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Chapter 1

Introduction




The concept of diagnosis and the Point-Of-Care Tests

The word ‘diagnosis’ gathers a wide array of flexible meanings [1]. The root dates back to the ancient
Greek Sidyvwolg (diagnosis), from Staytyvwokw (diagignoskd, “to discern”), which in turn derived
from 81 (dia, “through”) + yyvwokw (gignosko, “to know”) [2]. This evolving concept is recognized
as a “fundamental abstract reasoning concept in healthcare”, as reported by M.E. Maitland in 2010
[3]. In a broad sense, it refers to the rationalization of a symptom into a problem requiring an
intervention, as a crucial part of any kind of problem-solving process. Majorly, this word is applied
to medicine, meaning the combination of the observation of clinical signs and detection, or
guantification, of biomarkers for assessing a pathological condition (infection, inflammation,
chronic disease, etc..). Diagnoses are the “classification tools” of medicine and are pivotal in the
ways medicine exerts its role in society, as assumed by A. Jutel in “Sociology of diagnosis: a
preliminary review” [4]. As described by P. Cappelletti in 2020 [5], the process that ends with a
diagnosis and that includes the generation of the clinical information has been represented by the
brain-to-brain loop proposed by George Lundberg in the 80s [6]. The model has been revisited over
the years vyielding to the concept of the Total Testing Process (TTP), which includes the pre-
preanalytical and post-postanalytical phases, involving a network of brains on both clinical and
laboratory side, and highlights the patients’ role in the decision process.

The three phases of the classical tripartition (pre-analytical, analytical, and post-analytical) have
been extended by the Nexus vision proposed by H.M.J. Goldschmidt, who introduced two additional
phases: the pre-preanalytical (i.e the evaluation of the context of the patient and the comparison
between laboratory-based and other ways to obtain information regarding the individual) and the
post-postanalytical (i.e the evaluation of the new context following the initial diagnosis and the
possible consequences for the patient) [7]. In addition, the concept of outcome enters in this scheme
as the long term follow up of the condition of the patient after the whole analytical phase, focussing
the attention on the patient as the real end-user of the process, upon which all the quality of the
process falls back. The new concept of clinical laboratory interface, with the pre-pre and post-post
phases, must be fused with a vision involving a multidisciplinary team to be effectively patient-
centred. Evolving this concept, the brain-to-brain loop also admits the extra-laboratory testing and,
furtherly, the point-of-care testing, as an extension of the clinical-laboratory interface.

To resume, the diagnostic process is a complex, patient-centred, and collaborative activity that
involves information gathering and clinical reasoning with the goal of understanding a patient's
health problem [1]. Generally, consists in connecting clinical signs (symptoms or altered levels of
bioactive or biomarking compounds) to a “clinical decision”. This last is made by a physician on the
base of the combination of several factors. The observation of the visible clinical signs and generic
bioactive molecules is often not sufficient. More specific tests and analyses must be carried
targeting specific biomarkers, to exclude ilinesses with same symptomatic signs. The physician, as a
detective, gather all the information, weights the relative significance of the clues, and formulates
his hypothesis, the clinical decision, as an official diagnosis.

Focussing on detecting and quantifying clinical targets and biomarkers, many different optimized
and validated instrumental methods are used, exploiting the most diverse techniques. Hereafter the
word ‘diagnosis’ will be used as the aim of such methods and techniques. The high variability that
characterizes the field of the clinical conditions leads to an unavoidable variability in the diagnostic
approaches. Nevertheless, most of the figures-of-merit persist between the different strategies
used to diagnose pathologies. The clinical sensitivity and specificity are the capacity of a diagnostic
test to correctly classify positive and negative individuals to a clinical condition, and they have
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always to be as the highest as possible, as still recently remarked and discussed by J. Shreffler and
M.R. Huecker in Diagnostic Testing Accuracy: Sensitivity, Specificity, Predictive Values and Likelihood
Ratios [8].

Nowadays, the concept of clinical diagnosis is split in complementary approaches: the screening
tests and the confirmation analysis as underlined by C.S. Kosack, A.L. Page and P.R. Klatser in the
Bulletin of the World Health Organization in 2017 [9].

The confirmation consists of instrumental methods for the quantitative detection of biomarkers or
direct imaging of pathological conditions. The response must be extremely specific to avoid the risk
of misclassification and subsequent wrong choice of the treatment. The result of a clinically
validated confirmatory test represents an official clinical response, with all the implications that this
entails. Though being necessary, confirmatory tests are also typically expensive and time
consuming, require qualified personnel for the execution and interpretation of the results and can
be led only in laboratory settings. To avoid the saturation of the Public Health system, the workload
of the confirmatory tests must be lightened by recurring to preliminary screening tests. On respect
to confirmatory tests these have complementary characteristics: generally, a greater coverage, high
sensitivity, and sufficient specificity (depending on the target).

In 2012 the World Health Organization included these aspects into a set of figures of merits resumed
under the acronym “ASSURED”, which means Affordable, Sensitive, Specific, User-friendly, Rapid
and robust, Equipment-free, and Deliverable to the end-user. These descriptors depict the class of
the so called “point of care tests (POCT)”, analytical tools that are generally used as screening
techniques, and/or where laboratory methods are unsustainable [10]. The perfect fit between the
needs of WHO regarding infectious diseases and the POCTs was immediately widely highlighted by
the scientific panorama, as described by N.P. Pai et al. in Point-of-Care Testing for Infectious
Diseases: Diversity, Complexity, and Barriers in Low- And Middle-Income Countries in the same year
(2012) [11]. In their review, the authors underlined the limits of the laboratory-based techniques,
overcome by the POCT “promises”.

Among the possible analytical methods exploitable for setting POCTs, the ones based on
immunochemistry, also called immunoassays, are remarkable. An immunoassay is an analytical
method based on the specific and high affinity recognition of an antigen by a specific antibody, and
the measurement of the antigen-antibody complex formation by means of a label that provides a
detectable signal (gold nanoparticles, horseradish peroxidase, fluorescein, latex nanoparticles, etc...
depending on the application). The reaction between the two immunoreagents forms a complex
that can be directly or indirectly revealed. The main requirement is that the efficiency of the
complex formation is sufficient for the revelation. As reported in the chapter 1.3 of the Handbook
of Immunoassay Technologies by S.K. Vashist and J.H.T. Luong, (2018) [12] immunoassays are trans
disciplinarily used, with fields of application ranging from industrial to food safety, from clinical to
forensics and veterinary sciences. The enzyme-linked immunosorbent assay (ELISA) is far the most
famous in the series of dozens of possible configurations of immunoassays [13]-[16]. These
methods are typically performed in centralized laboratories by manual intervention of trained
technicians taking generally around 2 hours because of their multiple-step processes. In the clinical
practice, chemiluminescence based immunoassays (CLIA) are widely used bioanalytical methods for
determining various biomarkers and are generally automatized and rapid, but they need of
instrumental readers and laboratory settings [17]-[21]. The Point-of-Care translation of the
laboratory-based immunoanalytical methods is the Immuno-Chromatographic Strip Test (ICST), also
known as Lateral Flow Immunoassay (LFIA). The LFIA technique is undoubtedly the most successful
screening diagnostic tool as it furthermore fulfils all the ASSURED criteria [22]—[28].

The immunochemical principles applied in microarray formats have been widely studied in the last
decades, as well [30]—-[47]. Nevertheless, they are still unable to break through into the market and
for this reason are scarcely applied on-field.



On the contrary, LFIA currently represent the most important systems for on-field diagnostic
worldwide. Their invention dates back to 1956 [47], and LFIA have been extensively used in
diagnostics for decades and produced by dozens of companies for many kinds of application. Their
versatility is one of the very crucial point of their fortune because of their extremely high
customizability [25], [26], [48]-[53]. Though many efforts have been dedicated to increase
sensitivity, diversify the detection panorama, and decrease the cost of immunoreagents, this
technique still holds strongly on its golden standards regarding materials (nitrocellulose
membranes), labels (colloidal gold and visual inspection of the result), and recognition elements
(antibodies) used. In this thesis the importance of the strategic design of LFIA will be exhaustively
explored and discussed in connection with the increase of the sensitivity and the improvement of
its inherent multiplexing capability.



1.1
*

The Lateral Flow Immunoassay

In the exhaustive review by M. Sajid et al. Designs, formats and applications of lateral flow assay,
the authors have explained the key points of the LFIA technique [54]. In addition, another review
focussing on the main steps and features of the production of the LFIA strip was recently published
on Nature Protocols by A. Parolo et al. [53].

The general structure of the LFIA is reported in Figure 1.1 and consists in an ensemble of
components providing chemical, physical, and mechanical features. Basically, it appears as a
multilayer array strip. On a backing plastic support (Figure 1.1 a) a thin layer of porous nitrocellulose
membrane (Figure 1.1 b) adheres. The backing support acts as a platform for the assembling of the
different components of the test and confers physical rigidity to the device. At the ends two
cellulose or glass fibre pads are pasted, the sample pad, and the adsorbent pad (Figure 1.1 c-d). The
sample pad absorbs gradually the liquid sample, acts a physical pre-treatment reducing the matrix
effects. The absorbent pad works as the driving force for the capillary flow and a sink for the liquid
processed through the strip. Between one of these pads and the beginning of the nitrocellulose
membrane is stuck another pad, generally made of polyester or glass fibre, called conjugate pad
(Figure 1.1 e).
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Figure 1.1 The structure of the typical ICST. a) backing support, b) nitrocellulose porous membrane c) sample pad, d)
adsorbent pad, e) conjugate pad, f-g) immunoreagents areas, h) labelled immunoreagent, i-j) cassette, k) reading
window, |) sample well, m-o) pressure teeth.

On defined regions (generally lines or spots) of the nitrocellulose, solutions containing
immunoreagents are dispensed (Figure 1.1 f-g). These can be one or more specific areas called Test
lines and one Control line. The role of the test lines will be to give evidence of the interaction with
the target molecule and, consequently, the required information. The Control Line ensures the
correct functioning of the test by binding with the probe independently on the presence of the
target. The conjugate pad is impregnated with a suitable labelled immunoreagent solution and dried
(Figure 1.1 h). The assembled strip is enclosed and stored into a plastic cassette (Figure 1.1 i-j)
providing a window in the area, which includes the reactive regions on the nitrocellulose (reading
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window, Figure 1.1 k). Another hole is present in correspondence of the sample pad, upon which
the sample will be introduced (sample well, Figure 1.1 1). The cassette provides some pressure points
assuring the correct flow of the sample/labelled conjugate mix solution along the components array
(Figure 1.1 m-o). The LFIA starts by applying the liquid sample on the sample pad (Figure 1.2).
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Figure 1.2 Run of the assay: execution of the test and progression in time. Visually the appearance after the addition of
the sample in the sample well changes in intensity until the complete appearance of the reacting bands.

The solution resuspends the labelled immunoreagents from the conjugate pad and the analytes and
the labelled probe flow by capillary forces along the membrane and through the lines, where
immunoreactions take place. Usually, they do not require external reagents for completing the assay
besides the liquid sample. Results are quick and easy to interpret, usually without the help of
equipment for qualitative assays. Deriving from the latex agglutination assay (Plotz and Singer,
1956) [55], the LFIA was later patented, improved, evolved multiple times by several companies and
producers. Its establishment between 1980 and 1990 did not meant the lack of further
improvements [56]—[59]. In 1988 the appearance of the Clearblue Pregnancy Test™, developed and
patented by Unipath, signed the beginning of the commercial success of LFIAs thanks, upon the
many advantages, to their simplicity and user-friendly format [60]. The technique has been furtherly
improved in the years, searching for even more performing materials and immunoreagents to face
the needs of the diagnostic challenges [61]-[87]. The application of the technology has expanded
well beyond clinical diagnostics to food and feed [88]-[96], veterinary [97]-[101], environmental
health and safety [102]-[108], drug testing and therapeutic drug monitoring [109]-[113],
agriculture and biowarfare [114]-[118].
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1.2
*

Components of the LFIA

Basing on the key references in literature, such as the reviews from M. Sajid (2016) and A. Parolo
(2020), but also R. Wong (2009), K. Koczula (2016) and A. van Amerongen (2018), the main LFIA
components and their description is reported in the following sections [26], [29], [53], [54], [119].

1.2.1 The sample pad

Ideally, the whole amount of the liquid sample must flow homogeneously, then an appropriate
material to collect and distribute the sample is needed. This is the function of the sample pad, which,
in addition, filter insoluble interference of the matrix. This aspect is particularly remarkable
considering that the lack of manual pre-treatment and extraction processes is one of the main
features representing an advantage of LFIA on respect to instrumental analysis. There are several
materials used to manufacture sample pads, but the mainly used are cellulose fibre and treated
glass fibre. They can be used unmodified or, if required, these materials can be impregnated with
buffers containing proteins, salts, surfactants, and/or other additives. Some reasons to pre-treat the
sample pad are discrepancy between the optimal pH for the assay and the natural pH of the sample;
presence of insoluble matter and viscous substances, such as mucins or large-size proteins; inclusion
of stabilizing agents for long term conservation; and so on. The pad is typically pre-treated by
dipping it in the suitable solution and drying. On the other hand, this step can accidentally introduce
sources of variability, including baking phenomena, buffer concentration gradients and edge effects
upon drying.

1.2.2 The conjugate pad

Independently on the kind of probe used in the test, the labelled immunoreagent providing the
analytical signal must be efficiently inserted in the test and stably stored. The shelf life of a LFIA test
can range between 6 month and 2 years and the stability of the entire strip usually corresponds to
the stability of the labelled immunoreagent. The function of the conjugate pad is holding the
detector probe in a dry state, maintaining it stable and releasing it efficiently and reproducibly when
the assay is run. The resuspension upon sample application must be rapid and quantitative. The
materials can be glass fibre or polyester. Hydrophilicity, low protein binding, rapid soaking and an
overall chemical inertness are the main requirements. As for the stability, the conjugate pad is the
main contributor to the coefficient of variation of the LFIA. As the sample pad, it is often pre-treated
to avoid loss of robustness and reproducibility. The pre-treatment involves the immersion of the
pad in a suitable solution of proteins, polymers, and surfactants, followed by drying paying attention
to the same criticalities cited for the sample pad (chapter 1.2.1).
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1.2.3 The membrane

The membrane is the analytical medium of the test onto which the reagents are immobilised or flow
through and into which they interact. The two main function of the membrane are to irreversibly
bind immunoreagents in well-defined areas and to allow for the correct flowing of the assayed
solution. Concerning the reactive areas, called test and control lines, the main requirements are: i)
strong binding with proteins or peptide antigens, ii) limited diffusion of liquids, iii) appropriate
porosity (determining the flow rate), iv) maintenance of the stability of the immobilized
immunoreagents. It accepts the labelled immunoreagent and the sample, flow them consistently to
the reaction areas, allow the reactions at the test and control lines to happen, and dispose the
unbound fluids, label, and reactants. Often made of nitrocellulose as a layer, the membrane is thin
and fragile, so it is attached to a plastic or nylon base layer to simplify cutting and handling. Other
material types available from the market, including nylon, polyether sulfone and polyvinylidene
fluoride have had limited success, apparently due to factors including cost, limited utility, the need
for education regarding new chemistry and processing requirements, and resistance to change due
to the large bank of existing experience in the use of nitrocellulose. The commercial nitrocellulose
is made by reacting cellulose from plant origin with nitric acid to obtain nitrate ester in place of the
former hydroxyls. Optimal substitution rates for better filming properties range between 1.8 and
2.3. The porosity and pore size of the membrane are controlled by different parameters like the
solvents used, evaporation speed, temperature, humidity and obviously the polymer properties
(e.g., molecular weight, size distribution and solubility). The membranes used in LFIA need
hydrophilicity and consistent flow characteristics. Nitrocellulose is naturally hydrophobic, and
surfactants are used to increase wettability to the resulting material. The protein binding capacity
is given by a combination between hydrostatic, hydrogen and hydrophobic interactions and is
estimated around 100 pg of IgG per cm?. Proteins bind to nitrocellulose because of the attraction
between the dipoles of the amidic peptide bonds and of the nitrate esters. Subsequently, the
hydrophobic interaction between the carbon containing nitrocellulose and the hydrophobic portion
of the protein completes the adsorption. Salt, surfactant, and sugar free media are recommended
to maximize protein absorption. The use of nitrocellulose to immobilize proteins was introduced in
1970s and improved in the following years to match the requirements of LFIA.

Nitrocellulose membranes are classified based on the capillary flow rates. Manufacturers most often
specify the capillary flow time as the time required for water to travel up and completely fill a 4-cm
long strip of membrane. In fact, the driving force of the LFIA is the capillarity. Exploiting the surface
tension of high surface-to-volume ratio media the liquid moves toward its narrow path despite the
gravity force. The competition between the forces favours the adhesive forces towards the walls of
the capillary on respect to the cohesive forces of the molecules of the liquid itself. The pore size,
viscosity and surface tension of the fluid and their mutual interaction affect the capillary flow rate.
In addition, as labelled immunoreagents are particles, an important aspect to consider is the ability
of a particle to migrate through the membrane related to the pores size. The pores in the membrane
must be sufficiently large to allow the passage of the particle probes.

1.2.4 The absorbent pad

To promote the flowing of a large volume of sample and the decrease of the background signal an
adsorbent pad is typically used. The absorbent pad is specifically designed to pull all the liquid that
is processed through the strip and to hold it for the duration of the assay. Enhancing the capillary
driving force, it absorbs all the unreacted substances and avoids back diffusion phenomena. The
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higher is the bed volume of the adsorbent pad the better will be the quality of the run. Allowing
higher volumes of samples increases the sensitivity and permits a better washing of the background
signal given by unbound labelled immunoreagents. The most employed material to make this pad
is high-density cellulose.

1.2.5 Drawing of the Test and Control lines

Some of the basic requirements of LFIAs are reproducibility and robustness of the system. The single
strip derives from the slicing of a membrane upon which the reacting lines are dispensed. Thus, the
deposition of these lines must be effective, efficient, controlled, and homogeneous along the whole
length of the membrane as for the dispensation of several membranes. Dispensing microvolumes
of solutions containing proteins and additives in a controlled and reproducible way to the porous
membrane is technically challenging and cannot efficiently be performed manually. The deposition
of the test and control line reagents on the membrane is performed using automatic contact or non-
contact dispensing instruments. The contact dispensing can cause the damage of the nitrocellulose
membrane; therefore, the non-contact dispensing method provides the best solution for
guantitatively dispensing proteins onto nitrocellulose. In our Bioanalytical laboratory, we use a
XYZ3050 platform equipped with several BioJet QuantiTM from BioDot (Irvine, CA, USA) that are a
non-contact, pump-driven solenoid dispenser (Figure 1.3).

Figure 1.3. BioDot XYZ3050 platform equipped with five BioJet Quanti™.

The dispenser uses a drop actuator such as a solenoid hydraulically pumped with a syringe pump.
The drop volume can be regulated so that the dispensation mode between separate drops or
multiple drops formed lines. The drop-to-drop and line coefficients of variation (+5% and 1-2%,
respectively), allows for reproducible and effective deposition of immunoreagents on the
membranes. Ideally, protein solutions are instantly adsorbed by the nitrocellulose membranes. For
this reason, the line width will present the size of an ‘half drop’ hemisphere. Setting 15-20nL drops
the size of the typical LFIA test and control lines range between 0.5 and 1.0 mm.
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1.2.6 Lamination and cutting

The different components and pads above described are properly assembled and overlapped in the
lamination process. In correspondence of the overlapping, a pressure promotes the right direction
for the run (Figure 1.1) and efficient mixing and prompt resuspension of the label; favour the
transfer of the mixture to the membrane and to the adsorption pad (Figure 1.4).

adsorbent pad -

nitrocellulose
overlap

Adsorbent

conjugate pad — pad
nitrocellulose ,ﬁ/
overlap H
adhesive
o backing
sample support
conjugate
pads nitrocellulose
overlap adhesive layer
pad . backing
Conjugate support
pad

Figure 1.4. The alignment and overlapping array of an assembled LFIA membrane before cutting.

