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Abstract

Along with climate change, population growth and intensive agriculture, water pollution
is responsible for the 2.4 billion people living in water shortage areas. In such places,
frequent water quality assessments are crucial to identify, control and prevent water sources
contaminated with infectious diseases. To meet this need, point-of-care biosensors have
the potential to bring rapid, inexpensive, and precise detection of hazardous contents in
water samples. The power of such tests has been recently evidenced by the COVID-19
pandemic since they are the only reliable autotests available on the market.

The project that led to this master thesis aims at developing paper-based biosensors
for bacteria detection in remote area water samples. To this end, nanoparticles are used to
detect the presence of such harmful organisms and send a signal to the user. Their unique
properties significantly improve the performance of the tests and allow for quantitative
bacteria sensing in water samples.

In this work, gold and magnetic nanoparticles are investigated to open new electrical
and magnetic detection opportunities for paper-based biosensors. Both were successfully
synthesized, characterized, compared with commercial samples, and made ready for further
conjugation with bioreceptors. Hybrids of both nanoparticles revealed very promising
properties in terms of further detection possibilities. Furthermore, the analysis of the
microfluidic behavior of nanoparticles in dilerent papers revealed important non-specific
binding with the fibers.

Finally, to anticipate the adverse e [edts of such biosensors on human health and ecosys-
tems when produced on an industrial scale, the environmental impacts of the papers,
nanoparticles and plastics used were assessed at large scale. Nanoparticles were observed
not to be the most impacting component of the biosensor and to only have significant toxic
e [edts at very high concentrations. In addition, eco-design solutions were proposed to
push the biosensors towards a more responsible solution to the urgent situation of global
water scarcity.
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Introduction

Water scarcity means insu cient availability of water sources to meet the water demands
within a region [1,2]. In 1980, over 900 million people were living in water-scarce areas.
In 40 years, this number has dramatically increased to 2.4 billion and is expected to
triple by 2030 [3]. Moreover, nearly two-thirds of the population experience severe water
shortages during at least one month of the year [4]. Along with climate change, population
growth and intensive agriculture, water pollution is one of the main causes leading to this
worldwide increasing water scarcity. Pesticides discharged from farms, untreated human
sewage and industrial waste all contaminate water sources with harmful bacteria or toxic
substances and make them un t for drinking or even swimming [5]. Therefore, frequent
water quality assessments are needed to identify, control and prevent polluted water sources.

Nowadays, most of the techniques for analyzing water quality are laboratory-based,
leading to slow (> 1 day) and expensive (> 5@,) tests (e.g. Polymerase Chain Reaction
(PCR) tests). Developing countries, where such tests are the most requested, lack the
funds to a ord such expensive equipment and to train people to analyze water sources
several times a week [6,7]. Instead, the development of low-cost (<), precise (< 1
CFU/mL) %, reliable, simple, rapid (< 20 min) and portable (< 1 kg) point-of-care (PoC)
tests could provide signi cant tools to ght water pollution [8].

To this end, paper-based biosensors and especially Lateral Flow Assays (LFAS) are very
promising. They are widely used for pregnancy tests and, more recently, for SARS-CoV-2
autotests. Although less accurate than PCR tests (80 vs. 98%), the latter provide cheap
and user-friendly interfaces with results in less than 15 minutes, without the need for
laboratories or other expensive equipment. The fact that they are the only autotests
available to anyone in the current pandemic show the power and potential of LFAs [9, 10].
As a matter of fact, LFAs are one of the few diagnostic tests to meet the ASSURED criteria
de ned by the World Health Organization (WHO), standing for A ordable, Sensitive, Spe-

ci ¢, User-friendly, Rapid and robust, Equipment free and Deliverable to end-users [113].
However, SARS-CoV-2 tests provide only qualitative results (Am | infected or not?)
while quantitative results (How bad is my water polluted?) are crucial for water quality
assessments. Indeed, the level of contamination admitted in water varies according to the
local legislations, the intended use of the water (drinking, swimming, ...) and the harmful
character of the bacteria or toxic substance [14, 15].

Such qualitative and quantitative analyses are enabled by integrating nanoparticles (NPs)
to LFAs [7,16,17]. In a simpli ed way, they detect the presence of the targeted contam-
inant and, if so, they send a signal to make the user aware of it. Taking preghancy or
SARS-CoV-2 tests as an example, the red lines indicating the positive or negative result
represent in reality high concentrations of red nanoparticles sending an optical signal to

LCFU stands for colony-forming unit and is used to estimate the number of viable bacteria in a sample.



Introduction

the user. Nanoparticles are the main signal transducer of LFAs and are therefore the key
component to improve the detection performance of such tests, both qualitatively and
gquantitatively [16, 18]. At this day, their integration to PoC biosensors still requires a lot

of research to obtain a quantitative test usable on the eld, adaptable to di erent local
legislations and with the same accuracy as laboratory detection techniques.

