanitary landfill. Because of both acids included
in the membrane, the biodegradation will not have a non-zero impact on environment due
to chemicals found into it but nitrocellulose device may considered as biodegradable if
not coated with polyester. The website "Bioplastics NEWS" notably classes the cellulose
nitrate as a biodegradable polymer. More specifically it needs 1 month in fresh water and
6-12 months in marine or landfill environment to be degraded by bacteria [197].

If coated, the end of life strategy of the nitrocellulose membrane should be the incineration.
That also would be the best solution if the decontamination step wants to be avoided.
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In the case where these microfluidic devices are also the support of electronics, extra
directives for WEEE must be considered.

Waste of electrical and electronic equipment (WEEE) is a complex mixture of
materials and components that because of their hazardous content, and if not properly
managed, can cause major environmental and health problems. To address these problems
two pieces of legislation have been put in place: the Directive on waste electrical and
electronic equipment (WEEE Directive) and the Directive on the restriction of the use
of certain hazardous substances in electrical and electronic equipment (RoHS Directive).
The first one aims to increase the recycling and/or re-use of WEEE and the second one
requires some hazardous substances to be substituted by safer alternatives [198].

7.2.5 Conclusions

The main limitation of this study is the choice of only two environmental sustainability
indicators. In order to completely evaluate impacts of each devices, other environmental
indicators such as acidification potential, eutrophication potential, smog potential, ozone
depletion potential, human health particulate and toxicity should have been discussed as
well. That may be the goal of further research.

Thanks to the conduction of this simplified life cycle assessment it has been shown that,
in the light of the embodied energy and the carbon footprint indicators and compared to
a PDMS microfluidic device, the nitrocellulose microfluidic device is more environmental
friendly. The polyester backing of the nitrocellulose impacts both indicators and take the
biodegradability away from the membrane. This backing providing positive and sometimes
essential characteristics to the nitrocellulose strip, the idea of replacing the polyester by
another less impacting polymer should be pursued. Bioplastics may be an interesting
alternative [199][200] [201].

PLA is a bioplastic made from cornstartch. It is much cheaper than other bioplastics and
is easily shaping into small rigid supports. This polymer is only industrially biodegradable
because it needs specific conditions and specific bacteria. PHA could be another possible
substitute of polyester. These possibilities as well as their impacts and properties should
be discussed in a following study.
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Chapter 8

Conclusions and perspectives

The project of this paper-based biosensor for water monitoring takes place in the context of
the growing need to improve the assessment and management of water quality in developing
countries in order to reduce water pollution and infectious diseases that are still woefully
prevalent in these regions. On the other hand, the emergence of SARS-CoV-2 infection
in 2019 has highlighted other possible uses of these types of PoC devices for health and
medical helps.

In this master thesis the different design parameters impacting the biosensor response
through microfluidics means have been highlighted and discussed. Phages RBPs and CBDs
have been found to possibly be good candidates to be used as bioreceptors thanks to an
approach "proof-of-concept" with such specific proteins to the Bacillus cereus group.

Technical results and research have led to the drawing of general guidelines for the design
of the biosensing device but further work will be required to get closer to the final sensor.
Within this scope, this master thesis also served to identify the next steps related to
microfluidic and biological studies. It should be mentioned that the biological issues in
this work have been confined to a very early stage compared to microfluidic analysis.

To finalize the microfluic study, further experiments studying the influence of the relative
humidity on the capillary flow rate should be conducted in order to complete and conclude
the discussion started in this work.

Once the biofunctionalization step of the nitrocellulose membrane by RBPs and CBDs
will be optimized, the location of the test line should be determined. For this purpose
and through the observation of interaction between bioreceptors and bacteria, different
locations have to be compared by means of capillary flow of a liquid media including
fluorescent bacteria. In the meantime it may be checked that the sensitivity is inversely
related to the square of the flow rate [83]. The sensitivity could be qualitatively measured
by colorimetric observation as done in [I31] and [202] while waiting for the amperometric
measurement to be developed.

Thanks to fluorescent imaging it will be possible to observe eventual non-specific adsorption
of bacteria into the nitrocellulose membrane out of the test line.

The two different bioreceptors may be compared in order to be draw conclusions about
the use of one or the other. The main comparison factor is their interaction stability. The
force of interaction can be observed the fluorescent intensity of the biofunctionalized line
before and after rinsing the membrane with an adapted wash buffer. In addition this rinse
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will allow non-immobilized biomolecules to be cleared, which will be useful in practice
because of the complex media where the sample will come from.

Finally further experiments could have the aim to determine and optimize of the capture
reagent buffer as well as the sample buffer solutions by testing different possibilities
suggested in the literature [83][170].

The life cycle assessment presented in the last chapter confirms the low environmental
impact of the nitrocellulose support of the biosensor regards to embodied energy and
carbon footprint and compared to a conventional substrate material for such application,
i.e. PDMS. Despite this positive result, this paper-based biosensor will not simply be
biodegradable due to the bio-contamination concerns that are subject to directives but also
due to the need for a polymer support to ensure the sensor is well maintained and easy
to use. However biodegradable bioplastics may be further studied as a possible suitable
alternative to the current polyester backing.

It has not be confirmed in this work but from research, lateral flow assay such as the
studied biosensor is expected to have a relatively low sensitivity. Treatments and methods
may be applied to improve performance but that will limit its applications. This technique,
on the other hand, is small, portable, inexpensive compared to other ones and provides near
real-time data. In addition, its low environmental impact makes its single use acceptable.
It is a matter of compromise and in this context, this sensor should preferably be used
as an early warning detection system able to efficiently and accurately detect suspicious
sources of harmful bacteria or viruses without the need of centralized laboratories.
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