The format of the LFIA is the strip test, obtained by cutting the laminate. There are many types of
suitable cutters for producing reproducible in width strips avoiding the disassembly of the laminate
(guillotine, single rotary blades, and rotary card cutter. In this work we used a CM4000 guillotine
from BioDot (Irvine, CA, USA) (Figure 1.5)
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Figure 1.5. Guillotine BioDot CM4000 Cutter

The width of the strip depends on a compromise between the economic sight, according to which
thinner strip are preferable and the easy interpretation of the result. Also, delamination can occur
if the dimensions are too narrow. In addition, the reproducibility can be affected since decreasing
the width the strip-to-strip CV will unavoidably increase. Typical LFIA strip width range is 3-8 mm.
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1.3
*
Immunoreagents

The use of the antibody-antigen pairs to exploit immunocomplex formation persists as a golden
standard of the wide array of analytical approaches. Though the many efforts made to find
alternatives to the use of antibodies (DNA probes, DNA-zymes [120], aptamers [121], [122] and
molecularly imprinted polymers (MIPs) [123] they still hold as the most efficient and reliable among
the recognition elements. On the other side a larger variability is admitted for the antigenic
counterpart. Especially for those formats that include the use of antigens for recognition of small
molecules the design of an appropriate antigen from the target molecule can be challenging. The
proper use of an antigen can add unexpected and useful opportunities to increase specificity,
sensitivity and multiplexing capability as will be reported in the following chapters.

1.3.1 Antibodies

Antibodies, also known as immunoglobulins, is a class of bioactive compounds interacting with
exogenous matters and compounds. Their structure, characteristics and classification are well
known in the literature, as summarized by H.W. Schroeder and L. Cavacini in their article Structure
and function of immunoglobulins [124].

Different classes of immunoglobulins exist, among which those used as bioligands belong to the G
class. Immunoglobulins G (IgG) are 150kDa proteins produced by the immune system of vertebrate
animals to face pathogenic or viral infections. They are characterized by the ability to bind to a
specific antigen. The IgG is composed by 4 aminoacidic chains: 2 heavy chains (50kDa) and 2 light
chains (25kDa) linked covalently by disulphide bridges (Figure 1.6). They present several domains,
including a hinge region, a glycosylation site, 2 domains in each of the light chains and 3 in each of
the heavy chains. Almost the whole protein sequence is constant, except for the variable region,
including amino acids both from the light and from the heavy chains.

heavy
chain

hinge
region

glycosilation
sites

coo CoOo
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Figure 1.6. Schematic (left) and spatial (right) representation of an IgG antibody.

This aspect conceptually separates the antibody structure in a variable region (V) and a constant
region (C). The V region contains the binding site for the antigen and for this reason is called Fraction
antigen binding (Fab), whereas the C is called Fraction crystallizable (Fc). The C region can be called
constant because varies very little. Nevertheless, these minimal variations are sufficient to define
different classes of antibodies (IgA, I1gM, 1gG, IgE, IgD and IgY), having different characteristics and
functions. The IgG class is the most abundant in the serum and IgG are responsible of the so-called
“immune memory”. IgG generally appear after some time from the first exposure to the pathogen.
This time-lapse is called “seroconversion” and is variable in time depending on the nature of the
pathogen and, slightly, on the individual. The IgA class protects mucous membranes from pathogens
and these immunoglobulins are generally highly concentrated in mucous and saliva where they are
present in a dimeric form. They are present also in the serum but less concentrated (higher than
IgM but lower than IgG) and are found in the monomeric form. The IgM are pentameric and are, in
most cases, the first class of antibodies produced facing up to an infection. After the seroconversion
period they lower and leave the place to the IgG class.

Chemical and structural interactions concur toward the formation of the complex between the
antibody and the antigen. The strength of this interaction is exploited by the immunoanalytical
methods. Every antigen-antibody pair presents different binding performance, estimated by the
affinity constants K. The weak and strong forces (H bonds, electrostatic and Van der Waal forces)
concur differently to the overall strength of the interaction depending exclusively by the interaction
with the ligand. The affinity constant K (M) is empirically estimated as the equilibrium between
the dissociation and association events and ranges from 10* (high affinity) to 10° (low affinity). The
affinity constant strongly influences the performance of the immunoanalytical method.

N _ [Ab][Ag]

Ab + Ag <<= AbAg K = m

Antibodies are naturally produced by the immune system to face situation the body interpret as
dangerous. as analytical tools, they are elicited by introducing into immunocompetent host a high-
molecular weight compound. Modern antibody production techniques allow producing two kinds
of antibodies: monoclonal and polyclonal antibodies [125]. Polyclonal means that the whole
antibody population derives from different antibody producing cells and will present a
heterogeneous affinity. On the contrary, monoclonal antibodies are originated from clones of many
copies of the same antibody producing cell and the binding characteristics of the whole amount of
the antibodies correspond to the characteristic of the single antibody. The first step of the
production of both the types is the immunization of a competent animal (mouse, rabbit, goat,
sheep, horse): a series of administration of an immunogenic derivative of the target molecule (a
recombinant antigen, a vaccine or a small molecule derivative linked to a protein). This event
provokes the immune reaction with the appearance of a polyclonal response. Collecting and
purifying the serum of an immunized animal (antiserum) a polyclonal antibody (pAb) is obtained. In
a typical polyclonal antibody preparation, only 0.2 - 2% of the total antibodies are directed against
the antigen of interest [126]. If the spleen cells of the sacrificed animal are isolated and immortalized
by fusion with myeloma cells, antibodies can be produced continuously. Then, these cells are split
and assayed serially until the isolation of clones containing copies of the same antibody. These
antibodies are called monoclonal antibodies (mAb). They are generally very specific but, usually,
their employment in immunoanalytical tests brings to lower sensitivity. Nowadays mAbs are also
used for immunotherapy and treatment of many diseases from cancer to drug refractive migraine
[127]. All protocols for antibody production should be reviewed by animal welfare committees to
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ensure they comply with the guidelines for humane treatment of the animals. A good quality LFIA
requires high specific antibodies with high affinity for the target antigen.

1.3.2 Antigens

The antigen is a target of the binding site of an antibody and, in general, a molecule able to bind an
antibody. Some large antigens, such as viral or bacterial proteins or macromolecules, present many
epitopes (molecule moieties involved in the antibody recognition). On the contrary, many other
target molecules, such as drugs or toxins, are too small (<3kDa) to elicit the generation of the
immune response, even if they are able to bind an antibody and are called haptens. The haptens
are covalently linked to a carrier protein to increase their dimension and elicit the immune response
[128]. Consequently, the hapten-carrier conjugate elicits the production of a panel of antibodies,
among which some are directed toward the carrier protein, others to the linking group, and some
toward the hapten. To obtain hapten-specific antibodies from polyclonal antisera, a separation step
is required, more likely by affinity chromatography. The ideal hapten-carrier structure must not
modify the structure of the target, to avoid production of antibodies toward something too different
from the target, leading to a scarce affinity.

1.3.3 Labels and probes

Labels are of utmost importance for the LFIA being it the only way to directly, or indirectly, detect
the formation of the immunocomplexes in the test and control lines. Undoubtedly, labels and the
corresponding detection method influences the LFIA performances. But is also true that after 30
years of continuous research some labels still hold firmly as the golden standards of the technique.
Among the requirements of a suitable label there are cost-effective production, simple and
conservative conjugation to immunoreagents avoiding non-specific binding, high stability under
various chemical conditions and temperatures, wide signal dynamic range, high signal-to-noise ratio
and, most important, ability of flowing uniformly through the porous membrane. In the last
decades, many kinds of labels have been employed both in the literature and in industrial
production: nanomaterials (e.g., carbon, silver, gold and selenium nanoparticles and dye-containing
liposomes), fluorescent (e. g. quantum dots) and chemiluminescent (e.g., horseradish peroxidase).
In his review, “A review of fluorescent signal-based lateral flow immunochromatographic strips”
(2017) [129], Gong et al. gather and describe diverse fluorescent reporters, such as fluorescent dyes,
guantum dots (QDs), an up-converting phosphor (UCP), lanthanide labels, and other fluorescence
nanoparticles. Concerning liposomes many attempts of their inclusion in LFIA were made, including
the one K. Edwards and A. Baeumner proposed in 2009[130] for detecting myoglobin, or the ones
from J.A.A. Ho for aflatoxin B1 [131] and Salmonella [132] detection. Chemiluminescence catalysed
by luciferase and horseradish peroxidase has widely been exploited to enhance sensitivity. Some
recent examples are the works from G.R. Han and M.G. Kim for the detection of troponin (2020)
[133], the self-contained proof-of-concept approach by J. Deng et al. (2018) [134] and the work by
J.M. Park et al. using platinum nanoparticle as substrate (2015) [135], but also from the recent past
such as the one from Y. Wang et al. for the detection of nucleic acids (2012) [136]. Notwithstanding,
nanomaterials are still the most used signal reporters for LFIA [137]. Especially, they are largely
employed for the infectious disease diagnostics, as emerges from the review from R. Banerjee and
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A. Aishwal, Recent advances in nanoparticle-based lateral flow immunoassay as a point-of-care
diagnostic tool for infectious agents and diseases (2018) [138].

Nanomaterials have several advantages over fluorescent and chemiluminescent probes, which did
not resound the expected success because of several issues concerning their performance, cost, and
toxicity (quantum dots), complicated conjugation protocols, and lower than expected signal to noise
ratio (horseradish peroxidase), need of addition of steps (disruption of liposome vesicles). Among
the nanomaterials, carbon nanoparticles have been proposed by A. van Amerongen in 1993 [139]
but are debated and their utility controversial, as they allow increasing of the signal-to-noise
contrast given by their black colour but their conjugation to antibody is challenging. Silver
nanoparticles present, often, instability but show an array of different possible colour obtainable by
simply changing synthesis parameters [140]. Selenium nanoparticles (e.g. HIV ABBOTT test [141])
and latex particles (pregnancy test) are widely used on the market. Since gold nanoparticles
represent the label employed in all the LFIAs developed in this work they will be furtherly described.

1.3.4 Gold nanoparticles

Gold nanoparticles (GNPs) have been used as a pigment since the 17t century and studied as a
colloidal sol from the second half of the 19t century [142]. Being made of a transition metal in the
presence of suitable conditions, they can exhibit an intense visible colour. This is due to the surface
plasmon resonance (SPR) phenomenon affecting some transition metal nanoparticles. The light can
be adsorbed if the diameter of the nanoparticle is in the order of magnitude of 1/10 of its
wavelength, simply by resonating with its electronic density [143], [144]. The collective coherent
oscillation of the free d electrons of gold (conduction band electrons) causes a dipole formation due
to the charge separation that oscillates along the electromagnetic field of the incident light.

This absorption is typically between 516-540 nm for 13-40 nm diameter GNPs (figure 1.6). This
manifests itself in a red colour whose intensity, photometrically measured as optical density (OD),
depends on the number of nanoparticles in the solution. Also, the wavelength of the maximum OD
is related to the shape and dimension of the nanoparticles. The gold nanoparticles can be obtained
in other dimensions. For a 20 nm GNP, the total extinction is nearly all contributed by absorption.
When the size increases to 40 nm, the scattering contribution is no longer negligible and when
increases to 80 nm, the extinction is contributed by both absorption and scattering in a similar
degree [145]. For relatively coarse GNPs dispersions the scattering and the absorption occurs within
the orange range of the spectrum. This results in blue or violet colour of such sols in the transmitted
light. Moreover, nanoparticle optical properties are also sensitive to the proximity of other
plasmonic materials. When two or more plasmonic nanoparticles are near each other their surface
plasmons couple as the conduction electrons on each particle surface collectively oscillate. This
coupling effect is responsible for the dramatic changes in the visible colour of plasmonic
nanoparticle sol when nanoparticles aggregate [146].
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Figure 1.6. A typical example of a colloidal gold solution synthesized in laboratory and used in the works described in
following chapters. On the left the visible spectrum of a solution of gold nanoparticles with optical density 1. On the
right Imagen taken by means of transmission electron spectroscopy

One of the first examples of the use of GNPs as labels in LFIA was reported by J.K. Horton et al. [147]
for the detection of mouse immunoglobulins. Since then, GNPs labels have been widely used in the
development of antibody-based LFIA for food analysis [148], [149] and point-of-care diagnostics,
including environmental chemical contaminants and infectious agent monitoring [150]. GNPs of
various sizes are available on the market. In addition, there are various synthetic protocols to
produce colloidal gold in the laboratory depending on the particle size desired. Basically, all methods
use a reducing agent to convert ionic gold into metallic gold in a controlled manner. The most
common approach to synthesize GNPs in aqueous solution relies on the tetrachloroauric acid
(HAuCl4) reduction by means of sodium citrate and was reported for the first time by E.A. Hauser
and J.E. Lynn [151] and subsequently improved by J. Turkevich et al. [152] and G. Frens [153]. In this
method, citrate serves as both the reducing agent and as the anionic stabilizer of GNPs [154]. All the
GNP solutions used in this work was made following the Turkevich method:

e 100 ml of 0.01% (w/v) solution of HAuCl4 in milliQ water must be heated to 100°C under vigorous
stirring avoiding concentration by means of a six-bulb condenser.

o 1.2 mlof afreshly prepared and filtered 1% w/v solution of sodium citrate must be added quickly to
the boiling solution.

e Once the desired colour appears wait for 2-3 minutes, cool down the GNPs and store at 4°C.

Besides the facile production, the stability over time in colloidal form and the intense absorption in
the visible region of the spectrum, another important property that explains the popularity of GNPs
as labels in immunoassay is their affinity towards most proteins and especially immunoglobulins.
Thanks to this feature, stable labelled immunoreagents can be produced by passive adsorption
[155].
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1.4
*

LFIA: formats and application

The LFIAs is a versatile platform to realize immunoassays. Even considering the transition from the
multi-step protocol of the traditional ELISA to a single step with all the reactions concentrated in 10
minutes, the principle and the opportunities are almost the same of any immunoassay platform.
The several formats of LFIA can be subdivided in two major categories that derive from the
immunoassay basic principles: competitive assays and non-competitive assays. The following brief
description of LFIA formats summarizes concepts reported in the review by M. Sajid et al. [54]
Designs, formats and applications of lateral flow assay: A literature review, by S. Kasetsirikul et al.
(Challenges and perspectives in the development of paper-based lateral flow assays,(2019), [156]
and by A. E. Urusov et al. who listed and discussed the steps required for the development of LFIA
(“Towards Lateral Flow Quantitative Assays: Detection Approaches”) [157]. Hints on recent
improvement of the assay, especially as concerns the applications to the topic of the thesis are
based on the Six decades of lateral flow immunoassay: from determining metabolic markers to
diagnosing COVID-19 by B.G. Andryukov (2020) [27].

1.4.1 Competitive LFIA

This format is the only chance when the target is a small molecule, unable to bind simultaneously
to more than one antibody. It is based on the competition between the target molecule and its
derivative (antigen) immobilized on the test line for binding to a specific labelled antibody. The
scheme is depicted in Figures 1.7-8. In the format with direct labelling, (Figure 1.7) when the target
is present, it binds to the labelled antibody subtracting it from binding to the antigen immobilized
on the test line. When the target is absent (or below the detection limit), the labelled antibody binds
to the antigen on the test line. So, the presence of the analyte causes the disappearance of the test
line signal. An increased sensitivity has been associated to using indirect labelling of the specific
antibody (Figure 1.8) [158]. In this strategy, the revelation is made by means of a labelled secondary
antibody.
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Antibody vs
target
(labelled)

S 2

Antibody vs

Target
antibody

derivative

Az

\_ | —_ :
Tes(t‘:rl)lne COM(I:; line
1a) negative [@ ] 1b) positive [@ ]
TC TC
arget .
. o o *0os @
1 38 - [ 3 et

1/ T c 4 T c
Figure 1.7. Scheme of the typical competitive LFIA: the antigen and a secondary antibody form the test and the control
line, respectively (1). The specific antibody is labelled with gold nanoparticles as the probe. In the case of a negative
sample (1a) the probe binds to the antigen at the test line and the colour appears for the accumulation of the probe. In
the case of a positive sample (1b) the target inhibits the binding of the probe toward the antigen and the colour does
not appear on the test line.

2) Competitive LFIA with indirect labelling of the antibody
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Figure 1.8. Scheme of the typical competitive LFIA with indirect labelling of the antibody. The strip composition and
the assay principle are as described above, except for the fact that the specific antibody is present in the running buffer
and the secondary antibody is labelled with gold nanoparticles as the probe. In the case of a negative sample (1a) the
probe binds to the antibody, and the complex is captured by the test line so that the colour appears for the accumulation
of the probe. In the case of a positive sample (1b) the target occupies the binding sites of the specific antibody and the
complex is unable to be captured by the test line thus the colour does not appear.

22



The competitive approach can be used also for analytes of higher dimension. Being a less sensitive
format on respect to the non-competitive counterpart it is not generally applied unless the non-
competitive format is unavailable for steric hindrance issues or lack of sufficient binding epitopes.
As the control line, typically a secondary antibody or a generic antibody-binding reagent is used to
bind the excess of the labelled immunoreagent. In the development of a competitive test is
important to balance the quantities of immunoreagents to maximize the response to minimum
change of the target concentration; neither the labelled antibody nor the target antigen should be
in excess compared to the target.

1.4.2 Non-competitive LFIA

This format can be used for molecules that have at least two epitopes. It is based on the mechanism
of capture-revelation. In the case the target is an antigen, it is captured by an antibody immobilized
in correspondence of the test line and revealed by another labelled antibody and that is the reason
for which it also known as sandwich direct assay. Their development requires the production of two
antibodies with complementary binding ability. To reach this goal, whenever possible, recombinant
antigens, showing one specific epitope are prepared. Alternatively, antigens are extracted and
purified from the pathogens.

The typical sandwich-type LFIA (Figure 1.9) can be designed in two different ways depending on the
nature of the target antigen. If the antigen shows repeated equivalent epitopes, just one antibody
can be used to act as the capturing and the detector reagent (homologous sandwich). If multiple
equivalent epitopes do not exist, the use of two different antibodies is necessary (heterologous
sandwich). Typically, large protein complexes, virus particles and cells present several repeated
epitopes while peptides and proteins have different epitopes and require the production of two
specific antibodies directed towards different portions of the molecule.

If the target is an antibody, as for serological assays, the antigen is used for capturing and/or for
detection. Contrarily to the competitive format, in this case the presence of the target causes the
appearance of the signal at the test line. The scheme is depicted in Figures 1.9-12. The non-
competitive LFIA are affected by a great number of variables, such as: the number and nature of
antigen epitopes, the sensitivity and specificity of the d antibodies, the ratios and balances between
the target and similar molecules in the sample, etc...
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1) Direct non-competitive LFIA
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Figure 1.9. Scheme of the typical sandwich-type (or two sites immunometric) LFIA. The test line is formed by a specific
antibody and the control line by a secondary antibody (1). A secondary specific antibody is labelled with gold
nanoparticles and used for signal reporting. In the case of a negative sample (1a) the labelled antibody binds only to the
control line. In the case of a positive sample (1b) the antigen is stapled by the two antibodies, giving colour by
accumulation of the probe also on the test line.

As the control line, any kind of secondary antibody (anti-antibodies) or antibody-binding proteins
(Staphylococcal protein A or Streptococcal protein G) can be used to bind the excess of probe
flowing towards the adsorbent pad. Where the target is an antibody, the selection of a specific class
of immunoglobulin to be targeted is accomplished by using suitable secondary reagents.
Concerning the use of LFIA for diagnosing infectious diseases, the antigen from the pathogen is
exploited to characterizes the antibody and the antigen is the only reagent on which relies the
specificity. Depending on the class of antibodies, the abundance into the matrix, the affinity for the
antigen, the characteristics of the antigen (stability to time, pH and temperature, solubility,
similarity to the native form, compatibility with labels and/or nitrocellulose membranes), different
formats can be applied.
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2) Antibody non-competitive LFIA — Capture by antigen
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Figure 1.10. Scheme of the indirect antibody LFIA with immobilized antigen. The antigen is the capture reagent on the
test line, while the control is given by a secondary antibody (2). The secondary antibody is labelled with gold
nanoparticles for signal reporting. In the case of a negative sample (2a) the probe binds to generic antibodies without
interactions with the test line. In the case of a positive sample (2b) the probe-target antibody complex binds to the
antigen, giving colour by accumulation of the probe on the test line.
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Figure 1.11. Scheme of the antigen-probe indirect antibody LFIA. The secondary antibody is the capture reagent on the
test line, while the control is given by an ad-hoc reagent for the control probe. On the test line the secondary antibody
and on the control line (3). The antigen is labelled with gold nanoparticles and mixed with the control probe for signal
reporting. In the case of a negative sample (3a) the generic antibodies are captured by the test line, but the probe does
not interact with them. The control line binds the control robe without any other influence. In the case of a positive
sample (3b) the antigen probe binds the target antibody and then the secondary antibody when reaches the test line.
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4) Antibody non-competitive LFIA — Double antigen sandwich
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Figure 1.12. Scheme of the double-antigen indirect antibody LFIA. The antigen is present on the test line and as the
antigen-probe. the control line is made by an ad-hoc pair (4). The antigen-probe is mixed with the control probe for
signal reporting. In the case of a negative sample (4a) there is no binding except for the one at the control line. In the
case of a positive sample (2b) the antigen-probe binds the target antibody, and the adduct is captured by the antigen
on the test line.