Although nanopatrticles and LFAs o er promising advantages for water quality analy-
ses, their environmental impact is not negligible. Indeed, nanoparticles are not always
harmless and excessive use of these can lead to toxic e ects on health and ecosystems.
Moreover, since LFAs are for single use, they produce signi cant amounts of waste. Hence,
eco-responsible strategies have to be integrated at the design level of the biosensors to
anticipate adverse consequences on the environment.

This master thesis ts within the development of a low-impact paper-based biosensor
for bacteria detection in remote area water samples, representing the PhD thesis of Gré-
goire Le Brun. In particular, the aim of this study is to better understand the role of
nanoparticles in such biosensors. To this end, di erent nanoparticles are synthesized and
characterized in order to open new detection opportunities for quantitative LFA-based
analyses. Furthermore, their micro uidic ow in LFAs is analyzed to study their behavior

in paper microstructures. Finally, on a larger scale, the environmental impacts of the
papers, nanoparticles and plastics used in LFAs are assessed to identify which are the
most a ecting components for future industrial production.

The rst chapter of this thesis gathers a state of the art about the use of nanoparti-
cles in LFAs, as well as the most recent uses of LFAs for biosensing applications. Then,
after outlining the objectives of this study in details, the materials and experimental
procedures used to reach these goals are presented. The results followed by a discussion are
then addressed in the fourth and fth chapters, respectively. The sixth chapter reports an
assessment of the environmental impacts of 1 million LFAs. Finally, a general conclusion
and perspectives are presented to close this master thesis.



Chapter 1

State of the art

In this rst chapter, the main concepts used in this study are established. First, the
working principle and the di erent components of lateral ow assays (LFAs) are presented.
Then, the use of nanoparticles in biosensors is introduced, covering the di erent detection
methods they o er and how they can be integrated to the tests. Finally, gold and magnetic
nanoparticles for LFA applications are discussed in more detalil.

1 Lateral Flow Assays

Biosensors are analytical devices that couple bioreceptors and a signal transducer to provide
information on the potential presence of a target analyte. The so-called target analyte
groups many di erent substances potentially hazardous to health or to the environment,
ranging from contagious viruses in a patient to the presence of heavy metals in water.
Biosensors have a wide range of applications in these areas. One very interesting property
is to integrate them into portable platforms for early and easy diagnostics. Such devices
providing fast analysis and accurate diagnostics near the patient are known as Point of
Care (PoC) tests. The main goal is to make them user-friendly and as simple as possible
such that anyone could use it, with or without any medical or laboratory knowledge [11,19].
This is especially important in developing countries where laboratories, equipment and
training people are too expensive [6, 7].

The World Health Organization (WHO) recommends that PoC biosensors adhere to
the ASSURED criteria, standing for A ordable, Sensitive, Speci c, User-friendly, Robust
and Rapid, Equipment-free and Deliverable to end-users [12,20]. As a matter of fact,
paper-based biosensors are one of the best PoC devices corresponding to this criteria,
from clinical to environmental applications [16]. Indeed, paper is abundant, cheap, light,
easy to manufacture and biocompatibfe Moreover, paper is recyclable, which is very
attractive for designing low-impact biosensors. The material is usually made of cellulose
bers leading to a porous microstructure and thus a high surface-to-volume ratio. This
provides a capillary force to pump the sample through the strip, without the need of any
external device [7,11].

Among all the di erent types of paper-based biosensors, Lateral Flow Assays (LFAS)
are best suited for bacteria detection in water. They respond to the ASSURED criteria
as they provide speci c and sensitive signals while being low-cost, easy-to-use, robust,
relatively fast (5-20 minutes) and requiring low quantity of sample volume (typically from

2Biocompatibility is very important because it means that the speci ¢ bioreceptors detecting the target
analyte can be easily immobilized. This will be clari ed in the next sections.
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Chapter 1. State of the art

femto- to milliliter). Moreover, because of the long shelf life and because they do not need
to be stored in refrigerators, LFAs are very well adapted for use in developing countries,
remote regions and even battle elds [7,11].

One famous example of LFA is the pregnhancy test, which is nowadays the most used PoC
paper-based biosensor in the world [7,16,21]. More recently, LFAs are available in all
pharmacies for SARS-CoV-2 detection. They are currently the only autotests available
for this coronavirus. This shows how LFAs can revolutionize health care and disease
prevention in both developing and developed countries. As shown in Figure 1.1, the
interpretation of such tests is straightforward: a negative result is indicated by one red
line and a positive one by two red lines.

(@) (b)

Figure 1.1: Two examples of commercial LFAs: (a) a pregnancy test, (b)
a SARS-CoV-2 test. Both tests are positive here.

The red lines are in reality made of very high concentrations of red nanoparticles that
cannot be distinguished individually with the naked eye. These labels bind to the target
analyte, which subsequently bind to the immobilized bioreceptors at these lines, thereby
inducing a red color. This will be discussed in depth in the following section. Nanoparticles
(NPs) are the main signal transducers of LFAs. They have unique properties making them
very attractive for such tests. They can provide other colored signals but also electri-
cal, magnetic or uorescent signals. They are key components to improve the detection
performance of biosensors.