Antigen

The affinity required for the capture should be generally higher than the one required for detection.
The time-lapse spent on the test line, during the flow, is very short (milliseconds), while from the
resuspension of the probe to the reach of the test line passes many seconds during which the
labelled reagents and the target are free to interact in solution. The antigen can be used for the
capture (Figure 1.10) to specifically interact with the target antibodies, which are then revealed by
a secondary antibody. This approach is expected to be more effective for high affinity antibodies or
when many non-specific antibodies are present in the sample. This format can be reversed (Figure
1.11) exploiting the high binding capacity of the secondary antibodies and antibody-binding
proteins, leaving to the probe the selection of the specific antibodies. This approach can be used
when the affinity for the antigen is low or when the target antibodies are few in the sample. This
strategy implies the labelling of the antigen. This last is needed, also, for the third format, the
double-antigen (Figure 1.12). In this case the antigen is used both for capturing and for signal
reporting. In this format, the generic antibodies, present in the matrix, do not interfere in the test.
In principle, if the affinity of the target antibody for the antigen is high enough, this format should
reach the maximal sensitivity through the maximal specificity. However, the use of labelled antigens
introduces the problem of the control line, that cannot work as a standard control line. Generally,
when a labelled antigen is used, an ad-hoc probe-capture pair (e.g., labelled biotin-avidin) is added
to the system, assuming the control probe and test probes behave equivalently during the flow. This
is, especially for poorly stable antigenic probes, a quite rough approximation and the risk is to
increase the number of false positive and/or false negative results.

When the target is present in very large amount the so-called Hook-effect occurs: the saturation of
the labelled and capture immunoreagents by the excess of the target provokes a loss in the
analytical signal, rising the risk of false negatives. High-dose hook effect can be avoided by increasing
the quantity of the antibodies and by reducing the amount of the sample by dilution [159]. During
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the development of LFIA in the sandwich format, this phenomenon must be considered, especially
for systems with wide analyte concentration ranges.

1.4.3 Multiplexing

To be univocal, the clinical decision often needs more than a single clue. For this reason,
complementary information items are given by biomarkers involved in the diagnostic framework.
The LFIA is such a versatile technique that the multitarget upgrade of the assay is almost always
possible. Another advantage of multiplexing a LFIA strip on respect to other immunoassays is that
it is possible to obtain information about all the involved targets within the single 10 minutes run
from the single sample. All the formats mentioned above can be multiplexed through several
strategies [160]. The different strategies are reported by exhaustive reviews such as “Design of
Multiplex Lateral Flow Tests: A Case Study for Simultaneous Detection of Three Antibiotics” by A.
Bartosh et al. (2020) [161], “Multiplexed detection of biomarkers in lateral-flow immunoassays” by
L. Huang et al. (2020) [162] and “Multiplex Lateral Flow Immunoassay: An Overview of Strategies
towards High-throughput Point-of-Need Testing” by L. Anfossi et al (2018) [163]. The use of multiple
test lines drawn along the same strip by using different immunoreagents on different test lines allow
for discrimination through spatial resolution (Figure 1.13a). Spatial multiplexing can also be realized
by using microfluidic to produce microarrays as discussed by A. van Amerongen et al. in the chapter
7.2 of the Handbook of Immunoassay Technologies (2018) [160] (Figure 1.13b-d). Despite the high
number of publications present in literature, array-like systems seem not to find a proportional
fortune on the market. The reason can be the need of special reading devices, though they are often
developed to be incorporated into portable devices or smartphone applications.
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Figure 1.13. Currently used multiplexing strategies for LFIA: multiple lines (a), microarray of reactive spots (b), multi-
flow (c) and microfluidic systems(d).

The same problem is affecting the use of alternative probes (differently coloured probes or mixing
colorimetric, chemiluminescent, fluorescent, magnetic labels and so on) to differentiate by the
detection [140], [164], [165] . Another feasible route for increasing the number of information

27



obtained by a single analysis relies in including more than a strip in the same device [166]. All these
strategies present pros and cons and the optimal approach strongly depends on the specific
application.

1.4.4 Increasing the sensitivity

Depending on the application, the sensitivity requirements of the LFIA device can be different. The
great challenge of the LFIAs is the lowering of the limit of detection when the analyte is at very low
concentration. Concerning infectious diseases this often is directly connected to the possibility to
achieve early detection of a suspect case. For this reason, the quest of even more sensitive and
effective devices is endless. Researchers are following this path as a holy grail, trying many
approaches especially by using enhancing approaches (e.g. as described in the Improvement in
Detection Limit for Lateral Flow Assay of Biomacromolecules by Test-Zone Pre-enrichment by Y.
Zhang et al. in 2020 [167]), by using novel probes exploiting theoretically more sensitive physical
phenomena (fluorescence or chemiluminescence) or by using new and complicated technologies
(e.g. using laser excitation as proposed by H. Ye et al. in 2020 [168]).

In the chapter Ways to Reach Lower Detection Limits of Lateral Flow Immunoassays by A.V. Zherdev
and B.B. Dzantiev (2018) in the book Rapid Test - Advances in Design, Format and Diagnostic
Applications [169], the authors individuated the ‘big five rules’ for developing effective and sensitive
LFIA including proper: sample, receptor, interaction, response, and output. They underlined the
“role to antibodies affinity and specificity” and the “locations of the immunoreagents on the test
strip” as “factors determining assay parameters”.

Basing on these principles and combining with the diagnostic issues encountered in the thesis
project, remarkable importance was given to the strategic design of the LFIA devices.
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1.5

*
Rapid diagnosis of infectious diseases

Infectious diseases are clinical issues provoked by an infection from a foreign organism (virus,
bacterium, fungus, etc..) acting as a pathogen. After the infection, generally the immune system
elicits an immune response and this a common aspect between infections from different pathogens
[170]. On the contrary, symptoms can differ significantly, and, in many cases, the first stages of the
infection are asymptomatic. The nature of infectious diseases is to spread from a host to another
exploiting it as an incubator for replication, transforming it into a reservoir. Many pathogens cannot
survive without a host, so they are naturally ‘designed’ to infect the largest possible number of
individuals. This aspect renders the infection not only a problem for the individual, but for all the
community. Quarantines and isolation, as seen in the last year, can cause not only health but also
economic, social, behavioural, and political issues all around the world [171]-[173]. The
transmission can occur, in many cases, in stages where the symptoms are still not present, and this
is the main reason for which rapid screening tests are crucial to control the largest number of
individuals in the lowest time [9], [174]. The importance of a prompt diagnosis to rapidly manage
isolation and quarantines is self-evident. Higher screening capability allows for monitoring the
susceptive population, at-risk communities and numerous groups previously exposed to infected
individuals.

Infectious disease tests are generally based on the yes/no response to the presence or absence of
direct or indirect biomarker [175].

For instance, the presence of antibodies specific to HIV antigens in the serum of an individual
indirectly assesses the positivity to HIV. As explained in chapter 1.3.1, the classes of antibodies can
be differently present depending on the stage of the infection. Targeting IgM or IgG enables
discriminating between an early stage or an advanced stage, helping to understand the period of
infection and the possible spread of transmission. On the other hand, the presence of the HIV
antigens assesses directly (and earlier than antibodies) the exposure to the pathogen.

Regarding application to medical sciences, it is important to consider the implications of the strategy
involving a first screening diagnosis. Usually, a less specific approach in favour of a more sensitive
test is preferred; however how much of the specificity can be sacrificed is questionable. Sometimes
is important to widening the number of biomarkers to be detected, sometimes it is useless or
counterproductive. Clinical specificity and sensitivity are defined according to a binary classification
of subjects and an ideal test is expected to correctly discriminate patients with the disease from
patients who are disease free [176].

The diagnostic sensitivity and specificity are used to define the performances of any kind of clinical
screening test used for binary decisions. Their mathematical expression is:

TP
e sensitivity (Se) or true positive rate (TPR), m is the probability that a sick/infected

individual is correctly classified.

TN
e specificity (Sp) or true negative rate (TNR). m is the probability that a healthy

individual is correctly classified.
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where symbol meaning is the following:

e positive (P), sick/infected individual taking part to the study.

e negative (N), healthy individual taking part to the study.

e true positive (TP), are the ones correctly classified as sick/infected.
e true negative (TN), are the ones correctly classified as healthy.

e false positive (FP), are the healthy misclassified as sick/infected.

e false negative (FN), are the sick misclassified as healthy.

Besides Se and Sp, other parameters are often used to evaluate the clinical performance of a test:

TP
e positive predictive value (PPV) or precision.
TP+FP

is the probability that a positive result

corresponds to a sick individual.

TN
e negative predictive value (NPV). ———— is the probability that a negative result
TN+FN

corresponds to a healthy individual.

FN

e false negative rate (FNR) or miss-rate. FNTTP is the probability that a positive subject is

misclassified as negative.

FP
e false positive rate (FPR) or fall-out. m is the probability that a negative subject is

misclassified as positive.

FN
e false omission rate (FOR). ——— is the probability that a negative result is false.
FN+TN

Concerning infectious diseases, generally, the screening should be as much sensitive as possible,
whereas the confirmation should be very specific, to un-mask false positive results. In the case of
infectious diseases, the risk of false positives is world-widely accepted because justified by the
importance of a prompt and quick intervention. In addition, the intervention in a suspect case is,
generally, less invasive on respect to other kind of pathologies requiring biopsies, scintigraphy, or
other invasive sampling necessary for the confirmation analysis.

As advanced before, the role of the LFIAs in the diagnosis of infectious diseases was widely
underlined in these years, as can be found in the WHO Bulletin in 2012, the N.P. Pai et al. review
“Point-of-Care Testing for Infectious Diseases: Diversity, Complexity, and Barriers in Low- And
Middle-Income Countries” (2012) [11], the “Development of Multiplexed Infectious Disease Lateral
Flow Assays: Challenges and Opportunities” by K.M. Hanafiah et al. (2017) [177] and several other
reviews. Among the many mentioned ones, an important aspect considering the importance of
LFIAs for diagnosing of infectious diseases is the fact that they can be executed, by the end user,

30



without the need to expose sanitary personnel to the risk of infection. This aspect directly affects
also on the number of tests that can be executed and the subsequent amount of information
collectable from the crisis units and reference epidemiological labs. The negative counterpart is the
influence of the subjective interpretation of the results that can be minimized by clear instructions
and by extremely performant devices giving the most straightforward outcomes. Many POCTs,
especially in the format of LFIA devices, have been developed and used for decades for diagnosing
infectious diseases in human and animal healthcare. Table 1 reports, as an example, the routine
tests used for returning travellers at the Centre of Diagnostic Control and Prevention by E. Rabold
and J. Waggoner [178].

Table 1. Centre of Diagnostic Control and Prevention suggested available tests for returning travellers, chapter 11, 2020
Yellow Book, Traveller’s Health

SYNDROME PATHOGEN SPECIMEN ADDITIONAL INFORMATION

Lateral flow immunochromatographic tests and small panels

Received emergency use authorization by
FDA and WHO.
May not be appropriate for excluding
illness in early infection.

Ebola virus? Whole blood

Not FDA-cleared. Highly variable diagnostic
performance.
Antibodies may cross-react with other
flaviviruses.

Systemic
febrile Dengue virus?! Serum
iliness

Best performance characteristics
for Plasmodium falciparum infections.
Many versions may be available in
endemic areas.

Available in the United States individually
or in combination.
Adenovirus rapid tests are approved for
ocular specimens.

Malaria? Whole blood

Norovirus,
rotavirus, Stool sample
adenovirus?!

Gastrointestinal
infections

Rapid antigen and molecular
Grou tests? available.

P Throat swab .
A Streptococcus both are specific but molecular tests have

improved sensitivity.
NP or throat | Rapid test sensitivity 50%—70%; negative

Influenza . .
swab testing should not direct treatment.
Respiratory . Only detects serogroup 1. Recommended
) ] Legionella . . .
infections 1 Urine by IDSA for patients with more severe
pneumophila disease

Respirator . .
P ¥ NP or throat | Accurate antigen assays, recommended if

syncytial .
y . Y swab results will affect management.
virus
Streptococcus Urine Recommended by IDSA for use in certain
pneumoniae patient populations.
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Chl di
amy_/a . . Molecular tests remain gold standard; a
trachomatis and |Urine, vaginal .
. . sample-to-answer molecular assay is
Neisseria swab . 12
1 available.™
gonorrhea
Antibody and antibody/antigen kits
HIV Whole blood, available.
Sexually oral fluids Molecular testing preferred for acute
transmitted infection.
infecti
Infections Treponema Antibody detection, may not be
g Whole blood . . :
pallidum appropriate for acute infections.
Tricho.mO{ras Vaginal swab Rapid a.n"cigen testing is specific with
vaginalis sensitivity approximately 90%.
Identifies increased sialidase activity, an
BV path Vaginal ’
pathogens aginal swab enzyme associated with BV pathogens.

Abbreviations: BV, bacterial vaginosis; FDA, US Food and Drug Administration; IDSA, Infectious Disease Society of
America; NP, nasopharyngeal; WHO, World Health Organization.

! Not waived by Clinical Laboratory Improvement Amendments.

2 Not immunochromatographic assay

The screening diagnostics of infectious diseases can follow many different approaches using
different formats. Majorly, considering the high molecular weight targets, they use non-competitive
formats. The targets are typically viral or bacterial antigens (proteins, glycoproteins, lipoproteins)
or antibodies (typically 1gG) directed towards these antigens. Relevant to the field of chronical
infectious diseases is also the follow up of the patient by monitoring the therapy. As an example,
the management of HIV-infected subjects requires to assess in real time the compliance to the
treatment to quickly discriminate if the therapeutic failure is due to drug resistance or to non-
adherence, for assuring the best treatment for the subject and, also, for avoiding the development
of drug resistant viral strains. This discipline is called therapeutic drug monitoring (TDM), and the
targets are generally drugs, pro-drugs, or their metabolites, which are measured in biological fluids.
As therapeutic drugs are small molecules, the only immunoassay format available for their detection
is the competitive one.

1.5.1. Validation of diagnostic tests for infectious diseases

The field of In Vitro Diagnostic (IVD) is regulated by the Directive 98/79/EC. The minimal
requirements for rapid in vitro IVD tests are reported in the 2009/886/EC: Commission Decision of
27" November 2009 [179].

Briefly, considering devices to be used with serum and blood specimens (e.g., HIV test) all the
positives must be correctly classified (diagnostic sensitivity =100%) by the CE labelled device and
the specificity must be at least 99.5%. For validation purposes, the negative samples must represent
the target population to whom the device is addressed. the number of samples to be tested for the
validation of the diagnostic depends on its application but is comprises between 300 and 400 for
positive and from 5000 for negative samples. For other biological fluids (e.g., saliva or urine) the
common technical specifications (CTS) must be the same so they must be evaluated in parallel with
a serum (or plasma) test on the same subjects. Considering the tests for the home-diagnostics, they
must satisfy the same specificity and sensitivity requirements in the CTS of the professional user
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ones and the crucial parts of the evaluation must be carried out by end-users to validate the protocol
and user instruction. In general, any new device must be validated with an already validated,
certified, and updated one.

Starting from 26 May 2022, the Directive will be replaced by Regulation (EU) 2017/746 on in vitro
diagnostic medical devices entailing some modifications including the mandatory delegation to third
party of the validation process [180].
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This thesis is based on the idea, suggested by the research group expertise, and confirmed by the
words of A.V. Zherdev and B.B. Dzantiev, that an intelligent strategical design applied to LFIAs golden
standard materials and formats can increase the performance and widen the versatility of the
technique to solve many diagnostic issues.

To demonstrate this belief, reactive lines positioning, versatile reagents, and studies of saturation
phenomena were carried to investigate and improve the performance in six cases of infectious
diseases diagnosis and patients’ management. In each of the following chapters, describing specific
projects, a strategical approach or element was included, involved, and exploited.

Following the strong demand for rapid screening diagnosis of SARS CoV-2 to face the ongoing
pandemic, a “total antibody” LFIA test was developed and the results are reported in Chapter 3.1.
The total antibody is a serological test aiming at detecting immunoglobulins independently on the
class to which they belong. The strategic approach was the inclusion of two non-competitive formats
for targeting the total antibody response in the same strip in the form of two spatially separated
test lines. The first test line was made by the Staphylococcal protein A (SpA) as the capture reagent,
exploiting its multi-binding capacity and affinity to different classes of antibodies (format described
in chapter 1.4.2, figure 1.11, Antibody non-competitive LFIA — Capture by secondary antibody). The
second test line had a viral antigen (nucleocapsid protein, N) as the capture reagent and was based
on the double-antigen approach (format described in chapter 1.4.2, figure 1.12, Antibody non-
competitive LFIA — Double antigen sandwich). Using the GNP-labelled nucleocapsid protein as the
signal reporter, the two strategies aimed at reaching the highest sensitivity, considering that the
different classes of antibodies could show a different affinity in the two approaches.

The total antibody approach was used also for an animal healthcare application, described in the
Chapter 3.2, i.e., the diagnosis of the canine visceral leishmaniasis. In this work a single total
antibody strategy was used exploiting a specific chimeric recombinant antigen as the capture and
the SpA as the signal reporter (format described in chapter 1.4.2, figure 1.10, Antibody non-
competitive LFIA — Capture by antigen). Considering the reactivity of SpA towards immunoglobulins
of several animal species, the intention was to demonstrate the flexibility given by using an
interspecies antibody-binding protein to expand the applicability of the test also with sera from cats
and foxes.

Antibody testing can include applications requiring high specificity or optimal discrimination
between antibody classes or target-serotype. The work reported in Chapter 4.1 aimed to
demonstrate the importance of the strategical design to face up to a diagnostic issue by using
different approaches. The HIV infection was used as an ideal case of study because it involves well
time/stage-defined classes of antibodies and well distinguished serotypes. In such a situation, the
roles of the immunoreagents used to target the antibodies can be switched following several
formats. In addition, by adding a different label such as gold nanostars (GNSs) to include a versatility
element, the spectrum of possible ways through which the discrimination is realized was widened
further. Three different upgrades of the standard spatial multiplexing approach were used to
distinguish early or advanced infection from HIV1 or HIV2 serotypes. To do this, a second label to
produce differently coloured probes (GNPs and GNSs) was included. Three strategies basing on the
inclusion of the two labels in the three non-competitive formats described in 1.4.2, figures 1.10, 11
and 12, were studied and ended in the production of three prototypes. The multimodal LFIA (x?LFIA)
prototypes were studies by means of well-characterized serum samples from panels including 1
negative, 1 fully seroconverted HIV2 positive, 1 fully seroconverted HIV1 positive and 3
seroconverting HIV1 positive sera.