1.1 General working principle

Lateral ow assays are usually composed of four overlapping paper-based pads called
sample pad (SP), conjugate pad (CP), membrane (M) and absorbent pad (AP). Each pad
has its own role and can be made of a di erent paper, given the application of the LFA.
Generally, the sample and absorbent pad are made of cellulose, the membrane is made
of nitrocellulose and the conjugate pad is made of glass ber pre-stored with the label
particles.

Standard LFAs  The working principle of standard LFAs (also called sandwich assays)
is shown on the left-hand side of Figure 1.2. The sample is initially loaded on the sample
pad and ows through the di erent pads due to capillary forces. The conjugate pad is
initially loaded with labelled bioreceptors which will recognise the target analyte if present
in the sample?

1As explained in the next sections, there are many di erent bioreceptors used in LFAs. In this study,
we will focus almost exclusively on antibodies. Hence, the tests should be rigorously called lateral ow
immunoassays (LFIA) but to make the explanations clearer, the general from LFA was kept.

4
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Afterwards, the sample ows through the membrane (also called detection pad) and reaches
the test line (TL). The test line is initially made of capture antibodies (Ab), used to
immobilise the target analyte already attached to the label to form a so-called sandwich
(Ab-analyte-Ab-NP). If the sample does not contain any target analyte, it will simply ow
by the test line towards the control line (CL).

Similarly, the CL is initially composed of control antibodies, which are not speci c to the
target analyte but to the detection antibodies on the labels. Hence, whether the sample
contains analyte or not, the control antibodies will anyway immobilise the labels at the CL,
thereby validating that the test worked correctly. For pregnancy and SARS-CoV-2 tests,
red label particles are used and gradually accumulate at the TL and CL as the sample
ows through the test. Consequently, positive samplesi.€. containing the target analyte)
will show two colored lines, while negative samples exhibit only one line at the CL.
Finally, the role of the absorbent pad is to have an extra wicking force, such that the more
sample and thus more analyte ows through the test and control lines, thereby improving
the sensitivity of the test [7,16].

Figure 1.2: General working principle of LFAs: standard assay (left-hand
side), competitive assay (right-hand side). The term LFBs used here
means lateral ow biosensor and refers to the same principle as LFAs [7]

Competitive LFAs As it can be seen in the right-hand side of Figure 1.2, another type
of LFA called competitive assay exists. The working principle is similar except that the TL
does not contains capture antibodies but is already immobilized with the target analyte.
Hence, if the latter is present in the sample, the conjugated labels will already be attached
to the analyte from the sample. Thus, the labels will not attach the target analyte at the
TL. A competition between both target analyte takes place. In this case, in contrast to
standard assays, positive samples yield only one line.

The advantage of standard LFAs is that the signal produced is proportional to the
amount of target analyte in the sample. Nevertheless, as it must be able to bind simulta-
neously to both the detection and the immobilized antibodies, small analyte molecules
such as drugs or toxins might have some problems to bind to two antibodies. Additionally,
steric hindrance may prevent this simultaneous binding. Hence, competitive assays are
particularly useful for small analytes [16,17,22].

As this study covers detection of bacteria in water, the sample is not limited and the
analyte is large (0.5-5 m). Hence, standard assays are preferably chosen.
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1.2 Use of LFAs

Lateral ow assays can be used for the detection of many analytes, including animal
diseases, pathogens, chemicals, toxins and water pollutants. These targets have been
e ciently detected in many di erent biological samples such as water, urine, saliva, sweat,
serum, plasma, blood and many other uids [13,227]. At this day, LFAs are mainly
used in veterinary medicine, hospitals, quality control, product safety in food production,
and environmental health and safety.

As already mentioned, the latest application of LFAs is the detection of the SARS-
CoV-2 virus. These tests are less accurate than polymerase chain reaction (PCR) tests
(80 over 98%) but the fact that the patient can test him-/herself and get a result after
maximum 30 minutes without the need of any laboratory makes them very interesting. In
particular if someone feels typical symptoms but has to go somewhere, he/she can use this
kind of test as a rst check to reduce the risk of contamination [9, 10].

1.3 Components of LFAs

The di erent components of LFAs are described hereafter. Their main characteristics
and the materials they are usually made of are discussed. All the pads are represented
schematically in Figure 1.3.

Figure 1.3: Schematic structure of a lateral ow assay with the di erent
pads [28].

1.3.1 Sample pad

The assay starts when the sample is loaded onto the sample pad from the sample port in
Figure 1.3. The main functions of the SP are to ensure a constant ow throughout the
test, guarantee reproducible measurements and homogenize the bu er conditions of the
sample [17].