Sometimes, the diagnostic interest focusses on monitoring a specific class of antibodies, as
described in the work reported in Chapter 4.2. In this case, the format described in chapter 1.4.2,
figure 1.10, Antibody non-competitive LFIA — Capture by antigen, aimed at targeting a single
antibody class (IgA) to SARS CoV-2 in saliva samples. In that work, two different labels with different
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result readouts were compared. The nucleocapsid protein form SARS CoV-2 (N) was used for the
specific capture of the anti SARS CoV-2 antibodies. A dual strategy for signal reporting and detection
was applied. For the colorimetric reading, an anti-human IgA antibody was labelled with GNPs and
the quantitative measurement of the colour produced by GNP accumulation was obtained by a
smartphone reader. A chemiluminescence system made by labelling the same antibody with
horseradish peroxidase was included to achieve higher sensitivity. The preliminary results of this
proof-of-concept study demonstrated the potential of the device to follow efficiently the production
of IgA to SARS CoV-2, that will be helpful to accumulate data on their role on the antibody response
to the infection. The novelty of this project was to target the sole IgA class of antibodies to SARS
CoV-2 that are suggested to be more informative of an early infection on respect to other classes of
immunoglobulins.

For many infectious diseases, a general good correlation of the viral load of an infection with the
antibody response is observed. Nevertheless, directly targeting the presence of the viral, or
bacterial, antigens provide an earlier diagnosis on respect to any kind of serological test. The
bottleneck for the development of antigen LFIA is the availability of specific antibodies targeting the
appropriate antigen of the pathogen. In Chapter 5.1 a multiplex LFIA for the diagnosis and
differentiation of infection from (at least) five FMDV serotypes was developed. In that work, the
typical approach for antigen detection (format described in chapter 1.4.2, figure 1.9, Direct non-
competitive LFIA) was used. A library of monoclonal antibodies (1 pan-reactive and 7 serotype
specific) was employed for capturing and/or signal reporting. Two distinct devices have been
developed for the two geographically distributed groups of FMDV strains: Eurasian and African.
While the “Africa” device included homologous sandwiches, using the same antibodies both for the
capture and for signal reporting, the “Eurasia” provides a general positivity output and a serotyping
output by homologous and heterologous sandwich-immunoassay, respectively. In a multiplex strip,
involving homologous and heterologous sandwiches, the challenge of the development is the
understanding of the mutual interference of the antibodies and of the reactive lines, considering
cross-reactivity, relative affinity, and distance from the sample pad. A new type of Hook effect was
disguised, which happens specifically in the LFIA platform due to peculiar order in which the
immunocomplexes form. The information achieved from such a study would be helpful in any kind
of LFIA involving multiplexing.

Considering diagnostics in a broader sense, it is possible to diagnose a correct therapeutic
administration simply by targeting the drug in a sample from a patient. Translating this assumption
into an immunoassay, we carried the study described in Chapter 6.1 on the development of a rapid
test for the detection of an antiretroviral drug used for the treatment of HIV, Tenofovir (TFV), in
non-conventional matrices, for the rapid assessment of the compliance to the therapy. The TFVis a
small molecule and this forced us to develop a direct competitive assay (format described in Chapter
1.4.1, figure 1.7, direct competitive LFIA). TFV in saliva is very low concentrated, especially when
deriving from the more recent drug formulations. A TFV-based antigen and a specific antibody for
TFV were needed to develop an extremely sensitive test, considering that there are not
commercially available immunoreagents for this target. The synthesis of the antigen was made by
means of the insertion of a 5-carbon spacer arm (TFVh) and subsequent linkage to a carrier protein
(TFVh-BSA). The immunogenic antigen was inoculated into six mice for the generation of
monoclonal antibodies.

In this case, the improvement was given by the strategy applied for monoclonal antibodies
selection. Considering the final purpose of the test, the selection was based on a competitive
format, including the free TFV as the competitor.

In the following paragraph, the four infectious diseases faced in this thesis will be briefly introduced,
and the importance of the use of LFIA in their diagnosis will be highlighted.
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2.1

*
Human Infectious Diseases

The contribution of the POCTs to the human global healthcare is resounding. In this work two
pandemic outbreaks affecting humans that have been particularly shocking worldwide will be
considered. The support and contribution of the rapid test has been, and could be even more,
decisive for the management of pandemics and for reducing the spread of the infection. Different
approaches for the rapid diagnosis of Human Immunodeficiency Virus (HIV) infection and of the
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS CoV-2) infection will be discussed in the
following chapters.

2.1.1 Human Immunodeficiency Virus (HIV)

The Human Immunodeficiency Virus (HIV) infection causes the death by Acquired Immuno-
Deficiency Syndrome (AIDS) condition of hundreds of thousand people worldwide [1]. The last
report from UNAIDS reveals 1.7 million of newly infected people in 2018 added to the over 35 million
HIV positive individuals and the AIDS-related deaths are 770 thousands [2]. The World Health
Organization (WHO) aims to halve this number before 2030, considering a partial target to reach
less than 500 thousand deaths before the end of 2020.

The disease can manifest in several stages. In the Primary infection (Acute HIV) some people
infected by HIV develop a flu-like illness within two to four weeks after the virus enters the body.
This illness may last for a few weeks. Possible signs and symptoms include nonspecific symptoms
(fever, headache, muscle aches and joint pain, rash, sore throat and painful mouth sores, swollen
lymph glands, mainly on the neck, diarrhoea, weight loss, cough, night sweats). Then a Clinical latent
infection (Chronic HIV), where HIV is still present in the body and in white blood cells appears.
However, many people may not have any symptoms or infections during this time.

As the virus continues to multiply and destroy the immune cells mild infections or chronic signs and
symptoms can appear (fever, fatigue, swollen lymph nodes, diarrhoea, weight loss, thrush, shingles
by herpes zoster, pneumonia). Untreated, HIV typically turns into AIDS in about 8 to 10 years.
When AIDS occurs, the immune system has been severely damaged, more likely to develop
opportunistic infections or opportunistic cancers. The signs and symptoms of some of these
infections may include sweats, chills, recurring fever, chronic diarrhoea, swollen lymph glands,
persistent white spots, or unusual lesions on your tongue or in your mouth, persistent, unexplained
fatigue, weakness, weight loss, skin rashes or bumps.

The following list reports the WHO recommendations for HIV testing and diagnosis, from the
Consolidated guidelines on HIV testing services. (Geneva: World Health Organization; 2015) [3]

High-prevalence settings
In settings with greater than 5% HIV prevalence in the population tested, a diagnosis of HIV
positive should be provided to people with two sequential reactive tests.
For individuals with discrepant test results where Assay 1 is reactive, Assay 2 is non-
reactive and Assay 3 is reactive, the results should be considered inconclusive and
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the client should be asked to return in 14 days for retesting.

For individuals with discrepant test results where Assay 1 is reactive, Assay 2 is non-
reactive and Assay 3 is non-reactive, the final result should be considered HIV

negative.
Low-prevalence settings

In settings with less than 5% HIV prevalence in the population tested, a diagnosis of HIV

positive should be provided to people with three sequential reactive tests.

For individuals where the Assay 1 result is reactive and Assay 2 result is non-reactive,
the final result should be considered HIV negative. However, in the case of such
results and where Assay 1 is a fourth-generation assay (antibody/antigen [Ab/Ag])
and Assay 2 is an Ab-only assay, the result should be considered inconclusive and the

person should be retested after 14 days.

For individuals with results in which Assay 1 is reactive, Assay 2 is reactive, and Assay
3 is non-reactive, the result should be considered inconclusive and the client should

be asked to return in 14 days for retesting.

All settings

HIV testing services may use combinations of rapid diagnostic tests (RDTs) or combinations
of RDTs/ enzyme immunoassays (EIAs)/supplemental assays rather than EIA/Western blot
combinations.

The fight to HIV pandemic is made by the dual approach of treatment and prophylaxis. The rapid
screening diagnostic is one of the main prevention measures. Therefore, HIV is one of the
main field of application for the POCTs [1]. HIV antibody-screening tests, also known as third
generation HIV tests, are playing an important role in the management of HIV infection
worldwide, allowing for self-diagnosis and providing rapid response, which facilities prompt
intervention also in limited resource settings. In particular for enfant infection diagnosis

(EID). It is also confirmed by the recommendations by WHO reported in Table 2.1.

Table 2.1: Imprinted from The Guidelines from WHO for serological rapid testing of HIV.

Age group

Known HIV
exposed

Unknown HIV exposure
status and breastfeeding

Unknown HIV exposure
status and not

0-4 months

Not useful, as
exposure is known
and RDT cannot
determine infection
status

Test mother

If mother is not available, RDT
in the child can reliably assess
exposure.

breastfeeding*

Test mother

If mother is not available, RDT
in the child reliably determines
exposure.

5=8 months

Not useful, as
exposure is known
and RDT cannot
determine infection

status at this age

Test mother

If mother is not available,

a positive RDT establishes
exposure, but a negative RDT
does not fully rule it out. Infants
with positive RDT will still need
NAT to confirm infection.

Infants with negative RDT who
are still breastfeeding will need
NAT at the end of breastfeeding.
If sick and mother is not
available, perform NAT directly
to assess HIV infection status.

Test mother

If mother is not available, RDT
for the child does not fully rule
out exposure.

If sick and mother is not
available, perform NAT directly
10 assess HIV infection status,
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months out established HIV
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Infants with exposure, but a negative RDT eAPOSUre.

positive RDT will does not fully rule it out. Infants | onr i ceful to rule out

still need NAT to with positive ROT will still need | oo paplished HIV infection.

confirm infection. NAT to confirm infection. . b
s |nfants with positive BDT

Infants with RDT useful to rule out will still need NAT 10 confim
negative RDT established HIV infection. infection
who are still ; . .

. Infants with pasitive RDT AR
breastieeding will stll nead NAT to confim | * |0fants with nagative RDT

K ! : who are not breastfeeding
?tllllh'fsﬁ;ﬁr infection. can be considered uninfected.
AL Infants with negative RDT who
beeastieeding. are still breastieeding will need
NAT at the end of breastieeding.

If sick and mother i not
available, perform NAT directly
1o assess HIV infection status.®

If sick and mother is not
available, perform NAT directly
o assecs HIV infection status.

>18 months | Serclogical testing (including RDT) is recommended to assess HIV infection status unless
still breastied.

If <till breastfed, serological testing (including RDT) hould be provided 3 months after
cessation of breastfeeding.

Rapid test for serological diagnhosis of HIV

The first HIV LFIA appeared in the early 2000s and evolved to achieve early diagnostic and
serotyping capacity to discriminate between HIV1 and HIV2 infection [4]. Both viral strains
are present worldwide. HIV1 is strongly prevalent, while HIV2 is endemic in Western-African
region and characterized by lower morbidity and mortality [5], [6]. Discriminating between
the two serotypes is important for several reasons, such as the epidemiologic registration,
the monitoring of the infection on the territory and, especially, for the individuation of the
appropriate treatment. In fact, the two infections show differences in their management [7].
Current anti-retroviral therapy (ARV) bases on drugs from seven classes, combined in bi- or
trivalent multiclass fixed-dose administrations. ARV is designed to reach the major
effectiveness in inhibiting the activity and proliferation of HIV1 as the majoritarian strain [8]—
[10]. HIV2 is intrinsically resistant to some ARV classes (e.g. Non-Nucleoside Reverse
Transcriptase Inhibitors, NNRTI) and, for this reason, serotyping is crucial for the treatment
[11]-[13]. The available HIV antibody-screening LFIAs discriminate between HIV1 and HIV2
by exploiting the specificity of the recognition between the type-dependent viral proteins
and the human anti-HIV antibodies [14]. Recombinant envelope glycoproteins named gp41
and gp36 are generally used as the antigens to specifically recognize HIV1 and HIV2
antibodies, respectively [5], [15]. Spatial resolution is the most common strategy to
multitargeting by the single assay [16]—[22]. For instance, in a typical HIV serotyping test, the
discrimination is made by coating the specific antigens in two spatially confined bands (test
lines). Anti-human antibodies, or highly specific proteins (such as staphylococcal protein A
or streptococcal protein G) are used to reveal the specific antibodies bound to HIV-antigens
[23], [24]. In colorimetric assays these biospecific agents are labelled with coloured
materials, such as gold or selenium nanoparticles. Briefly, human anti-HIV antibodies bind to
one of the separately coated HIV antigens depending on the serotype and the formation of
the complex is measured by the further reaction with the signal reporter. In case of infection,
a coloured line forms in correspondence of the specific HIV-antigen and the serotype is
identified by the position of the coloured test line. Alternatively, the double antigen format

50



can be adopted, in which the same antigen is used for capturing and as the detection probe
[23]. As for any kind of infectious disease, it is useful to discriminate also between early and
advanced stage of infection [25]. Usually, the infection stage is discriminated by agents
specifically targeting the class of antibodies, IgM and IgG, as markers of early and long-term
immune response, respectively. In a typical multi-target LFIA the number of information
items corresponds to the number of test lines drawn on the strip. However, reacting bands
cannot be increased endless and thus the number of information that can be obtain in a
single test is limited to few [23], [24]. Multiplexing approaches exploiting probes with
tuneable signals have been reported, based on fluorescence and chemiluminescence
encoding [26]—[28]. Nevertheless, these approaches need instrumentation that limits on-
field applications.

Control of compliance — Tenofovir monitoring

From the beginning of the epidemic, the number of infection and AIDS-related deaths increased
until the appearance of the multi-drug combinatory therapy, called High Activity Anti-Retroviral
Treatment (HAART), in 1996. Since then, the progressive application of the HAART has increased
the life expectancy up to a non-infected profile [29]-[31]. Unfortunately, the efficacy of
HAART is weakened by the low adherence to drug regimens, due to several causes, such as
the misunderstanding of complicated regimens, the refusal of the therapy because of
psychological and physical side effects, carelessness/inattention, etc [32]—[35]. The
noncompliance to the therapy bears to intoxications by overdose intake, or to limited efficacy
of the therapy itself, and to the development of drug-resistance caused by sub-effective
administrations [36]. Thus, efficient and rapid diagnostic tools to control the compliance to
the HAART are strongly demanded.

Tenofovir (TFV) is a long-established drug used in in the prophylaxis and the treatment of the
infections of HIV and Hepatitis C Virus (HCV) [37], [38]. It belongs to the class of the
nucleotide reverse transcriptase inhibitors (NRTI) and carries out its pharmacological activity
by blocking the functionality of the reverse transcriptase, thus inhibiting the production of
viral proteins [39]. It is included, together with other antiretroviral (ARV) drugs, in several
commercial coformulations (e.g., with emtricitabine and rilpivirine in Atripla, Descovy,
Odefsey, or Eviplera; with elvitegravir in Genvoya; and with bictegravir in Biktevy), TFV is
administered as a prodrug, in particular either as the diisoproxil fumarate (TDF) or the
alafenamide (TAF) salts. After absorption, the prodrug is hydrolysed to release TFV by the
plasmatic esterases, and then phosphorylated into the active form tenofovir diphosphate
(TDP) in the cell [40]. The free unphosphorylated fraction of TFV present in the bloodstream
is the cause of its toxicity, which is considerably reduced for TAF administered regimens [41],
[42]. The drug shows an average 17-h plasmatic half-life, and 70-80% is excreted in urine as
unmodified TFV. The plasmatic and urinary concentrations of TFV have been recently
investigated and correlated to the adherence to the HAART by the TARGET study [43]—-[45].
The salivary levels of TFV in TDF-treated (perfectly adherent) patients was established by V.
De Lastours et al. (2011) [46] as ranging between 0.4 and 25 ng/ml with a mean value of 2.75
ng/ml. Considering TAF recommended doses, an around 10-fold lower level is expected for
TAF administration. A large fraction of the HIV-positive patients under HAART treatment are
currently administered with a coformulation including one of the two TFV prodrugs [47].
Hence, detecting TFV represents a versatile tool to monitor the adherence to several
combined fixed-dose administrations. Among methods to measure TFV in biological
specimens most are based on liquid chromatography coupled to tandem mass spectrometry
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(HPLC-MS/MS), which are accurate, precise, and sensitive [48]. Nevertheless, they require
expensive equipment and qualified technicians for operating. In addition, HPLC-MS/MS
equipment is usually available only in centralized laboratories. Point-of-care devices able to
discriminate among TFV levels above or below the one expected for therapy adherence will
enable physicians to routinely control the patients and timely intervening in case of
therapeutic failure, with saving time and cost compared to recurring to instrumental analysis.

2.1.2 Severe acute respiratory Syndrome Coronavirus 2 (SARS CoV-2)

The global diffusion of the new Betacoronavirus SARS CoV-2 (Severe acute respiratory syndrome
coronavirus 2) since January 2020 has posed an unexpected and terrifying global threat. The virus
causes a severe respiratory illness characterized by fever, headache, body aches, a dry cough,
hypoxia, and to a lesser extent pneumonia. Transmission occurs by contact with infectious material,
such as respiratory droplets or body fluids. The mortality and morbidity of the pandemic SARS CoV-
2 are still uncertain and apparently variable according to age and sex; as an example, fatality rates
have been estimated between 1.7% and 2.8% for females and males, respectively, in China and
Republic of Korea [49]. However, the rate of infection and mortality seems variable around the world
and certain regions have been much more adversely impacted than others [50]. A possible co-cause
for the inefficacy of containment actions is the failing or delayed identification of infected people. In
a few countries, the use of diagnostic testing on a massive scale has been a cornerstone of successful
containment strategies. In contrast, several countries have encountered the rapid spreading of the
infection due to the limited testing capacity and the insufficient provision of reagents for executing
the test on the global scale. The pandemic has highlighted the importance of rapid, specific, and
accurate diagnostic tests in limiting the spread of infection and monitoring patients’ viral load and
therapy. The current standard method for the diagnosis of SARS infection is based on the detection
of the viral RNA in nasopharyngeal swabs. Viral RNA is detected by means of the reverse-
transcriptase real-time polymerase chain reaction (rRT-PCR) [51], [52]. Around 200 diagnostic tests
have been developed to detect the RNA of SARS CoV-2. Laboratory-based serological methods, such
as ELISA (Enzyme-linked Immunosorbent Assay) and CLIA (Chemiluminescence immunoassay), are
emerging as complementary diagnostic tools in the attempt of widening access to diagnosis,
screening asymptomatic persons, and providing information on immunity state for recovered
persons to end isolation [51]. Although accurate, laboratory-based assays cannot guarantee the
massive case finding so helping curb the epidemic. They suffer from many limitations, such as long
turnaround times (they generally take on average over 2 to 3 hours to generate results).
Furthermore, rRT-PCR tests require certified laboratories, expensive equipment, and trained
technicians to operate, thus limit the outbreak containment effort. These challenges may be even
greater in low-resource settings.
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Figure 2.1. The SARS CoV-2 spread as reported from WHO website https://covid19.who.int (last access 21 December 2020)

LFIA for antibody response to SARS CoV-2

Urgent clinical and public health needs are driving an unprecedented global effort to increase testing
capacity for SARS CoV-2 infection. A common format for point-of-care detection of the immune
response to a virus is to measure virus specific antibodies (IgM and IgG, or in combination) in serum
using the LFIA, where gold nanoparticles are used to label biospecific reagents such as secondary
antibodies. Point-of-care devices based on the LFIA principle have been made available by several
manufacturers. These devices aimed at detecting the serologic response to the infection by
specifically and separately targeting immunoglobulins belonging to the M and G classes in the serum
of the subject. The idea underneath the assay design is that the contact with the virus elicits first the
production of IgM that initially raise and rapidly decrease, while I1gG are produced in a second time
and persist in the blood after recovery [53]. A typical antibody response to exposure to antigen
involves the primary humoral immune responses typified by the appearance of IgM within the first
three to five days following the exposure, followed by IgG production within the first week [54]. I1gG
persist after the virus is no longer detectable, indicating previous infection, while IgM are transient,
so their presence is associated to a recent infection. Therefore, the ability of recognizing the class of
anti-SARS CoV-2 immunoglobulins has been regarded as a viable way to identify infected patients
and to discriminate those who surpassed the illness and can safely end isolation. However, this
approach has resorted in poor specificity and sensitivity and has led to a wide disbelief on the
usefulness and informative capability of rapid tests and sometimes of serological tests in general for
the management of the pandemic. The point-of-care tests developed in the early phase of the
outbreak considered that the infection will elicit the production of IgM first, followed by the
production of IgG. Consequently, the positivity to the sole IgM or IgG were linked to diagnosis of
early infection and past infection (i.e., recovered subject), respectively. The contemporary presence
of both classes of immunoglobulins was regarded as the indication of seroconversion. Unfortunately,
as reported for previous SARS and MERS virus, the sequential production of IgM and 1gG is
guestionable when the immune system encounter SARS CoV-2 [53], [55].
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Figure 2.2. The seroconversion for SARS CoV-2 positive sera, directly printed from the work by Q.X. Long et al. [57].

In fact, convincing evidence of the simultaneous, sequential, or inverted production of IgM and
IgG during seroconversion have been reported [55]. In some cases, IgM were completely absent [56].
Therefore, the strategy based on the separate identification of IgM and IgG and the quantification
of the IgM/IgG ratio lacks sensitivity and is not useful in defining the phase of a SARS-CoV-2 infection
[57], [58] (figure 2.2). Accordingly, C. Li et al. developed a rapid test combining the IgM and IgG
detection as a rapid diagnostic tool for SARS CoV-2 infection [53]. The architecture of the LFIA device
was the traditional one, with two test lines comprising anti-human IgM and anti-human IgG as the
capturing reagents and a recombinant SARS CoV-2 antigen labelled with gold nanoparticle (GNP) as
the probe to generate visible signals. Independently on the immunoglobulin detected, the test was
assigned as positive. The diagnostic sensitivity improved; however, at the expenses of the specificity,
which resulted from the sum of matrix effects on each line. Alternative approaches targeting the
“total antibody response” to the SARS CoV-2 infection are needed to provide adequate sensitivity
while preserving specificity.

On the other hand, physiologically, the response to a viral infection begins with the production of
specific immunoglobulins secreted at the site of infection. As other virus affecting the respiratory
traits, also SARS CoV-2 elicits the production of another class of specific immunoglobulins, the A
class (IgA), in respiratory specimens and the presence of specific anti-SARS CoV-2 IgA in the blood
has also been reported [55], [57], [59], [60]. These secretory IgA play an important role in the
protection and homeostatic regulation of the respiratory mucosal epithelium, which separates the
outside environment from the inside of the body. This primary function of IgA is referred to as
“immune exclusion”, a process limiting the access of microorganisms and antigens to vulnerable
mucosal barriers. Conventional ELISA methods based on microtiter plates on bench-top format have
accurately measured serum IgA, defining their behaviour during COVID-19 infection. These studies
show that serum IgA are produced with time-dependent kinetics and in larger amounts than IgM
[60], [61], suggesting that IgA may be useful in the serological characterization of COVID-19-infected
individuals and as an alternative and more reliable biomarker of early COVID-19 infection compared
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to IgM. In details, the production of SARS-CoV-2-specific IgA has been reported in the serum of
seroconverting individuals in the first week after symptoms onset [61], [62], IgA appeared first [63]
and were found in higher amount than IgG in the early stage of the infection [64]. Furthermore, IgA
levels were correlated to severity of the disease [63]. The IgA are transported in the mucus via
transepithelial transport and could be present in saliva or oral fluid, where they are the main
antibody isotype present [65], [66]. As a complement to IgG detection, one significant advantage of
targeting IgA is the possibility of using saliva instead of blood for the analysis. Salivary anti-SARS-
CoV-2 IgA have been shown to correlate with serum amounts [67]. Saliva collection has several
advantages over blood withdrawal, especially for point-of-care testing [68]. Saliva can be collected
easily by the patient, reducing the risk associated with contact between operator and patient.
Furthermore, saliva collection is particularly suitable for babies and elderly people, and for cheap
population screening in low-resource settings. However, at present, there are no rapid tests for
detecting SARS-CoV-2-specific IgA in saliva. The rapid and specific detection of serum and salivary
IgA could deliver early and hopefully time-dependent information about the infection. Due to
inconsistent findings about the evolution of IgM levels during infection, a serological marker of
recovery is needed to reduce the number of rRT-PCR analyses and support decision-making about
ending quarantine. Moreover, a portable easy-to-use test for serum and salivary IgA could help
evaluate the individual response to therapy in large populations. LFIAs for detecting IgA towards any
infectious agents in oral fluids or serum have not been reported to date.
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2.2

*
Animal Infectious Diseases

The application of LFIAs in infectious diseases diagnostics includes, also, the field of animal
healthcare, as introduced in the chapter 1. It is important to monitor and prevent diffusion of animal
infectious diseases for several reasons. The first is the ethical concerns involved in animal
healthcare, including pet care and livestock health surveillance [69], [70]. The second is the
economic side, for breeders and food and feed supply chain control [71], [72]. The third important
reason to efficiently prevent the spreading of animal infectious diseases is the perpetual risk of the
jump of a viral strain from animal to humans, the so-called spillover [73]. The spillover is, but not
only, a matter of probability. The virus lifecycle include replication by transcription and translation
of the genetic material. The process is far to be immune from errors, and these can lead to dead or
mutated virus. If the mutation of the new virus is suitable to the infection of other species the jump
is successful and the new virus can be spread through the new population. One of the most famous
case of spillover is the HIV deriving from Simian Immunodeficiency Virus (SIV) and, probably also the
SARS CoV-2 deriving from a previous virus affecting bats [74], [75]. As a matter of fact, the less is
the spread of the infection, the less is the number of replications and subsequently the risk of
spillover. Apart from spillover, animals may represent the reservoir for human pathogens. In this
case, the animal may show no or mild symptoms, but it is able to transmit the infection to humans.
Companion animals, which live in close contact with humans, are particularly dangerous as
reservoirs for infection [76], [77]. For these reasons protecting animals by limiting the transmission
of infectious diseases indirectly means to protect humans, as well.

2.2.1 Canine Visceral Leishmaniasis (CVL)

Visceral leishmaniasis (VL) is a zoonotic disease, caused by the protozoan parasite Leishmania
infantum that is transmitted to vertebrate hosts through the bites of infected female phlebotomine
sand flies, endemic in many countries throughout Latin America and Asia [78]. It ranked second in
mortality and fourth in morbidity among tropical diseases and is considered as one of the world’s
most neglected diseases by the WHO (World Health Organization) [79]. In European countries, the
incidence risk of VL is still relatively low, although the disease is spreading to regions previously
referred as non-endemic, probably because of climate change and population movements [80], [81].
However VL impact on human health is severe (HVL) and is characterized by fever, weight loss,
splenomegaly, hepatomegaly, and anaemia [78]. It is estimated that more than 700,000 new cases
and about 20,000-30,000 deaths occur annually worldwide due to HVL [79]. Although Leishmania
amastigotes parasites more than 70 vertebrate hosts; domestic dogs are considered the main
reservoir for human infection [78], [80], [82]. Infected dogs have very variable clinical manifestations
that range from apparently healthy to severely diseased. Many infected dogs may never exhibit
clinical signs, thus making difficult to early detect canine visceral leishmaniasis (CVL) [83].
Nevertheless, both symptomatic and asymptomatic dogs can transmit the parasite to other dogs
and humans (Figure 2.3) [80]. Therefore, early detection and prompt treatment of infected animals
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help to reduce spreading of transmission and represent a relevant part of the prevention and control
of the burden of disease in humans.
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Figure 2.3. Visceral leishmaniasis (VL) is a zoonotic infectious disease caused by the parasite Leishmania infantum.
Infection is transmitted by phlebotomine sand-flies. Several domestic and wild mammals act as reservoirs for the
infection, among which domestic dogs are considered the main reservoir for human infection. Infected dogs have very
variable clinical manifestations; nevertheless, both symptomatic and asymptomatic dogs are able to transmit the
parasite to other dogs and humans.

LFIA for antibody response to CVL

CVL can be diagnosed by combining clinical and epidemiological parameters with parasitological,
serological, or molecular methods [78]. According to the World Organisation for Animal Health,
serology is the preferred diagnostic method for CVL. Detection of anti-leishmanial antibodies is
commonly realized by three techniques: the immunofluorescent antibody test (IFAT), the ELISA, and
the LFIA. The IFAT is considered as the reference method for anti-leishmanial serology in dogs and
is used as the reference test for the validation of new diagnostic methods, though data on its
diagnostic sensitivity and specificity are controversial [80]. Furthermore, IFAT suffers from operator-
dependent variability. The ELISA is also very sensitive and specific, with the advantage of easier
standardization [84]. Both IFAT and ELISA provide quantitative results, defined as the antibody titre
(the last 2-fold serial dilution of sample providing a positive result). However, the rapid and cost-
effective detection of infected dogs is a key point in the control of infection and infection
transmission. Several commercial LFIA devices are available [85] that varies for simplicity of use,
rapidity, and sensitivity [83]. The specificity of these tests is generally high, while the diagnostic
sensitivity is usually low (30—-70%) and largely dependent on leishmaniasis stage [79], [83], [84]. A
limited sensitivity strongly reduces the effectiveness of control of infection transmission, also
frustrating attempts of preventing the spread of the disease in humans.

In addition to inadequate sensitivity, existing LFIA kits for diagnosing leishmaniasis are designed for
detecting specifically CVL and HVL. Although dogs are considered the most important domestic
reservoirs of L. infantum, several species of wild mammals have been recognized as hosts and
potential reservoirs of Leishmania parasites [86]. In addition, domestic mammals (sheep, goats,
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cattle, and donkey) have been suggested as the reservoir hosts responsible of a HVL outbreak
occurred in 2008-2009 in China [87]. Therefore, versatile diagnostic tools that can be adapted for
VL diagnosis in other mammals beside dogs are also demanded.

2.2.2 Foot-and-Mouth Disease Virus (FMDV)

Foot-and-mouth disease (FMD) virus, a member of the Picornaviridae family, Aphthovirus genus, is
a viral disease of livestock [88]. The earliest descriptions of the FMD date back to 16" century, and
still, more than a century after the virus identification [89], it causes annual costs due to production
losses and vaccination estimated at €5.3—€17 billion (US$6.5-USS21 billion) in FMDV-endemic areas
[90], [91]. The FMDV is extremely contagious and affects cattle, swine, sheep, goat, and other
cloven-hoofed ruminants. Symptoms are generally severe in cattle and swine, including lesions on
the tongue, muzzle, oral cavity, coronary bands, and teats, and, frequently fever, loss of appetite,
weight loss, hypersalivation, depression, growth retardation, and severe decrease in milk
production, which could persist after recovery [88], [92]. Two recent outbreaks of foot-and-mouth
disease (FMD) in countries previously classified as FMD-free (Taiwan in 1997 and the United
Kingdom in 2001) increased public awareness of the risk associated to this dangerous infectious
disease (Figure 2.4).
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Figure 2.4: Impact of FMDV outbreaks on animal and human life

Therefore, a global strategy for the control of FMID was endorsed in 2012 [93]. Currently, there is
no treatment for FMD and the main strategies to limit spreading of the infection base on
containment and vaccination [90]. Seven serologically distinct types of the virus have been isolated
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(named O, A, C, SAT 1, SAT 2, SAT 3 and Asia 1) which are endemic in different countries worldwide
and wide spread throughout the world, particularly in Asia, Africa and the Middle East [90], [94].
Though some multivalent vaccines are available, the increasing occurrence of antigenically
dissimilar sub-strains suggest the importance of the production of vaccines from locally isolated
virus. For this reason, serotyping and monitoring the strains have become strategic to control FMDV
on a global scale. FMD diagnosis bases on clinical signs and is confirmed by virus detection on several
kind of samples (serum, vesicular epithelium and fluid, buccal samples, mammary secretions, nasal
and upper respiratory tract secretions, aerosols and so forth) [95]. Many techniques had been
employed for the purpose, including direct complement fixation test (CFT), and reverse
transcription-polymerase chain reaction (RT-PCR) [95]-[97]. Molecular diagnostic techniques have
been widely explored in the past [97] while currently, the use of immunological methods is
suggested for the detection of FMDV antibodies and antigens by international organization as
FAO/WRL [96], [98]-[104]. Antigen-based assays can directly detect the presence of the virus, while
serological approaches aimed at detecting the immune response to the pathogen are considered as
indirect confirmation of the infection. Direct enzyme immunoassays are typically applied for the
detection, typing, and strain differentiation of FMDV isolates with high sensitivity [94], [104].
Despite their reliability and accuracy these diagnostic tests are labour intensive and need to be
operated in laboratory setting by trained personnel. Thus, alternatives approaches enabling the on-
field and cost-effective FMDV detection are sought to allow the effective monitoring and timely
implementation of control measures, especially in developing countries [95].

LFIA for FMDV antigens

LFIAs for the detection of FMDV serotypes based on the sandwich-type assay with pair of specific
antibodies have been described [105]-[109]. Some authors used broad-specific antibodies (usually
indicated as “PAN-FMDV”) for setting up devices capable of diagnosing the FMD, without
differentiating on the virus serotype [105], [110]. Multiplexing LFIAs, including several test lines with
different specificity, have been also reported [106], [111]. In particular, M. Yang et al. developed a
single device including three test lines formed by O-, Asia 1-, and A specific antibodies to capture
selectively the virus serotype and a broad-specific labelled antibody to stain captured antigens
[106]. The multiplexing capability was further increased in the work of Morioka et al., who added a
C-type specific and a PAN-FMDV test line enabling the detection of seven FMD virus by the PAN-
FMDV line and the simultaneous differentiating of up to four serotypes (O, A, Asia 1, and C) [111].
More recently, the LFA technology has been exploited for revealing the product of the recombinase
polymerase amplification (RPA-LFD) as diagnostic tools for FMD diagnosis [112], [113]. The
developed devices were able to detect separately the viral RNA of O, A, and Asia 1 FMDV types with
sensitivity comparable to the one of bench-top PCR. However, none of the available tools enables
the prompt and accurate identification of all circulating FMDVs, with sufficient diagnostic sensitivity
and specificity.
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Introduction

The antibody detection by LFIA generally addresses the IgG class as the most abundant and
persistent in the serum. Sometimes, other classes of antibodies can be addressed. The IgM are
targeted when the question is the presence of biomarkers of an early infection. In this case
distinguishing between IgM and IgG can give additional information on the stage of the disease to
correlate with early infection, infectivity or acquired immunity[1]-[4]. However, the optimal
discrimination capacity requires the maximal specificity, which usually is achieved at the expense of
the sensitivity. In addition, many tests do not discriminate between classes but target only one class,
supposed to be the majoritarian one. This approach is preferable for diseases causing
immunosuppression or when the test is dedicated to non-conventional matrices, such as saliva,
where the excess of non-specific antibodies is less prominent than in the blood or serum.
Nevertheless, the use of antibody binding reagents, such as the Staphylococcal protein A (SpA) from
Staphylococcus Aureus or protein G from Streptococcus, allow for targeting the sum of the various
class of antibodies elicited as a response to the pathogen[5]. SpA can bind up to five
immunoglobulins and is able to bind to different classes of antibodies, though with different
affinities. The use of the SpA as the capture or detection bioligand allows to widen the range of types
of antibodies detected and enhances the overall sensitivity thanks to the high binding capacity[6].
Another way to target different classes of antibodies is the double-antigen approach, introduced in
the chapter 1.4.2, These two strategies are good candidates to increase the sensitivity of the assay
through targeting the sum of several classes of antibodies, following the hereafter mentioned “total
antibody” approach. In this chapter the total antibody approaches are introduced, consisting in the
wise use of “non-specific” or “broadly specific” bioligands to increase the sensitivity and the
versatility of the resulting devices.

In the following sections, two total antibody tests are reported for human and animal healthcare,
demonstrating to be the most convenient serological detection strategy in the presence of SarS-
CoV2 infection in humans, in terms of sensitivity, and Visceral Leishmaniasis in dog (and other
mammals) in terms of versatility.
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SARS CoV-2 Total Antibody LFIA
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Abstract

A rapid test for detecting total immunoglobulins directed towards the nucleocapsid protein (N) of
severe acute syndrome coronavirus 2 (SARS CoV-2) was developed, based on a multi-target lateral
flow immunoassay comprising two test lines. Both test lines bound to several classes of
immunoglobulins (G, M, and A). Specific anti-SARS immunoglobulins were revealed by a colorimetric
probe formed by N and gold nanoparticles. Targeting the total antibodies response to infection
enabled achieving 100% diagnostic specificity (95.75-100, C.I. 95%, n = 85 healthy and with other
infections individuals) and 94.6% sensitivity (84.9-98.9, C.I. 95%, n = 62 SARS CoV-2 infected subjects)
as early as 7 days post confirmation of positivity. Agreeing results with a reference serological ELISA
were achieved, except for the earlier detection capability of the rapid test. Follow up of the three
seroconverting patients endorsed the hypothesis of the random rise of the different
immunoglobulins and strengthened the ‘total antibodies’ approach for the trustworthy detection of
serological response to SARS CoV-2 infection.
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3.1.1 Architecture of the test

We designed a double line LFIA, in which both lines were able to detect the three Ig classes, while
with different selectivity. The combination of the information provided by the two lines enabled
ensuring as high as possible diagnostic specificity. The specific detection of anti- SARS CoV-2
antibodies was guaranteed by the probe, which comprised a recombinant SARS CoV-2 nucleocapsid
protein (N) and gold nanoparticles as colorimetric signal reporters. Staphylococcal protein A (SpA) is
known to bind to Fc domain of human IgG; moreover, has been shown to bind to Fab domains of
some IgM and IgA[7], [8]. The use of the antigen as capturing and detection reagent in sandwich
ELISA has also been reported as a convenient strategy to increase sensitivity and reduce matrix
interference in serological assays[9], [10]. The higher sensitivity and ability to detect seroconversion
earlier than conventional direct/indirect ELISA of double-antigen ELISAs rely on the response to total
antibodies present in the sample, regardless to the class of Ig revealed. A double-antigen sandwich
ELISA based on the nucleocapsid antigen has been indicated as an effective screening method for
the serodiagnosis of SARS-associated coronavirus[11]. In fact, the nucleocapsid protein of SARS-
related virus has high immunogenic activity and is abundantly overexpressed during infection. In
fact, several serological assays for detecting SARS CoV-2 antibodies employ the N protein as the
antigen[12]—[14]. In addition, antibodies towards N have been shown to be able to neutralize the
virus, with an excellent correlation between the existence of anti-N antibodies and the neutralizing
ability of the serum[15]. Hence, we created a recombinant N antigen and expressed it in E. coli. The
full open reading frame encoding the N protein of SARS CoV-2 was amplified and cloned in
prokaryotic expression vector in N-terminal fusion of 6xhis tail and purified by Immobilized metal
affinity chromatography (IMAC). Test lines were formed by SpA and the recombinant N antigen.

The clinical performance of the ‘total antibody’ LFIA was tested on eighty-five sera collected in 2018
(before SARS CoV-2 outbreak) and on sixty-two infected subjects (confirmed as SARS CoV-2 positive
by the reference rRT-PCT) enrolled from three different centres. Finally, the LFIA was applied to
follow seroconversion of three hospitalized patients. The same sera used for the two LFIAs were
also analysed by validated ELISA targeting anti-SARS CoV-2 IgG in the view of rationalize results from
the LFIA.
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3.1.2 Materials and Methods

Immunoreagents, chemicals and materials

Gold (lll) chloride trihydrate (ACS reagent), mouse antihuman immunoglobulin A monoclonal
antibody A (a-chain specific), staphylococcal protein A (SpA), casein sodium salt from milk, avidin,
sucrose, polyethylene glycol 10000 (PEG), and bovine serum albumin (BSA) were obtained from
Sigma—Aldrich (St. Louis, MO, USA). Tween20 and other chemicals were purchased from VWR
International (Milan, Italy). Nitrocellulose membranes with cellulose adsorbent pad and blood
separator sample pads were purchased by MDI membrane technologies (Ambala, India) and glass
fibre conjugate pads were obtained from Merck Millipore (Billerica, MA, USA). The ELISA kit was an
indirect ELISA for the detection of anti SARS-CoV2 antibodies (ERADIKIT™ COVID19-IgG from
In3diagnostic srl, Turin, Italy)[16]. The commercial ELISA kit was registered as IVD-CE according to
European Directive 98/79/CE for the detection of IgG in serum samples. The performances declared
by the manufacturer are i) sensitivity of 96% if the ELISA test is performed on samples collected after
20 days after the first positive swab; ii) analytical and diagnostic specificity of 100%; iii) repeatability
and reproducibility: Coefficient of Variation <5%. Statistical calculations were carried out with
SigmaPlot 11.0 software.