Characteristics  There are three key parameters to play with for the design of the
sample pad. First, thebed volumei.e. the volumev of air contained in the pad, can be
linked to the amount of liquid required to wet the pad by multiplying the total volume of
the pad V times the porosity of the brous material f , such thatv = V. This property
Is important for determining the amount of sample that ows in the LFA.

6



Chapter 1. State of the art

Similarly, the thicknessof the pad, sometimes called caliper, not only a ects the bed
volume but also the consistency of the pad. Indeed, a thicker pad provides a slower and
more stable ow, as well as higher bu ering capabilities.

Finally, the sample pad should also match thelesired particle retention rating referring

to the particle size that the sample pad is able to retain and thus allowing a Itration of
the sample [17].

Materials ~ The materials used for sample pads are generally cellulose or woven meshes.
Sample pads made ofelluloseor cotton ber tend to be thicker (> 250 m) and cheaper,
but are weaker for handling, especially when wet. They have bigger bed volumes (> 25
L/cm?) and have higher tolerance the chemicals present in the sample pad bu er.
Sample pads made ofvoven meshesuch as glass bers have a good tensile strength and
provide an even distribution of the sample over the conjugate pad. They can also act
as lters for removing chemicals from the sample. Their low bed volumes (2 L/cm?)
make it possible to retain minimal amounts of sample but they are more expensive and
their cutting is more di cult than cellulose.
For target analyte in the micron size range like bacteria, it is recommended to consider a
high bed volume to allow them to ow through the strip [17].

1.3.2 Conjugate pad

After being loaded onto the sample pad, the sample reaches the conjugate pad (CP),
shown in red in Figure 1.3. The three main functions of the CP are to preserve the dried
conjugated nanoparticles, release them upon wetting by the sample and nally provide
the rst interaction between the labeled antibody and the target analyte. Its preparation

is one of the most critical stage during the fabrication of the strips [17].

Characteristics  The conjugate pad has three very important characteristics to be
considered. First, it should providdow non-speci ¢ bindingsuch that neither nanoparticles
nor target analyte remains in it. Second, it should provide aonsistent ow and bed volume
to keep a homogeneous and reproducible ow towards the membrane. Finally, the CP
should also have ggood mechanical strengtho resist the fabrication process and contain
no extractable materialthat could potentially block the membrane or contaminate the
sample [17,28].

Materials ~ The main material used for conjugate pads is glass ber because it corresponds
the best to the desired characteristics mentioned above. Other materials such as cellulose
and polyester have also been reported in the literature [17].

1.3.3 Membrane

The membrane (M) is where the signal is emitted by the labels (e.g. nanoparticles),
as shown in Figure 1.3. Its main function is to facilitate a homogeneous ow, support
the immobilized antibodies for capturing the analyte target and show low non-speci c

binding [17].

Characteristics =~ Membranes are generally characterized by thegapillary ow time,
representing the time required for the sample front to cover the membrane length and
expressed in s/4cm (since 4 cm is the general length of the membrane). This parameter
depends on many parameters such as tipere size(i.e. the diameter of the largest pore
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in the ow direction), the pore size distribution(i.e. entire range of the pore sizes through
the microstructure, generally between 0.5 and 5m) and the porosity (i.e. ratio of air to
material). The pore size distribution a ects the capillary ow time the most. Indeed, the
lower the pore size distribution, the higher the capillary ow time and thus the slower the
sample ow speed.

Consequently, low capillary ow times increase the probability of interaction between the
immobilized antibodies and the labelled conjugates, and thus increase the sensitivity of the
test. This characteristic is crucial as it a ects the sensitivity and consistency of the assay.
Once the analyte has passed the immobilized antibodies, it cannot bind to it anymore as
the ow is forced to evolve in one direction only. Nevertheless, low capillary ow times
also increases the chance for non-speci c binding in the membrane.

Another important characteristic of the membrane is itsprotein binding capacity related

to the irreversible grafting of the capture and control antibodies on the membrane at the
test and control lines. It is determined by the amount of surface area available for Ab
immobilization [17, 28].

Materials  Nitrocellulose (NC) is most often used for the membrane due to its relatively
low price, strong electrostatic binding to antibodies (for the TL and CL) and di erent
capillary ow times available [17]. Other materials have also been reported, such as
polyvinyldiene uoride (PVDF), nylon or polyethersulfone (PES) [28].

Nitrocellulose is very di cult to handle and is thus usually commercially available with a
non-porous polyester backing of 50 or 10én thick, increasing the mechanical strength of
the membrane without a ecting its micro uidic properties. The polyester Im also acts as

a barrier to chemical contamination from the adhesive card used to assemble the di erent
pads together [28].

Striping with antibodies The placement of the test and control lines is crucial for

a good sensitivity of the test. The further the localization of the TL on the membrane,
the slower the speed of the sample at the TL. Theapillary ow rate (expressed in s/cm,

di erent from the capillary ow time in s/4cm) decreases exponentially with the covered
distance of the front from the origin because the di erence of pressure between the liquid
and the void in the pores decreases as the water front increases. As a slow ow rate means
that the probability of binding between the target analyte and the immobilized antibodies

is higher, it is advantageous to place the test and control lines far up the strip. This is
usually done in LFAs when an absorbent pad is used [28].