SARS CoV-2 nucleocapsid recombinant protein (N)

The full open reading frame encoding the N protein was RT-PCR amplified from a nasal swab of SARS
CoV-2 infected donor and cloned into pSER prokaryotic expression vector in frame with 6xhis tail as
described[17]. Plasmid preparation from at least two PCR positive culture were extracted and
sequenced to confirm presence and correct in frame orientation of N gene. The protein of interest
was induced in early log phase positive culture by IPTG 1mM for 2 hours. Bacteria were collected by
centrifugation and lysed by physical-chemical methods. The recombinant N protein was recovered
in the 1M urea extraction fraction and purified by immobilized metal affinity chromatography under
denaturing condition. Fractions of eluted proteins were analysed by SDS-PAGE and concentrations
were estimated by DC protein assay (BioRad, Hercules, CA, USA). For GNP conjugation, pooled eluted
fractions were dialyzed against 100 volumes of carbonate/bicarbonate buffer.

Preparation of GNPs and conjugation of SARS CoV-2 nucleocapsid to GNPs (GNP-N)

GNPs with a SPR band at 525 nm and mean diameter of ca. 30 nm were prepared by tetrachloroauric
acid reduction with sodium citrate[18]. Briefly, 1 mL of 1% w/v sodium citrate was added to 0.01%
of boiling tetrachloroauric acid under vigorous stirring. The colour of the solution changed gradually
from light yellow to red thus confirming the successful formation of gold nanoparticles. Signal
reporters used in the LFIA were prepared by adsorbing SARS CoV-2 nucleocapsid (N) protein onto
GNPs. In details, 100 pg of N were added dropwise to 10 ml of GNPs under gentle stirring for 40 min
at room temperature. Then, 1 ml of casein (5% in borate buffer) was added and reacted for 10 min
to saturate free GNP surface. GNP-N conjugates were recovered by centrifugation (10000 rpm, 15
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min) and washed twice with borate buffer supplemented with 0.5% casein. Finally, GNP-N were re-
suspended in GNP storage buffer (borate buffer with 0.5% casein, 0.25% Tween 20, 2% sucrose, and
0.02% sodium azide) and stored at 4°C until use. Bovine beta casein was linked with Sulfo-NHS-LC-
Biotin (Thermo Scientific, Waltham, MA, USA) following protocol recommended by manufacturer.
The probe GNP-biotin was then prepared by passive adsorption of the casein-biotin onto GNP by
using the same protocol as above. For the GNP-anti IgA conjugate the anti-IgA was added to a pH-
adjusted GNP solution (pH 8,5), in the proportion 10 pg per ml of GNP (optical density, OD 1). The
uncovered GNP surface was saturated with BSA and the GNP-anti IgA were concentrated and
recovered by centrifugation as previously described.

Design and Development of the LFIA device

Conventional strategies to design rapid tests for infectious disease diagnosis involve dropping a
specific antigen (either native or recombinant) to form the test line and labelling high affinity anti-
human immunoglobulins for the detection of the binding event occurred between the antigen
(capturing reagent) and the patient’ serological response. Typically, anti-human immunoglobulins G
(anti-lgG) are used for the purpose[19]. The reverse option (i.e., the capturing reagent comprises
anti-IgG while the specific recognition event is linked to the binding to the labelled antigen from the
pathogen) has the advantage that several lines can be arranged on a single strip test and the
serological response to the infection can be discriminated, thus providing information on the stage
of the seroconversion. Eventually, the capability of detecting IgM besides IgG helps earlier diagnosis.
Devices based on the reverse approach have been speedily made available for the rapid and point-
of-care diagnosis of SARS CoV-2 infection[20]-[25]. However, as observed for SARS and MERS
virus[15], [26], also the new coronavirus elicits the random production of either IgM or 1gG in the
acute phase of the infection. In addition, secretory IgA have been found in the blood of infected
individuals and have been shown to correlate with the neutralizing effect of the immune
response[27]. All considered, we designed a novel ‘total antibodies’ approach for revealing all classes
of immunoglobulins with the aim of increasing the diagnostic sensitivity and enabling the as early
as possible identification of infected individuals. Accordingly, we used a recombinant N antigen as
the capturing agent and as the detection probe. In this double-antigen approach SARS CoV-2 specific
immunoglobulins interacted with the N protein that formed the test line and were revealed by the
same N protein labelled with a colorimetric reporter (Figure 3.1.1, test line 2), independently on the
Ig class.

Although the prompt identification of infected individuals is a relevant concern to circumvent the
spread of the infection, equally important is the trustworthiness with which positivity is ascertained.
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O @ vk
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Indeed, a false positive assignment is detrimental for the subject (who may become confident in a
false immunity) and for the society because is still susceptible of being infected and of spreading the
infection.
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Figure 3.1.1: Scheme of the LFIA device for the rapid serological diagnosis of SARS CoV-2. (a) The strip is composed of
the analytical membrane onto which the protein A (SpA), the SARS CoV-2 nucleocapsid protein (N) and avidin are coated
to form the two test (T1 and T2) and the control (C) lines, respectively. The signal reporter is made of a mix of GNP-
labelled N and biotin. (b) A single visible line (C) is expected for a human serum that does not contain any anti-N
antibodies (negative sample, b). (c) The presence of specific anti-N antibodies (1gG, IgM and IgA) is revealed because of
the simultaneous binding to the labelled N and to SpA (T1) and/or to N (T2).

Therefore, the as high as possible diagnostic specificity is an imperative demand for serological tests,
as well as sensitivity. In this view, we inserted a second test line comprising staphylococcal protein A
as the capturing reagent. SpA can bind to human immunoglobulins. In details, it specifically and
strongly interacts with the Fc of human IgG and with Fab of some human IgM and IgA. Ideally, both
test lines were able to reveal the presence of the complete serological response to SARS CoV-2 while
we expected that non-specific interactions differently affected the two lines.

Fabrication of the LFIA device

For the ‘total antibody’ LFIA the protein A was applied to the nitrocellulose (NC) membrane to form
the first test line (0.5 mg/ml) and the protein N was applied to form a second test line (1.0 mg/ml).
Avidin (1.0 mg/ml) was used as the capturing reagent for the GNP-biotin conjugate at the Control
line. Reagents were dotted at 1 uL cm-1 by means of a XYZ3050 platform (Biodot, Irvine, CA, USA),
equipped with BioJetQuanti™ 3000 Line Dispenser for non-contact dispensing, keeping 3 mm
between the lines. The signal reporters (GNP-N and GNP-biotin conjugates mix) were absorbed onto
the glass fibre conjugate pad previously saturated with GNP dilution buffer (borate buffer with 0.25%
Tween 20, 2% sucrose and 0.02% sodium azide). The conjugates were mixed with a ratio of 4/1 (GNP-
N/GNP-biotin) and diluted with GNP dilution buffer to optical density 2.5. The conjugate pads of the
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two devices were dipped into the respective GNP conjugate solutions and dried for 4 hours at room
temperature. NC membranes were dried at 37°C for 60 minutes under vacuum, layered with sample,
conjugate and absorbent pads, cut into strips (4.2 mm width) by means of a CM4000 guillotine
(Biodot, Irvine, CA, USA) and inserted into plastic cassettes (Kinbio, China) to fabricate the ready-to-
use LFIA device. Cassettes were stored in the dark in plastic bags containing silica at room
temperature until use.

The Lateral Flow Immunoassay for SARS CoV-2 serological diagnosis

For the analysis, samples were thawed at room temperature, carefully mixed, and diluted by 1:10
using the running buffer (Tris 34 mM/Glycine 80 mM buffer pH 8, 0.2% casein, 1% Tween 20, 0.05%
sodium azide). Assays to detect SARS CoV-2 antibodies were carried out at room temperature, by
applying 80 pul of diluted serum to the sample well. Qualitative results were judged by the naked
eye after 20 minutes from sample application. Samples were analysed in duplicate and results were
observed by three operators. Images of LFIA devices were also acquired by a portable scanner
(OpticSlim 550 scanner, Plustek Technology GmbH, Norderstedt, Germany) and the areas of the
coloured lines were quantified by means of the Imagel software (NIH, USA). Values below 100
arbitrary units (a.u.) corresponded to no signal detected by the naked eye and were then set at zero.

Serum Samples

The double-test line LFIA was tested on a total of 85 negative human sera kindly provided by the S.
Luigi Gonzaga Hospital (Orbassano, Torino, Italy) and collected in 2018. Among them, 25 samples
were known to pertain to individuals with other infections (hum immunodeficiency virus n=2,
hepatitis C virus n=6, Epstein Barr virus n=3, cytomegalovirus n=4) or monoclonal gammopathy
(n=10) (Table 3.1.1). No false positive results (0/85) were observed at the T1 line, while 2 false
positives were found at the T2 line (false positive rate, FPR = 2.4%). Based on the combined
interpretation of the two lines, 100% (95.75-100%, C.l. 95%) diagnostic specificity was achieved. It
should be noticed that we were not able to test pre-covid sera belonging to patients infected by
other respiratory virus, and by other human coronaviruses. However, with a notable exception of
SARS-Cov/2003 and MERS-CoV (the former not circulating since 2004 and the latter restricted to
middle east area), the N antigen employed in this work showed less than 28% amino acid homology
with other human alpha or beta-coronaviruses. Moreover, cross-reactivity was not observed in a
previous study using the same antigen by ELISA or western blot, when human plasma with positive
antibodies against NL63, 229E, 0C43 and HKU1 (prototype human coronavirus strains) were
probed.[28]

Table 3.1.1. Description of the population of SARS CoV-2 infected individuals enrolled for the study

Total rRT-PCR+ sex age
62 M F median range
43 19 53 7 -89
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3.1.3 Results and Discussion

Recombinant nucleocapsid production

The N recombinant antigen was successfully expressed as partially soluble protein. Purification was
achieved under mild denaturing condition (1M urea fraction) and evaluated by SDS-PAGE, showing
a single protein band of molecular weight corresponding to the expected size. Sequence analysis of
each of two bacterial clones confirmed the identity and correct orientation of the insert.

Study on the stabilization of GNP-N conjugates

Concerning the ‘total antibody’ LFIA, particularly challenging was the aspect of N protein labelling
with GNPs. Studies aimed at reaching stable and functional GNP-N conjugates were conducted by
varying the pH and amount of the N protein during adsorption onto GNP surface and the additive
used to saturate the free GNP surface (Table 3.1.2). Optimal conditions were established on a pass-
no pass approach based upon i) avoiding GNP agglomeration during and after the conjugation
process, ii) providing no signal for negative samples, and iii) showing intense colouring with positive
samples.

Table 3.1.2. Experimental conditions tested for the adsorption of the recombinant antigen onto GNPs. Selected
conditions for the preparation of GNP-N conjugate are shown in bold. The saturation agents were dissolved in borate
buffer. The same buffer was used in the saturation, washing and resuspension steps of the conjugation.

Saturation signal
pH of N amount Agglomeration
GNP sol  (ug ml* OD*?) concentration tendency negative positive
agent
(% w/v) sample sample
8 10 BSA 1 weak ++
8 10 Casein 0.5 no - -
10 10 BSA 1 weak ++
10 30 BSA 1 moderate
10 10 Casein 0.5 no + +
10 30 Casein 0.5 no + +
10 10 yeast 1 strong
extract

10 10 PEG-BSA 1-1 weak + +
10 30 PEG-BSA 1-1 strong
9 10 Casein 0.5 no -[+ ++
9 30 Casein 0.5 no -/+ ++
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For the experiments, 3 negative and 3 positive serum samples, as classified by the reference ELISA,
were tested. The evaluation was made by naked eye observation between 5 and 30 minutes from
sample application. Symbols represent: (-) absent, (-/+) weak, (+) moderate, and (++) strong red-
colour developed at the test lines. The performance of the GNP-N was considered acceptable if the
agglomeration tendency was negligible or weak (pass), the signal for negative sample was
absent/weak or moderate (pass) and the signal of positive samples from moderate to strong (pass).
GNP-N adsorption was carried at room temperature under gentle stirring. Stable GNP-N conjugates
were obtained by using 10 ug/mi*OD of N to GNPs at pH 9 with casein in the overcoating, washing
and storage buffers. The effect of proteins and polymers usually added to limit non-specific binding
of the probe to capturing reagents and to limit matrix effect were evaluated by checking their impact
on the LFIA performance. Also, adding the modifier to the running buffer or pre-adsorbing it on the
conjugate pad were considered. Optimal resuspension and flow of the GNP-N conjugate was
realized when no proteins or polymers were pre-adsorbed (Table 3.1.3). The Tris-Glycine buffer
supplemented with 0.2% w/v of casein was selected as the one enabling the complete removal of
the residual colour at the test lines for negative samples while assuring strong signals for positive
samples (Table 3.1.4). Finally, the concentrations of capturing reagents to draw test lines were
defined according to achieving high sensitivity (Table 3.1.5).

Table 3.1.3. Study of the pre-adsorption of additives onto the conjugate pad. Conditions providing moderate to strong
signals for negative samples were no further considered.

Pre-absorbed protein Signal
negative sample positive sample
none -/+ ++
BSA ++
casein - -
PEG-BSA ++

yeast extract - -

Table 3.1.4. Study on the composition of the running buffers. All buffers were supplemented with 1% v/v Tween20 and
0.05%0 w/v sodium azide. Conditions providing moderate to strong signals for the negative sample were no further
considered.

Buffer pH m(%‘j\;i)ty additives ZZiqagjgi f::j;i/‘;es
Phosphate 7.4 100 0.5% Glycerol +
Phosphate 7.4 100 0(')5.;/;“6/:»/'\?:2? - -
Tris-HCl 8.2 34 20% sucrose +

2% BSA
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Carbonate 8.5 50 - ++

Tris-Glycine 8 114 - +

Tris-Glycine 8 114 0.1% casein +/- ++
Tris-Glycine 8 114 0.2% casein - +
Tris-Glycine 8 114 0.5% casein - -/+

Table 3.1.5. Identification of the optimal concentrations for test line reagents

SpA N
SpA N negative positive negative positive
(mg/ml) (mg/ml) samples samples samples samples
0.2 1.5 - + -/+ ++
0.5 1.5 - ++ -/+ ++
0.5 1.0 - ++ - ++
0.5 0.5 - ++ - -/+

Testing the human sera with the LFIA device

Accordingly, the colouring of one test line can be regarded as a (maybe false) positive outcome, while
two coloured test lines represented a strong evidence of positivity. On the other hand, no signal
present in correspondence of both test lines was considered as a robust indication of negativity. The
overall architecture and the principle of functioning of the multi-target LFIA are depicted in Figure
3.1. Several parameters affect LFIA performance, such as the quality and amount of bioreagents
used. Especially, the colloidal stability of the GNP conjugates largely impacts on the outcome of the
test, both in terms of sensitivity and specificity. Well-dispersed and stable probes were obtained by
optimizing all the phases in which GNP-N were involved from their preparation to the environment
in which they were store dried in the device to the resuspension buffer. The amounts of SpA, N and
avidin to from the two test and one control lines, respectively, and of GNP-N probe were defined
according to reaching clearly visible red colouring of the lines for a known positive sample (as tested
by the reference ELISA kit) and no signal for a pre-covid negative sample (Table 3.1.2).

The ability of the multi-target LFIA of detecting anti-SARS CoV-2 antibodies was investigated on 62
human sera belonging to individuals with confirmed infection. The diagnosis was made according to
the reference rRT-PCR on oral nasal swab. Serum was obtained from individuals included in the study
at different times from the diagnosis and, in some cases, after their recovery (defined as subjects
who were tested negative by two rRT-PCR on subsequent swabs). A description of the population
included in the study is shown in Table 3.1.1. Parallel to the LFIA analysis, sera were submitted also
to a serological ELISA kit targeting anti-SARS CoV-2 IgG. The ELISA kit was a semi-quantitative assay,
which provided results as “percentage optical density” (pOD). The relative amounts of the 1gG were
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calculated according to manufacturer’s instruction as (OD unknown — OD negative control) / (OD
positive control - OD negative control) x100. Therefore, we were able to correlate LFIA outcomes to
the clinical classification of the samples and, in addition, to the presence, and partially to the
amount, of IgG in them. According to manufacturer’s instruction, 47 sera out of the 62 provided pOD
values exceeding the cut-off level of 40% and were classified as positive. Negativity to the serological
assay for known infected individuals was attributed to either the closeness in time from infection of
blood collection or to showing an IgG level close to the cut-off level. Notwithstanding, two
individuals apparently did not develop a strong immune response to the infection even after weeks
from the confirmation of infection.

The “total antibodies” LFIA tested as positive 54 individuals based on the colouring of the T1 line
and 45 based on colouring of both test lines. No samples provided colouring of the T2 line in the
absence of any T1 line signal. Possibly, when limited amounts of antibodies were present in the
sample, they were captured by the first test line and were unable to significantly accumulate at the
second one. Alternatively, the different response of the two lines represented the different ability of
the two capturing reagents to interact with immunoglobulins. In such a case, SpA showed higher
affinity than the antigen towards antibodies. Based on these results and on the specificity study, we
opted for judging the positivity according to the colour of the T1 line. With this definition, almost
perfect agreement between the LFIA and the ELISA kit was estimated by the Cohen’s k (0.89) and by
the accuracy values (95.2%, 90.4-98.1%). Moreover, disagreeing results were observed for six
samples that were close to the cut-off level for the ELISA kit and which were scored as positive by
the LFIA, and for one sample collected after 12 days post-infection, which was negative according to
the ELISA kit while judged positive by the LFIA. In this respect, the ‘total antibodies’ LFIA confirmed
to be highly sensitive.

To rationalize the binding events occurring at the two lines, semi-quantitative information from the
LFIA devices was calculated as the colour intensity by digital processing of images. Interestingly,
signals from both test lines were correlated to ELISA with positive Spearman correlation coefficients
and P values below 0,050 (Figure 3.1.3). Significant relationships were observed also between SpA
and N variables in the correlation table, though data from the double antigen T2 line were more
scattered.
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Figure 3.1.3. Comparison of the response provided by the two test lines. Images of the LFIA for detecting anti N
antibodies for a negative and two positive samples (a) and distribution of signals provided by the two test lines for the

62 rRT-PCR+ samples (b).
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reference molecular diagnosis.
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Figure 3.1.5. Correlation of signals measured at each test lines for the total antibody LFIA and the ELISA semi-
guantitative determination of anti-SARS CoV-2 IgG.

compared to those from the T1 line (Figure 3.1.5). Furthermore, some samples showed more intense
colour at the T1, others at the T2 line (Figure 3.1.3a) without apparent relationship with the ELISA
score or other relevant factor, such as the seroconversion period. We interpret that both test lines
were able to detect IgG in the human serum; however, they also revealed other immunoglobulins
and the kind and/or the proportion in which they were detected varied among the lines. Comparing
signals from the two test lines by the Mann-Whitney test, there was not a statistically difference
among the data (P=0,264, Figure 3.1.3b). To further confirm that the LFIA was able to reveal
immunoglobulins A and M and that these class of antibodies contributed to the overall observed
signal, we labelled an anti-human IgA and an anti-human IgM antibody with gold nanoparticles. The
probes were separately incorporated into a LFIA device including the N antigen as the test line (T2)
and the usual control line. Two representative samples, chosen within positive ones, were analysed
by the “single antibody” LFIA (i.e., the two positives shown in Figure 3.1.6). Interestingly, we
observed a strong signal at the test line for one sample when staining with the anti-IgA, while the
other one did not provide any colour. In particular, the sample containing IgA was the one with the
stronger colouring at the T2 line (compared to the T1). Staining with anti-IgM also displayed some
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relevant information. The signal at the test line was clearly visible for both samples, but the intensity
was inversely correlated to the one measured in the “total antibody” mode (Figure 3.1.3 and 3.1.6).

Figure 3.1.6. Results on LFIA devices with red GNP labelled anti human IgA antibodies and blue GNS (gold nanostars)
labelled anti human IgM antibodies. On the left the sample #329 of the study at the beginning of the seroconversion. In
the presence of the anti SARS Cov2 IgA are captured by the N protein on the test line and the signal is provided by the
binding with labelled anti IgA antibodies. For the same sample, the presence of the IgM fraction is slightly revealed by
the blue GNS labelled anti IgM antibody. On the right, the fully seroconverted serum showing the opposite result, the
IgA are lower in intensity on respect to the IgM that increase with seroconversion. Details on the preparation of GNS are
reported in Chapter 4.1.

Diagnostic performances of the ‘total antibody’ LFIA device

The diagnostic performance of the “total antibodies” LFIA are summarize in Table 3.1.6. The signal
generated at the test line formed by SpA provided diagnostic sensitivity above 94%, considering
samples collected after one week from infection confirmation and 88.7% (78.2- 95.3%) including
samples collected during the first week after rRT-PCR diagnosis. The combination of the two lines
slightly decreased the sensitivity as the second test line provided three additional false negative
results. According to discussion above, the SpA seemed to be able to capture very efficiently the
antibodies. However, some samples showed a very faint colour at the T1 line while the T2 line was
intensely coloured, which can help the visual interpretation of the result. the T line was more
sensitive to this class of antibodies. The T1 line, constituted of SpA as the capturing reagent, showed
limited variability as a function of time from molecular diagnosis and persisted after the viral load
become undetectable. We hypothesized that the SpA test line was principally associated to the IgG
presence. The signal produced at SpA line indicated that the serological response to SARS CoV-2 rises
in the second week from infection confirmation and persists, at least for some weeks after recovery.
The ability of promptly detecting the serological response to SARS CoV-2 infection was further
ascertained by following the seroconversion of three donors (Figure 3.1.7). Identification of specific
antibodies was achieved as early as five days post diagnosis. Although with different intensities, both
test lines revealed the presence of immunoglobulins in the patients’ sera, with qualitatively no
distinction while with a large inter-individual variability in terms of the signal intensities.
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Table 3.1.6. Diagnostic performance of the ‘total antibodies’ LFIA

1 positive sample belonged to individuals with the infection as confirmed by rRT-PCR. Only samples collected from seven
days post confirmation were included in the Table.

ZNegative samples were sera collected pre-SARS outbreak.

T1 line (C.1.95%) T1+T2 lines (C.l. 95%)
Sensitivity! (95% C.I) 94,55% (84,88-98,86) 89,00% (77,75 — 95,89)
Specificity? (95% C.I) 100% 100%
Positive predictive value 100% 100%
Negative predictive value 96,59% (93,27—99,56) 93,41% (86,95 — 96,79)
Accuracy 97,86% (93,21-99,56) 95,71 (90,91 — 98.41)
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Figure 3.1.7. Time evolution of the serological response to SARS CoV-2 infection as detected by the ELISA kit (a) and by
the total antibodies LFIA (b-d) for three individuals. Empty and full symbols represent negative and positive
classification, respectively. Bars represent standard deviations of duplicate experiments.
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3.1.4 Conclusions

Therole that serological tests can play in the management of the pandemic has been limited because
the diagnosis was largely delayed compared to rRT-PCR and, therefore, insufficient for a prompt
intervention. Here, the authors propose a point-of-care tool for the early and sensitive detection of
the serological response to SARS CoV-2 infection. The LFIA device candidates itself as a useful tool
for monitoring the spread of the infection and to confirm recovery, and perhaps moving in the
future, as a tool for population serosurvey to determine immune populations.

The novel strategy aimed at non-selectively detect the total serological response to infection
combined to the production of an efficient probe including the SARS CoV-2 nucleocapsid protein
enabled the rapid and effective detection of seroconversion in human serum at as early as 7 days
post diagnosis of infection. We showed that the staphylococcal protein A could play the role of a
broad-specific capturing reagent towards human immunoglobulins. Compared to the double-
antigen approach showed similar or even superior diagnostic validity and contemporary early and
long-term ability to detect the antibodies elicited by the SARS CoV-2 virus. Although the test line
comprising the N antigen as the capturing reagent was apparently useless, its presence can help
increasing the robustness of the result, especially when the test is judged by untrained operators
and, in this sense, can be regarded as an internal double-check of positivity. As an alternative, we
illustrated that a LFIA device including SpA enabled achieving the 100%-specificity goal and,
contemporary high sensitivity when associated with the detection by the labelled N antigen.

Ethic statements

This study is a part of the SIRIT project, which has been approved by the Committee on Bioethics of
the University of Torino (31 March 2020), Ethics coordinator committee (AOU City of health and
science of Turin; Prot. N ° 0035599 of 07/04/2020) and satellite ethics committees. Enrolled patients
have signed regular Consent to the participation and processing of their personal data in accordance
with Regulation (EU) 2016/679 (GDPR)
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Abstract

A rapid and portable tool for Visceral leishmaniasis (VL) diagnosis based on the lateral flow
immunoassay (LFIA) technology is described herein. The device exploits a highly specific chimeric
recombinant antigen as the recognition element for capturing anti-leishmanial antibodies, and
protein A labelled with gold nanoparticles as the signal reporter. The LFIA shows excellent diagnostic
sensitivity (98.4%), specificity (98.9%), and agreement with serological reference methods for
diagnosing canine VL. The long-term stability of the LFIA device was confirmed based on six months
of storage at room temperature or 4 °C, and the qualitative response of the device was not affected
by limited thermal stress. The use of the broadly specific protein A means that the LFIA can be readily
adapted to diagnose VL in dogs (the main reservoir for human infection) and other mammals, thus
further assisting efforts to control the spread of VL.

83


https://doi.org/10.1007/s00216-018-1067-x

3.2.1 Architecture of the test

In this work, we describe the design of a rapid diagnostic tool for detecting anti-leishmanial
antibodies that shows high diagnostic sensitivity and versatility, as it can be adapted for use with
other mammals besides dogs and humans. This rapid test for diagnosing VL is a lateral flow
immunoassay based on the one-site immunometric assay format. The specific recognition element
is a recombinant chimeric antigen (rCAg) comprising three Leishmania antigens, which has been
shown to be highly specific for VL [29], [30]. The signal reporter is staphylococcal protein A (SpA)
labelled with gold nanoparticles (GNPs), which are used as coloured probes that permit visual
interpretation of the qualitative result. Antileishmanial antibodies present in the sample bind to the
chimeric antigen forming the so-called test line, and the rate of formation of the complex is
measured by reaction with the labelled protein A. The protein A, which is also used for the control
line, captures any excess immunoglobulins, regardless of their specificity for the leishmanial antigen.
Again, the captured immunoglobulins are revealed by protein A labelled with GNPs. Therefore, two
coloured lines form if anti-leishmanial antibodies are present in the sample, due to the accumulation
of GNP-SpA at both the test and control zones. Only the control line is visible if the sample does not
contain any anti-leishmanial antibodies (Fig. 3.2.1).
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Figure 3.2.1. Scheme of the LFIA device used for the rapid diagnosis of VL. The strip is composed of an analytical
membrane onto which a recombinant chimeric antigen (rCAg) and protein A (SpA) are coated to form the test and
control lines, respectively. The signal reporter consists of SpA labelled with gold nanoparticles that are coloured red due
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to a surface resonance band at 525 nm. GNP-SpA is included in the device in dried form by pre-impregnating the probe
pad. The device also includes a sample pad that adsorbs the sample and distributes it homogeneously to the membrane,
and an adsorbent pad that decreases the background colour by increasing the volume of the flowing sample. A single
visible line (Ctrl) is expected for a canine serum that does not contain any anti-leishmanial antibodies (negative sample)
due to the interaction of generic immunoglobulins with the labelled SpA and with the SpA immobilised on the
membrane. The presence of specific anti-leishmanial antibodies is revealed by the specific binding of these antibodies
to the rCAg, which generates a second red line (Test)

The use of protein A as a generic recognition element that confers versatility to the assay, due to
the ability of SpA to bind immunoglobulins from various animal species, has been reported for ELISA
methods [31]—-[33]. Some LFIAs have also employed protein A/G as the labelled probe in
combination with immunoglobulins as the capture reagent at the control line[34]. However, VL is
commonly associated with hypergammaglobulinemia[35], and high levels of gamma globulins can
saturate the binding capacity of the GNP-SpA probe, thus preventing it from reacting with the
immunoglobulins forming the control line. The effect of this is an unacceptably high probability of
an invalid result (control line not visible, Figure 3.2.1). To overcome this limitation, we also used SpA
as the capture reagent on the control line. This allows the LFIA for diagnosing VL to be modified to
detect antileishmanial antibodies belonging to different mammalian species while also assuring the
validity of the test, even for subjects showing abnormal levels of immunoglobulins.
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3.2.2 Materials and Methods

Immunoreagents, chemicals and materials

Gold (1) chloride trihydrate (ACS reagent), protein A (pA), bovine serum albumin (BSA), rabbit
immunoglobulins, swine immunoglobulins and polyvinyl alcohol (PVA) were obtained from Sigma-—
Aldrich (St. Louis, MO, USA). Triton X-100 and other chemicals were purchased from VWR
International (Milan, Italy). Anti-dog IgG were purchased from Sigma Aldrich. Nitrocellulose
membranes (HF180 plus card), cellulose absorbent pad and glass fibre conjugate pad were obtained
from Merck Millipore (Billerica, MA, USA). Standard 14 glass fibre pads from Whatman (Maidstone,
UK) were used as sample pads. K9-K39-K26 recombinant chimeric antigen (rCAg) was prepared as
described in [30]. Statistical calculations were carried out with SigmaPlot 11.0 software.

Preparation of GNPs and GNP-protein A conjugates (GNP-SpA)

GNPs with a SPR band at 525 nm and mean diameter of ca. 30 nm were prepared as reported in
Chapter 3.1.2. Signal reporters used in the LFIA were prepared by adsorbing protein A onto GNPs.
In details, 8 ug of SpA and 1 ml of borate buffer (pH 7.4) were mixed with 10 ml of GNPs and
incubated for 30 min at 37°C. Then, 1 ml of BSA (1% in borate buffer) was added and reacted for 10
min at 37°C to saturate free GNP surface. GNP-SpA conjugates were recovered by centrifugation
(14000 rpm, 15 min) and washed twice with borate buffer supplemented with 0.1% BSA. Finally,
GNP-SpA were re-suspended in GNP storage buffer (borate buffer with 1% BSA, 0.25% Tween 20,
2% sucrose, and 0.02% sodium azide) and stored at 4°C until use.

Fabrication of the LFIA device

The recombinant chimeric antigen[30] was applied to the nitrocellulose (NC) membrane to form the
Test line (0.5 mg/ml). Protein A (0.2 mg/ml) was used as the capturing reagent at the Control line.
Reagents were dotted at 1 uL cm™ by means of a XYZ3050 platform (Biodot, Irvine, CA, USA),
equipped with Biolet Quanti™ 3000 Line Dispenser for non-contact dispensing, keeping a distance
of 4 mm between the lines. The signal reporters (GNP-SpA conjugates) were absorbed onto the glass
fibre conjugate pad previously saturated with GNP storage buffer. The pad was dipped into GNP-
SpA solution (optical density 1) and dried for 3 hours at room temperature. NC membranes were
dried at 37°C for 60 minutes under vacuum, layered with sample, conjugate and absorbent pads,
cut into strips (4.2 mm width) by means of a CM4000 guillotine (Biodot, Irvine, CA, USA) and inserted
into plastic cassettes (Kinbio, China) to fabricate the ready-to-use LFIA device. Cassettes were stored
in the dark in plastic bags containing silica at room temperature until use.
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The Lateral Flow ImmunoAssay for canine leishmaniasis diagnosis

Assays to detect anti-leishmanial antibodies were carried out at room temperature, by applying 70
ul of diluted serum to the sample well. For the analysis, samples were thawed at room temperature,
carefully mixed and diluted by 1:20 using the running buffer (phosphate buffer 20 mM, pH 7.4,
50mM NaCl, 1% BSA, 0.5% PVA, 0.1% Triton X-100). Qualitative results were judged by the naked
eye after 15 minutes (Figure 3.2.2). Samples were analysed in duplicate and results were observed
by three operators. Images of LFIA devices were also acquired by a portable scanner (OpticSlim 550
scanner, Plustek Technology GmbH, Norderstedt, Germany) and the area of the coloured lines was
guantified by means of the QuantiScan 3.0 software (Biosoft, Cambridge, UK).
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Figure 3.2.2: Typical results provided by the LFIA for detecting anti-leishmanial antibodies for a positive and
a negative canine serum. Negativity is represented by the presence of single red line (the Control line), while
positivity is observed as the presence of two red lines (Test and Control lines) after sample running. The strip
is included into a plastic cassette providing a sample well and a reading window. When only the Test line is
visibly coloured, the test is invalid.

Serum samples

Atotal of 167 canine sera were used in the study; 37 serum samples were collected from an endemic
region (West Liguria, Italy), while 130 samples belonged on non-endemic regions (Piemonte and
Valle d’Aosta, Italy). Most canine sera were characterized by analysing them through more than one
reference method: IFAT titration was carried out on 157 samples, PCR and western blot (WB) were
carried out on 120 samples and 141 canine sera were analysed by a previously validated ELISA that
was based on the same recombinant chimeric antigen employed for fabricating the LFIA [33].
Samples belonging to the non-endemic area were characterized by IFAT, PCR and WB. In order to
classify canine sera, IFAT cut-off was set at 1/80 [33], [36]—[38], while PCR and WB were carried out
according to the protocols described in E. Ferroglio et al.[39].

In details, 70 samples showed IFAT titre < 1/40 and were negative also according with PCR and WB
methods; 40 samples showed IFAT titre > 1/80 and were positive also according with PCR and WB
methods; 10 samples were analysed through WB and PCR and resulted as positive. These samples
were also analysed by the ELISA that classified 5 samples as positive and 5 as negative.
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Samples belonging to the non-endemic area were classified according with either the IFAT titre or
the ELISA score; in particular, 7 with inconclusive classification (IFAT = 1/80) were analysed by the
ELISA method. Further 102 samples were randomly chosen among those already characterized by
other reference methods and submitted to ELISA qualification, as well. To evaluate the potential
application of the assay to different animal species, 2 red fox sera (1 IFAT positive and 1 negative)
and 9 cat sera were also analysed. Cat sera were characterized by PCR and WB; however, results
were ambiguous and were considered inconclusive. Fox and cat samples were analysed by the
versatile LFIA and by the reference ELISA (which also employed protein A as the probe, although
conjugated to horseradish peroxidase).

Validation of the LFIA device for detecting leishmaniasis in canine serum

The impact of serum matrix on the assay was studied by variably diluting a pool of positive and a
pool of negative canine sera with phosphate buffer supplemented with various additives. In order
to limit matrix interference, the following chemicals were considered: proteins (BSA, casein),
surfactants (Tween 20, Triton X-100), polymers (polyvinyl alcohol), and salts (NaCl). Each additive
was added to phosphate buffer at three different levels and used to dilute pooled sera 1:10 before
LFIA analysis. In addition, the same compounds were also used for impregnating the sample pad, as
an alternative to sample dilution. Accuracy of the assay was calculated as the rate of results agreeing
with those provided by the reference methods (IFAT and ELISA) on canine sera. The Cohen’s K
parameter was calculated to evaluate concordance of the new LFIA with serological reference
methods. The imprecision of the LFIA was considered to be due to the sum of 3 components: the
within- and between-day variations due to the assay, and the biological variability. Accordingly,
overall imprecision was estimated by an experimental design approach firstly proposed by V.
Lattanzio et al. [40], [41], with minor modifications due to availability of biological samples [42]. The
study was conducted by analysing 11 sets of canine serum, of which 7 were positive and 4 negatives.
The samples were analysed on two days. On each day, samples were analysed in triplicate. Negative
samples and positive samples were used to calculate the rate of false positivity (n=24) and false
negativity (n=42), respectively. Robustness, in terms of the reliability of the assay response over
time, was also studied: for that purpose, 10 serum samples (5 positive and 5 negative) were analysed
in duplicate and the result was observed after 10, 20 and 60 minutes from sample application. The
rate of false positive (n=10) and false negative (n=10) was calculated at each observation time.

Stability of the LFIA device

With the aim of evaluating the shelf-life of the LFIA device, real-time stability and accelerated ageing
experiments were carried out as follows [42], [43]. For the accelerated ageing experiment, LFIA
cassettes were kept at 37°C for 7 days and tested on day 0, 1, 3 and 7. For the real-time stability
experiment, LFIA cassettes were stored at room temperature and at 4°C for 6 months, and tested
on week 0, 1, 2, 4, 8, 12, and 24. For each experiment, a pool of positive samples and a pool of
negative samples were analysed in duplicate. For all experiments, LFIA devices were stored in the
dark and with desiccant added.
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3.2.3 Results and discussion

Optimization of the LFIA device

The LFIA device was designed as a versatile tool for diagnosing Leishmaniasis in various animal
species. Hence, protein A was used as a broad selective recognition element and labelled with gold
nanoparticles to fabricate the signal reporter (Figure 3.2.1). The same protein A was used also as
the capturing reagent forming the Control line. Attempts were made using immunoglobulins from
other animal species known to bind SpA (rabbit and swine) as the C-line capturing reagent, according
to the strategy proposed by Intaramat et al. [34]. However, the rate of invalid test (i.e.: test in which
the Control line is not visible) was unacceptably high, due to the unavailability of the GNP-SpA probe
for binding to the immunoglobulins immobilized at the C-line. In fact, subjects infected by VL also
show hypergammaglobulinemia [35] that saturated the binding capacity of the labelled SpA. The
use of an anti-canine antibody partially solved the problem, however at the expenses of assay
versatility. Therefore, we opted to use the same SpA as the C-line reagent. In such a way, the LFIA
is putatively able to reveal immunoglobulins of all animal species that are bound by SpA.

The specificity of the LFIA is connected to the recognition element deposed at the Test zone, which
is a recombinant chimeric antigen (rCAg) from the amastigote form of Leishmania parasite [30]. In
details, the rCAg comprises three antigenic domains (K9, K39, and K26) from L. Infantum [44] and
has proved to allow the highly sensitive and specific detection of anti-leishmanial antibodies by
ELISA [33]. Most importantly, the rCAg is representative of the form of the Leishmanial amastigote
antigens that are expressed in vertebrates, enabling to discriminate infected subjects from those
who just underwent into contact with the phlebotomine vector. This is particularly relevant for
correctly identifying infected subjects in endemic areas, where the probability of accidental contact
with the vector is high, although not necessarily connected to the actual development of the
infection [45].

The setting up and tuning of LFIA parameters to produce a rapid, sensitive and easy-to-handle LFIA
device followed a checkerboard strategy, in which concentrations of the signal reporter (GNP-SpA),
the recognition element for the Test line (rCAg) and the capturing reagent (SpA) for the Control line
were variously combined. Pooled positive and negative canine sera were used during the
optimization work to mitigate the influence of biological variability. Preliminary, the experimental
conditions for optimal conjugation of SpA with gold nanoparticles were defined. In details, pH and
amounts of the SpA were defined based on a compromise providing stable GNP-SpA conjugates [46]
and high detectability in the LFIA device [47].

The protocol for executing the assay includes serum dilution with a running buffer. This additional
step limits simplicity of use of the LFIA device for non-trained personnel and in low-resource
settings. However, it was required for two main reasons. On one hand, serum is a viscous liquid that
hardly flows across the LFIA membrane. As a consequence, the application of undiluted samples
resulted in the lengthening of analysis time and increasing of rate of irreproducible results. Most
importantly, the rate of false negative samples was unacceptably high due to the hook effect,
associated to the hypergammaglobulinemia of subjects infected by VL [35]. The minimal sample
dilution required for obtaining a clearly visible signal at the Test lines for most positive samples and
in a reasonable time (15 minutes) was established as 1:20. Lower dilution factors (e.g.: 1:10) allowed
for acceptable diagnostic sensitivity to be reached, however at the expenses of rapidity (accurate
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results were observed after 60 minutes from sample applications). Commercial LFIA kits also involve
some dilution of the serum, typically realized by applying a limited volume of the sample
immediately followed by the addition of a larger volume of a diluent. The composition of the running
buffer was defined with the aim of guarantee rapidity, high detectability, and reduced sample-to-
sample result variation. At the purpose, several modifiers were added to the phosphate buffer, such
as BSA, PVA, NaCl and Triton X-100. PVA was especially helpful for the rapid and complete re-
dissolution of the dried GNP-SpA; while NaCl efficiently abated non-specific binding of GNP-SpA to
the rCAg at the Test line, thus contributed to dramatically reducing false positive results.