1.3.4 Absorbent pad

The main function of the absorbent pad (AP) is to make sure all the labels have reached
the end of the strip and passed through the test and control lines. By increasing the
total volume of sample entering the test and control lines, it washes the unbound detector
particles away from them, thereby lowering the background noise and enhancing the
sensitivity [28]. In the absence of the AP, once the front of the ow reaches the end of the
strip, it stops and the sample evaporates along the whole strip [17].

Characteristics ~ The main characteristic of the absorbent pad is itbed volume It
should be based on the volume of liquid that must pass through the TL and CL [17].

Materials  Like sample pads, absorbent pads are most often made of cellulose and cotton
bers [17,28].
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1.4 Assembly of LFAs

Suppose all the labels are already conjugated to the speci c bioreceptors, the control
and detection bioreceptors are ready-to-use and the di erent pads have already been cut
with the desired length. In this case, a typical step-by-step fabrication method of an LFA
is shown in Figure 1.4. Although not extremely complicated, the assembly needs to be
performed very carefully to ensure a homogeneous and reproducible ow.

Figure 1.4: Step-by-step method for the assembly of LFA strips [17].

The rst step is to place the polyester-backed membrane on the adhesive card (AC, also
called laminated card). These are made out of polyester or cardboard paper and contain
release liners (RLs) to help position the di erent pads at the right distance from each
other.

Afterwards, capture and control antibodies are immobilised on the membrane to form the
test and control lines, respectively, and the membrane is subsequently dried in an oven
(the temperature might vary). The sample pad is then soaked in the sample bu er and
also dried in an oven.

The next step is the spraying of the labels on the conjugate pad, which is dried in vacuum
this time. This step is crucial for the good performance of the LFA. Once all the pads are
ready-to-use, the absorbent pad is rst placed on the membrane with a certain overlap
(typically 2-4 mm), followed by the conjugate and sample pad. These overlaps have to be
consistent in order to get a uniform ow.

The alignment of the dierent pads is very important to get reproducible tests. In
large-scale processes, calm-shell laminators are used to obtain a rigorous alignment of the
pads on the AC, without compressing the porous structures of the papers. This can also
be done by hand at lab-scale but the alignment of the pads might be less accurate.

Once the pads stick together, the master cards are cut into individual strips. This can be
done with a guillotine shear mechanism or rotary cutting mechanism. Scissors can also

9
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be used but the consistence and reproducibility of the tests will be a ected. Finally, it is
common to place the strips in a housing cassette that ts their geometry in order to protect
the test from any contaminant or mechanical damage and to avoid user mistakes [17].

1.5 Architectural enhancement methods

The working principle detailed in the last sections is quite straightforward. Although it
already works very well and gives good qualitative results, it is possible to easily obtain
much better sensitivities by playing with the architecture of the tests. There are many
enhancement methods reported in the literature and playing with the architecture of the as-
says. The most interesting ones for bacteria detection in water samples are presented below.

Parolo et al. [6] made very simple changes in the size of the di erent pads to increase the
sensitivity of the LFAs. They suggested that there are two opposite e ects in uencing the
sensitivity of the assay when playing only with the sample pad. Although a bigger sample
pad increases the volume of sample and thus the mount of analyte going through the test
and control lines, it also increases capillary ow rate signi cantly, reducing the probability

of binding between the conjugated labels and the immobilized antibodies.

While increasing the area of the sample pad 3 times led to lower sensitivities (more
analyte but ow rate way too high), increasing it 2 times led to slightly better sensitivities.
Moreover, when both the area of the sample and conjugate pad are increased, not only
the amount of analyte to-be-detected is increased but also the number of labels (gold
nanoparticles here) to-be-used. Hence, as shown in Figure 1.5a, increasing the width of the
sample and conjugate pad 2 and 3 times led to limits of detection (LoD) of 1.83 ng/mL
and 0.7 ng/mL, respectively, thereby reaching an 8-fold improvement of the LoD in the
latter case.

@) (b) (c)

Figure 1.5: Di erent enhancement methods playing with the architecture
of the LFA: (a) increase of the sample pad width and both the sample
and conjugate pad width [6], (b) addition of wax pillars between the
conjugate pad and the test line [29], (c) vertical ow assay [30].

10
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Nunes Paulieet al. [30] revisited the LFA working principle by making a vertical ow
assay (VFA), where the sample is pumped across the di erent pads with a syringe, as
represented in Figure 1.5c. The sample is rst pumped to the conjugate pad where the
analyte interacts with the pre-stored labels during a few minutes. Then, it is pumped
to a circular detection pad made of NC where the signaling takes place. Although this
technique requires much more liquid sample than standard LFAs (around 6 mL compared
to 200 L, which is not a problem when dealing with samples like water), VFAs provide
simple and sensitive tests which enable analysis of much greater sample volumes. The
use of larger sample volumes translates to lower LoDs in shorter analysis times (around
13 minutes). Indeed, the higher the sample volume processed, the greater the amount of
analyte interacting with the conjugated labels and consequently, the higher the analytical
signal. Moreover, no sample and absorbent pads are needed.

11
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2 Nanoparticles

Nanoparticles (NPs) determine the analytical performance of LFAs. They are used as
labels which, when conjugated to bioreceptors (e.g. antibodies), can interact with the
target analyte (bacteria, metals, DNA, viruses, ...). When further concentrated at the
TL and CL, they generate a signal whether the tested sample contains the analyte or
not. They are the main signal transducers in LFAs. Depending on the NP, this signal
can be colorimetric (like pregnancy or SARS-CoV-2 tests) but also electrical, magnetic or
uorescent for example, as it will be discussed hereafter. NPs are the keys to obtain high
sensitivities and low LoDs [16,19].

Nanoparticles can adopt di erent shapes that can be classi ed by spatial dimension:
0D (spherical), 1D (e.g. nanotubes and nanowires), 2D (e.g. graphene) and 3D (e.g.
nanoprisms and nano owers) [19, 31].

In this study only OD spherical nanoparticles with diameters ranging from 5 to 200 nm
are considered because they o er many advantages for LFA applications. Their small size
reduces the risk of clogging the pores of the paper, provided that they do not form large
aggregates. They are also easier to synthesise and bio-conjugate [31 35].

2.1 Nanoparticle-based detection methods

Many di erent detection methods have been successfully implemented on LFAs. They
rely on the speci c properties of di erent nanoparticles. The most widespread ones are
discussed in the following sections.

2.1.1 Colorimetric detection

Colorimetric detection is the most popular method because the reading can be performed
with the naked-eye, without any external reader, making the test more a ordable and
user-friendly. The most famous LFAs using colorimetric detection are pregnancy and
SARS-CoV-2 tests. As explained earlier, the result is positive if the test and control lines
are red. This red color is due to the high concentration of a certain type of nanopatrticles
at this place of the membrane.

There are many di erent NPs scattering a certain color for colorimetric detection. The
most famous ones are gold nanoparticles (AuNPs) because they exhibit an intense red
color which is the most distinguishable by naked-eye. Their properties will be largely
discussed in section 2.3. Many other NPs exhibiting di erent colors have also been used in
LFAs such as black carbon nanoparticles (CNPs) [380] or brown magnetic nanopatrticles
(MNPs) [41]. In addition, latex beads (LBs), usually made out of polystyrene, can also be
used for colorimetric and uorescence detection, depending on the dyes and uorophores
they are loaded with (see section 2.1.2). They can exhibit di erent colors such as blue or
red [16,4244]. Figure 1.6 shows two types of colorimetric LFAs using di erent NPs and
consequently exhibiting di erent colors at the test and control lines.

The result brought by colorimetric tests is for sure qualitative (Am | pregnant or not?)
but can also be semi-quantitative. The color intensity can be indeed related to the analyte
concentration, similarly to pH strips. This semi-quantitative response can further be
improved with the help of colorimetric readers or even smartphones. Yai al. [45] have
developed user-friendly apps for smartphones to translate the signal from the TL and CL
meanwhile all the steps that the user should perform are explained on the smartphone's
screen.

12
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@) (b)

Figure 1.6: Two types of colorimetric LFAs using di erent labels: (a)
AuNPs [46] and (b) CNPs [36], both for the detection of di erent bacteria

2.1.2 Fluorescent detection

Another way to detect bacteria in LFAS is to use uorescent nanoparticles. The most
famous ones are quantum dots (QDs). QDs are semiconductor nanocrystals composed
of IV or Il VI elements with a size of approximately 1 10 nm [47]. Their inherent
photoluminescent properties arise from a phenomenon called guantum con nement.
Semiconductors are materials characterised by a narrow band gap energy lower than 5
eV, which, for intrinsic semiconductors, separates the full valence band and the empty
conduction band ( lled with electron holes). When a semiconductor absorbs a photon
of higher energy than its bandgap, an electron from the valence band is excited to the
conduction band, creating subsequently a hole in the conduction band. These electron
and hole are then attracted to each other and form a bound state called exciton [48,49].

The preferred electron-hole separation distance is called exciton Bohr radius and de-
pends on the material properties (equal to 5 nm for CdSe as an example). When the
nanocrystal size becomes smaller than the exciton Bohr radius, the electron and hole are
held closer to each other, increasing the exciton binding energy, which is correlated to the
emission wavelength of the nanocrystal [562]. The wavelength of the emitted spectra,
and thus the color observed, can be tuned by varying the size of the QD, as shown in
Figure 1.7a for CdSe nanocrystals. Another way to tune the emission wavelength is to
play with the composition of the QD [50].

Although QDs are mostly used for uorescent detection in LFAS, there are other uorescent
materials such as upconverting nanoparticles (UCNPs). These larger nanoparticles contain
rare earth elements to give them their uorescent properties [54].

Fluorescent nanoparticles exhibit a much more sensitive response and a lower LoD than
colorimetric NPs [16]. Baiet al. [53] have compared the performances of colorimetric
detection using AUNPs and uorescent detection using silver nanoparticles (AgNPs) of
38.5 nm of diameter on average loaded with CdTe QDs. As shown in Figure 1.7b, the LoD
of the conventional AuNP-based LFA was 20 ng/mL of analyte (-fetoprotein), while the
LoD of the uorescent assay was 2 ng/mL of analyte.

However, uorescent detection methods require additional devices for the excitation of the
NPs and for the reading of the signal. This makes their application to PoC devices more
challenging [7,55].
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(@) (b)

Figure 1.7: (a) Progressive color changes of CdSe/ZnS core-shell structure
with increasing nanocrystal size [50], (b) Comparison of LFAs made with
AuNPs (up) and AgNPs loaded with QDs (down) [53].

2.1.3 Electrochemical detection

Coupling electrochemistry with LFAs provides fast, quantitative, sensitive and relatively
inexpensive detection. Although robust measurement equipment and transducers are
required, they are most often easy to miniaturize. There are already many point-of-care
electrochemical devices well established on the market [56]. Electrochemical LFAs rely on
the detection and quanti cation of an electrochemical transducer or the conductive bridge
formation between electrodes. The electrodes can either take the form of gap electrodes or
screen printed electrodes on the membrane [57].

Many conductive nano-compounds can be suited for electrochemical detection, among
which metallic NPs such as silver or gold or organic conductive polymers are the most
used. They are gathered in Table 1.1. The electrochemical methods can be classi ed
according to the measured parameter: current (amperometry), potential (potentiometry),
resistance (conductometry) or impedance (impedimetry).

In conductometric detection, the conductance (initially equal to 0) is measured after
application of the sample. Muhammad-Tahiret al. [58] have developed a conductometric
LFA using silver gap electrodes. By measuring the resistan&with a multimeter, the
conductanceC was calculated a<C = 1=R. As shown schematically in Figure 1.8a, they
used polyaniline-antibodies complexes to form a bridge between the electrodes and generate
a signal. In 2 to 10 minutes, their biosensor could detect a speci ¢ bacteria at an average
concentration of 79 CFU/mL.

Impedimetry is an electrochemical-based detection method relating changes in the impedance
of the system to the number of bacteria present at the measured area. It uses Electrical
Impedance Spectroscopy (EIS). To cut a long story short, a cyclic function of small
amplitude and variable frequency is applied on the transducer and the resulting current

is used to calculate the impedance for the whole frequency spectrum. The amplitude of
the current and potential signals in addition to the resulting phase di erence between
voltage and current, which depends on the nature of the system under study, dictates the
system impedance [59,60]. Sinawargg al. [59] conjugated ferrocene as a redox label with
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(a) (b)

Figure 1.8: (a) Sectional view of the membrane from a conductometric
LFA using polyaniline to form a bridge between the two electrodes [58],
(b) Schematic representation of the impedimetric LFA using ferrocene
on AuNPs for labelling [59].

AuNPs of 40 nm for impedimetric quantitative detection of DENV-NS1 protein down to a
detection limit of 0.5 ng/mL. The experiment is schematically shown in Figure 1.8b. The
screen-printed gold electrodes (SPGE) were bio-functionalized beforehand with specic
antibodies.

2.1.4 Magnetic detection

Similarly to electrochemical detection, lateral ow assays can bene t from the magnetic
properties of some nanoparticles. Magnetic nanoparticles (MNPs) allow for remote
positional control by means of an applied eld. This make MNPs very interesting for
LFAs, taking advantage of the magnetic properties to pre-concentrate the analyte from
several liters to few mL or accumulate them on speci ¢ parts of the membrane [16, 61].
More interestingly, the magnetic response of MNPs under a magnetic eld can also be
measured by a magnetic reader and subsequently transformed into a useful analytical
signal. This quantitative detection method has an important advantage over electrochemical
detection because biological entities do not show any magnetic behavior or susceptibility.
Only MNPs produce a signal, reducing the background noise to almost zero. Moreover,
as shown by the red boxes in Figure 1.9, the signal from all the MNPs in the membrane
thickness is read, while only NPs at the surface or in contact with the electrodes provide
a signal for colorimetric and electrochemical detection, respectively. In addition, the
magnetic signals are stable for a longer time than optical signals [7, 16, 18].

Many di erent magnetic nanoparticles have been reported in the literature. Some of them
are gathered in Table 1.1. A more detailed discussion about their properties will be given
in section 2.4.

15



Chapter 1. State of the art

Figure 1.9: Comparison between colorimetric ad magnetic detection in
LFAs. The magnetic one detects the NPs in the whole cross section. The
blue background represents the NC membrane and the orange represents
the backing. Taken from [62].

2.1.5 Thermal contrast detection

In addition to colorimetric and electrochemical detection, metallic nanoparticles can also
be optically excited to generate heat. Figure 1.10 shows a schematic representation of
thermal contrast detection in LFAs upon laser stimulation. When there are insu cient
gold nanoparticles at the test line for a visual contrast, thermal contrast can still detect
their presence, with a low-cost laser or light-emitting diode (in green) and an infrared
temperature gun (shown as blue box). The mechanism of heat release is very simple: the
laser electric eld strongly drives mobile carriers inside the nanocrystals, and the energy
gained by carriers turns into heat. The heat di uses away from the nanocrystal and leads
to an elevated temperature of the surrounding medium [63].

Qin et al. [64] reached a 32-fold improvement compared to visual detection. Although
thermal detection increases the sensitivity signi cantly and shows a stable response over
weeks making it a really robust and reproducible technique, the need of laser and infrared
camera make it less applicable for PoC devices [7, 16].

Figure 1.10: Thermal contrast sensor used with LFAs [64].
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Table 1.1: The di erent detection methods of LFAs and their related

nanoparticles, based on [7,16,17,65]

Detection NP Advantages Drawbacks Ab Conjugation Core size
Colorimetry Naked-eye detection Only qualitative
Fast qualitative response or semi-quantitative
AuNP Easy synthesis, Intense color Poor sensitivity and LoD if EDC/NHS 10-40 nm
Highly biocompatible, Well- no enhancement method Adsorption
known conjugation methods Expensive if commercially
Relatively stable in time, bought
Tunable size & shape
CNP High signal-to-noise ratio Unspeci ¢ adsorptions Adsorption 25-500 nm
Cheaper, Stable-in-time Weaker signal than AuNP
Dyed LB Cheaper, Multiple colors Di cult synthesis, Weaker signal EDC/NHS 200-500 nm
Good sensitivity and LoD High amount of dye needed
Fluorescence Good sensitivity and LoD External devices required
QD Small size, Strong intensity Hard synthesis and conjugation EDC/NHS 1-10 nm
Stable vs. photo-bleaching Toxic, uorescence quenching
UCNP Require less excitation energy Expensive (rare elements) EDC/NHS 10-80 nm
Low toxicity, Strong signal
Electrochemical Metallic (Au, Fast, quantitative, inexpensive  External devices required
Ag, C, ...)  Very good sensitivity and LoD  Electrode reproducibility
Organic NP Cheap & miniaturizable devices Toxic (oxidation)
Magnetic MNP (FesO4, Inexpensive, Pre-concentration  Magnetic device required EDC/NHS 5-800 nm
Fe,O3, FeCo, Colorimetry also possible, Low  Sensitivity particle size
CoFe O, background noise, all MNPs
ZnFe;Oy4, ...) provide signal
Thermal contrast AUNP High improvement of Expensive equipment(laser
sensitivity and reproducibility ~ and non-optical reader)
High signal-to-noise ratio
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2.2 Functionalisation of NPs

From the synthesis to the use of nanoparticles in LFAs, there are several steps to be
rigorously followed. As shown in Figure 1.11, a primary coating must be applied to the
synthesised NPs before attaching them to the bioreceptors, followed in the end by a surface
passivation. The synthesis step will not be discussed in this section because it is speci c
to each type of nanoparticles [66, 67].

Figure 1.11: Synthetic steps towards usable nanopatrticles for LFAs [66].

2.2.1 Primary coating

Water is a highly complex uid that can destabilize nanoparticles and cause their aggrega-
tion through van der Waals interactions. In the case of LFAs, if nanoparticles agglomerate
too much, they might not go through the pores of the papers, clog them end consequently
falsify the test result. Therefore, an appropriate coating is crucial to obtain NPs with
high colloidal stability, preserving their physicochemical properties and de ning their
interaction with the biological environment. Coating can also provide a exible surface
chemistry for further functionalization with biomolecules and allow for the outer layer of
the NP to be engineered for speci ¢ biological interactions. The most common strategies
for engineering the primary coating of NPs include ligand exchange, silica coating and
polymer wrapping. They are schematically represented in Figure 1.12. The choice of a
coating strategies is strongly in uenced by the nature and initial coating of the inorganic
nanomaterial [66].

Figure 1.12: Primary coating strategies for nanoparticles, inspired
from [66, 68].

The ligand exchangéetween the original surfactants and hydrophilic ligands makes it
possible to get stable colloidal NPs in water. The chemical a nity of the ligand for the ma-
terial and the presence of excess ligand are key parameters for achieving a densely packed
ligand shell. The choice of the ligand depends on the composition of the inorganic core [66].

Silica (SiO,) coating yields water-soluble NPs with good colloidal stability and bio-
compatibility. Other important advantages include an easy control of the coating process,
optical and magnetic transparency, low cost, controlled porosity, and most importantly the
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