Analytical parameters of the LFIA for the qualitative detection of anti-Leishmanial
antibodies in canine serum

The precision of the LFIA device was investigated following the approach firstly proposed by V.
Lattanzio et al.[41] and widely applied for assessing performances of qualitative LFIAs [40], [42]. The
strategy is based on designing a set of experiments to include three factors that contribute
potentially to the overall precision of the assay, namely: the within-day, the between-day, and the
biological variability. Therefore, seven positive and four negative serum samples were tested in
replicate on the same day and on two distinct days. Positive samples included serum with high and
low IFAT titres. No false positive (n=42) nor false negative (n=24) results were registered during the
assessment, as a confirmation that the LFIA is precise enough for enabling reproducible detection
of anti-leishmanial antibodies in canine serum. The mean coefficients of variation were calculated
for positive canine sera by digitalizing images of the cassettes and converting them into quantitative
data [48]. The area under the Test line (AreaT) was measured and used as the quantitative
parameter for verifying repeatability and reproducibility. Mean coefficient of variations were
calculated as 14.6% (n=12) and 15.5% (n=6) for the within- and between-day experiments,
respectively (Figure 3.2.3a). The mean values of AreaT for the two days were compared by a one-
way analysis of variance (ANOVA). The observed difference among the days was not statistically
significant (P=0.145), although the power of the performed test was below the desired value (power
of performed test with alpha=0.050: 0.199).

A larger variability was observed among the various canine samples; however, this was expected
since samples were expressly chosen for having variable IFAT titres. Indeed, even if the LFIA is not
able to provide quantitative results, obviously, the variable content of anti-leishmanial antibodies
of samples reflected into differently coloured Test lines, where the higher the content of antibodies,
the more coloured the Test line and vice versa.

A frequent issue of LFIAs for serological application is represented by the modification of the visual
result over time. In particular, negative results (i.e.: assay in which only the Control line is visibly
coloured) have the tendency to become positive (the Test line becomes coloured, as well). In order
to define the minimum time required for observing a reliable response by the LFIA, and to verify the
robustness of the response over time, the LFIA was used to detect anti-leishmanial antibodies in ten
canine sera and the observation of the results was repeated after 10, 20 and 60 minutes from
sample application. Four negative and six positive samples were analysed. Among positive samples,
three were characterized by high IFAT titres (equal or above 1/640) and three by low IFAT titres
(below 1/640). Each sample was tested in duplicate and results were observed by the naked eye.
The colour at the Test line indicating positivity was detectable after ten minutes for all positive
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samples, increased in the following 10 minutes, and then stabilized (Figure 3.2.3b). Precautionary,
we set 15 minutes as the time for achieving a reliable response for low positive samples. Most
interestingly, no colour at the Test line was visible for negative samples even after 60 minutes from
sample application and this observation was confirmed for all negative samples analysed during LFIA
validation. Therefore, the LFIA demonstrated to provide responses very stable over time.
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Figure 3.2.3. In-house validation of the LFIA for detecting anti-leishmanial antibodies: (a) within- and between- day
variability of the LFIA response, bar represent standard deviations of the three replicates obtained on each day for the
between-day experiment; (b) stability of the LFIA response over time for six positive samples

Validation of the LFIA as a rapid tool for serological diagnosis of canine Leishmaniasis

The capability of the LFIA to correctly identify subjects infected by CVL was studied by analysing sera
from a total of 167 dogs, belonging to both endemic (37 subjects) and non-endemic (130 subjects)
areas. Considering that a gold standard reference method for diagnosing VL is still missing and that
each of the analytical method usually employed show some limitations [36], [37], [49]-[53], we
opted to classify canine serum based on IFAT and ELISA responses. Actually, IFAT method is
commonly regarded as the reference for validation of new diagnostic tools [36], [49], [54]. On the
other hand, the ELISA used in the study was based on the same capturing antigen exploited for
fabricating the LFIA device. Thus, we considered that any discordance between the two methods
should be attributed to the functioning of the LFIA itself and not to the specificity of the capturing
reagent. For the same reason, we considered just the qualitative interpretation of the LFIA result
(i.e.: colour present at the Test line) and we did not attempt to correlate quantitatively the LFIA
output with IFAT titre. Most samples were characterized by the serological reference method and
their classification as positive/negative was based on the general assumption that IFAT titres above
1/160 and below 1/40 are considered unequivocally positive and negative, respectively. IFAT titres
comprise between 1/40 and 1/80 are considered as controversial [38], [50] and, commonly, the
1/80 level is considered as the decision cut-off [36]—[38]. The sensitive and specific ELISA was used
to confirm classification of samples with an ambiguous titre and to assign samples without IFAT
titre. Further 102 sera were also analysed by the ELISA. Most results obtained by the ELISA method
agreed with those provided by the IFAT method. However, 11 samples gave conflicting results
among the two reference methods. These samples belonged to a non-endemic area and were
classified as positive based on the IFAT method, while negative according to the ELISA. The
difference can be explained considering the different antigen used by the two reference techniques.
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In particular, the ELISA employed the same chimeric antigen as the LFIA and therefore is more
specifically directed to detect antibodies against the amastigote form of Leishmanial parasite, while
the IFAT method employs an antigen from the promastigote form of the parasite. In conclusion,
samples were classified as truly negative if having the IFAT titre below the cut-off titre (1/80) and a
negative ELISA score [33]. Positivity was assigned to samples having the IFAT titre above the cut-off
titre (>1/80) and a positive ELISA score. Sera with IFAT titre at the cut-off level (1/80) and without
IFAT titre were classified based on the ELISA score only. Accordingly, 93 truly negative samples, 63
truly positive samples, and 11 ambiguous samples (positive according to IFAT, negative according to
ELISA) were analysed by the LFIA during the study. Samples were blindly analysed through the LFIA
in duplicate and were judged positive based on the presence of two visible lines. The visual result
was assessed by three different operators, who observed the LFIA devices by the naked eye after
15 min from the application of the sample. Agreeing results were obtained within replicate
measurements and between observations of the three operators for all canine sera. From these
results, we obtained the figures of merits for the validation of the qualitative LFIA (Table 3.2.1).

Table 3.2.1. Classification of canine sera by the LFIA

N of negative

N of positive result False result -
Fal
LFIA / reference Se (%) negative rate Sp (%) alse pOi/ltlve
method (%) LFIA / reference rate (%)
method
Endemic 23 /24 95.8 4.2 13/13 100 0
Non- 39/39 100 0 79/ 80 98.8 12
endemic
62 /63 98.4 1.6 92 /93 98.9 1.1

In particular, we calculated: the diagnostic sensitivity (Se) of the test, defined as the rate of truly
positive results and the diagnostic specificity (Sp) of the test, defined as the rate of truly negative
results [55]. The LFIA furnished one false negative result for a canine serum belonging to the
endemic region. This sample had an IFAT titre equal to 1/80, which is considered as controversial
and, especially for animals living in endemic area, can be related to an initial phase of the infection.
A false positive result was observed for a sample belonging to the non-endemic area and,
furthermore, classified as negative by both reference methods. Nevertheless, the LFIA
demonstrated very high diagnostic sensitivity (98.4%, 95% confidence interval 91.47-99.96%) and
specificity (98.9%, 95% confidence interval 94.15-99.97%), thus confirmed its applicability for
accurately diagnosing CVL. Achieved sensitivity is higher than those of other rapid test kits,
especially considering that the LFIA was able to correctly also discriminate samples with very low
IFAT titres (1/40 and 1/80) while previously reported assays failed in classifying such kind of samples.
Low IFAT titres can be associated to the early stage of the infection; so, the LFIA candidate as an
effective tool for the prevention and control of CVL infection transmission by enabling early
diagnosis. Canine sera with conflicting attribution based on the reference methods were not
considered for calculation of diagnostic sensibility and specificity of the LFIA. Conversely, they were
included in the comparison of LFIA with reference methods (Table 3.2.2) to calculate the accuracy.
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Table 3.2.2. LFIA compared to the reference IFAT and ELISA methods

vs IFAT vs ELISA
N samples 140 140
(pos / neg) (61/79) (62/78)
Accuracy (%) 97.1 92.9
K 0.94 0.86

For this purpose, samples were classified differently, in accordance with the response of each
individual reference method considered. The LFIA judgement provided 8 positive and 3 negative
results on these ambiguous samples, thus the agreement was higher with the IFAT reference
compared to the ELISA, even though the ELISA method used the same antigen specific for the
amastigote VL parasite as the LFIA. In details, the accuracy of the test, defined as the fraction of
tests correctly classified, was ca 93% and 97% assuming the IFAT or the ELISA method as the
reference, respectively. The concordance with the two reference methods was estimated by the
Cohen’s k [55]. Excellent concordance was calculated with both reference methods. Moreover, by
comparing the LFIA to the IFAT method, which is generally considered as the gold standard
reference for Leishmaniasis diagnosis, the k value exceeded 0.9.

Shelf-life study

Long-term and thermal stability are crucial factors for LFIA devices because they are designed for
working on field. However, most materials and bio-reagents included in the device are intrinsically
sensitive to environmental conditions.

The long-term stability of the LFIA device stored at 4 °C and at room temperature was investigated
within six months. LFIA cassettes were individually packed, with light protection and in the presence
of a desiccant. In details, a positive and a negative control were correctly attributed, based on the
visual observation of the colour at the Test lines. Also, the quantification of coloured areas
confirmed the visual observation (Figure 3.2.4a). Although we observed a slight decrease of Test
line colour starting from day 7 compared to that measured at day O for both temperatures, we
concluded that the LFIA is acceptably stable for six months and does not require a specific storage
temperature.

In addition, accelerated ageing of the LFIA was carried out by keeping the LFIA device at 37°C for
one week. The experiment allowed us to conclude that the LFIA device is insensitive to limited
increase of the temperature (Figure 3.2.4b) that can occur due to ambient conditions (i.e.: use
during summer season, storage in non-conditioned environment for short periods) and, therefore,
is robust enough for the on-field usage.
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Figure 3.2.4 (a) shelf-life of the LFIA device as measured at 4 °C (circle) and room temperature (square) (b) thermal
stability of the LFIA device at 37 °C. Bars in (b), (c), and (d) represent standard deviations of replicates experiments (n=2)

Application of the LFIA for the diagnosis of VL in other animal species

Although dogs are considered the main reservoir for VL, other mammalian reservoirs have been
reported and incriminated for transmission of the infection to humans [56], [57]. Companion
animals like cats can be infected by L. infantum and transmit infection to sand flies [58] and several
species of wild animals have been found infected in Europe [38]. In the past, wild species were
considered as secondary reservoirs or occasional hosts; however the recent focus in Madrid with
more than 600 human cases highlights the risk of VL spreading from wildlife to humans [59]. One
major limitation for better understanding the dynamic of interaction between VL hosts and
reservoirs is represented by the availability of diagnostic methods applicable for animals other than
dogs. Indeed, most serological methods use probes that are specific for revealing canine
immunoglobulins and necessitate modifying protocols for enabling detection of anti-leishmanial
antibodies from other mammalians. An example of a broad-specific serological assay for VL
diagnosis in dogs and humans has been previously developed by the group in the ELISA format [33],
based on a similar strategy. Protein A labelled with an enzyme was exploited as a versatile probe
capable of revealing both human and canine anti-leishmanial antibodies. To demonstrate the
versatility of the LFIA and its adaptability to detect anti-leishmanial antibodies produced by diverse
animal species, two sera from red fox and nine from cat were analysed by the protocol optimized
for CVL diagnosis. Red fox sera were characterized by IFAT titration and were known as one being
positive and one negative. PCR and WB analyses provided controversial classification of feline sera,
which were thus analysed by the reference ELISA. The ELISA provided a positive response for the
red fox sample classified as positive by IFAT method and for three feline samples. The observed
disagreement between molecular and serological techniques is frequent when cats are tested by
both methods [58], due to the immune response of cats that differ from dogs as the low number of
clinical cases demonstrates.

LFIA analysis was conducted in two replicates; no invalid tests were observed, which means that the
GNP-SpA probe is suitable for adapting the LFIA for diagnosing VL in cat and red fox sera.
Furthermore, LFIA judgement on red fox sera matched those obtained by both reference methods
(ELISA and IFAT). Regarding feline sera, three samples were classified as positive and six as negative
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(Figure 3.2.5), thus providing an excellent concordance with the reference ELISA. The observed
discordance with respect to PCR was attributed to the variability of results among molecular and
serological diagnostic methods, often underlined in the few available literature [58]. More
interestingly, the strategy used to develop the LFIA based on the broad-specific GNP-SpA probe
enabled the detection of immunoglobulins from different mammalians (dogs, cats, and red fox) and
the recombinant chimeric antigen was able to capture anti-leishmanial antibodies from other
carnivores.

Ctrl
Test

Line #1 #2 #3 #4 #5 #6 #7 #8  #9 #10  #11

Figure 3.2.5. LFIA results obtained by analysing sera from two foxes (lines #1-2) and nine cats (lines #3-11). A clearly
visible Test line indicated positivity for three samples (lines #1, #3 and #9). One sample (line #10) was weakly positive.
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3.2.4 Conclusions

Performance of rapid tests available on the Brazilian market for the rapid diagnosis of CVL has been
reviewed by W. Pinto et al. [38]. Although validation studies were heterogeneous in sample size and
regarding the reference methods used to classify samples (IFAT, ELISA, PCR) some conclusions can
be drawn. Not considering the Rapidtest assay, which validation precedes the others by about ten
years, the diagnostic specificity of existing point-of-care-test for CVL varied between 90.6% provided
by the SNAP Leishmania test [60] to 100% shown by the Kalazar Detect assay [44]. Noticeably,
sensitivity ranged between 32.6% (Kalazar Detect) to 98% (Dual-path platform, dpp®), with a strong
variability associated to the phase of the disease. Asymptomatic dogs were hardly recognized as sick
by most of the rapid tests reviewed (sensitivity: 32.6-94.7%) while symptomatic animals were more
easily identified as infected (sensitivity: 77-98%). The highest sensitivity value was provided by the
dpp® test (98%). Another LFIA kit for CVL diagnosis, the Speed leish K [61], has been validated in a
study by Ferroglio et al. [53]. The sensitivity and specificity were 96.3% and 100%, respectively,
when calculated for canine sera with high IFAT titres (>1/160), which likely correspond to animals
showing clinical signs of infection or in advanced stage of disease [53]. Otranto et al. validated a LFIA
for CVL based on a recombinant K39 antigen that provided 97.06% and 100% sensitivity and
specificity, respectively [55]. The LFIA for detecting canine anti-leishmanial antibodies developed in
this study has higher sensitivity (98.4%) compared to other LFIAs, and the validation also included
subjects with low IFAT titre. Therefore, it can candidate as a reliable tool for the accurate early
detection of CVL. Specificity is comparable to the mean of LFIA kits available on the market for
Leishmaniasis diagnosis. The LFIA device is also robust, as the visual output demonstrated to be
stable over time and not influenced by the occasional increase of the temperature. It shows long-
term stability (up to six months), without requiring refrigeration. In conclusion, it is suitable for on
field applications by non- trained personnel and in low-resources settings. Furthermore, the design
of the assay allows for its facile adaptation to diagnosing VL in other companion animals and wild
carnivores that have been confirmed to have a role in the spreading of VL transmission. This
versatility represents a further benefit for keeping the broadening of infection transmission under
control in a timely and efficient way. The LFIA provides a qualitative yes/no response that may be
used as a first screening test. In case of a positive result, a quantitative serology (ELISA or IFAT)
should be performed to better discriminate the stage of infection and direct treatments.

Compliance with Ethical Standards

Disclosure of potential conflicts of interest: The author Chiara Nogarol works at In3diagnostic
company (L.go P. Braccini 2, Grugliasco (TO), Italy) which may commercialize the device. However,
this does not alter the authors' adherence to the principles of good scientific practice and to relevant
policies on sharing data and materials. The authors declare no other competing interest.
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Research involving Animal Participants

Informed consent: Blood samples were obtained during routine activities at the Veterinary Teaching
Hospital of the Department of Veterinary Science or performed by veterinary practitioners. The
study encompassed dogs from a private kennel/small animal veterinary clinics and informed
consent was obtained from the owner. The consent was provided in oral form. No additional
permission was required. All procedures were conducted in accordance with EU Directive
2010/63/EU for animal experiments, as well as subject to informed owner consent.
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Chapter 4

The class-specific antibody LFIA
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Introduction

As reported in the chapter 3.1 the most common target for antibody testing is the IgG class.
Detecting a single class of antibodies is a standard and, generally, comfortable, practise. In
those situations where the clinical intervention differs according to the stage of the infection,
it could be important to discriminate between classes IgG and IgM [1]—[4]. Some classes are
peculiar to biological specimens, such as IgA, and furnish complementary information to
those carried by serum IgG [5]—[8]. The different roles and behaviour of the antibody classes
can have many implications, from the vaccine administration routes to the monitoring of
their efficiency, from the discrimination between an early infection to a complete
seroconversion[9].

As discussed in the previous chapter, LFIAs for antibody testing generally target the IgG class
or apply the ‘untargeted’ approach, indiscriminately addressing the sum of Ig or the sole class
detectable within the system. Ig class differentiation is generally accomplished by laboratory
tests. However, recently, some LFIAs aimed at detecting separately IgG and IgM have been
reported [10]—-[12], profiting of the simplicity of testing multiple targets in a single strip.

This section enlightens the importance of two rarely exploited, characteristics of the LFIA:
the multiplexing ability and the specificity in the isolation of the target in non-conventional
matrices.

Hereafter are reported two examples of the strategies exploited for improving these aspects.

The first example deals with the enhancement of the number of information achieved in a
single test by upgrading the standard multiplexing into a multimodal format following three
different strategies. Comparing their results using the same samples allowed, furthermore,
for understanding the importance of the roles of the immunoreagents.

The second was on the development of a LFIA strip to target a single, strategic, class of
antibodies in a non-conventional matrix, the saliva, easier to be sampled and with less
interfering non-specific antibodies, by using a dual detection system.
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4.1
*

Multimodal x2LFIA for HIV

Based on

S. Cavalera, F. Di Nardo, L. Forte, F. Marinoni, M. Chiarello, C. Baggiani, L. Anfossi, Switching from Multiplex to
Multimodal Colorimetric Lateral Flow Immunosensor, Sensors (Basel), 20, 2020, 6609.

https://doi.org/10.3390/s20226609.

Abstract

Multiplex lateral flow immunoassay (LFIA) is largely used for point-of-care testing to detect
different pathogens or biomarkers in a single device. The increasing demand for
multitargeting diagnostics requires multi-informative single tests. In this study, we
demonstrated three strategies to upgrade standard multiplex LFIA to multimodal capacity.
As a proof-of-concept, we applied the strategies to the differential diagnosis of Human
Immunodeficiency Virus (HIV) infection, a widespread pathogen, for which conventional
multiplex LFIA testing is well-established. In the new two-parameter LFIA (xX’LFIA), we
exploited colour encoding, in which the binding of multiple targets occurs in one reactive band
and the colour of the probe reveals which one is present in the sample. By combining the
sequential alignment of several reactive zones along the membrane of the LFIA strip and gold
nanoparticles and gold nanostars for the differential visualization, in this demonstration, the
X2LFIA can furnish information on HIV serotype and stage of infection in a single device. Three
immunosensors were designed. The use of bioreagents as the capturing ligand anchored onto
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the membrane or as the detection ligand labelled with gold nanomaterials affected the
performance of the x’LFIA. Higher detectability was achieved by the format involving the HIV-
specific antigens as capturing agent and labelled secondary bioligands (anti-human
immunoglobulins M and protein G) as the probes.

4.1.1 Design of the prototypes

Here, we propose a two-parameter multiplexing LFIA strategy (x?LFIA), which combines
multiple lines and the colour-encoded approach to expand the number of information
achievable within a single strip test. The work aims at demonstrating the feasibility and the
potentiality of the x’LFIA approach to get a tetravalent information in a two-line and two-
colour assay. As a proof-of-concept of the multimodal approach, we used a set of
immunoreagents for the diagnosis of the Human Immunodeficiency Virus (HIV) infection. HIV
is one of the main fields of application of point-of-care testing since it still has a severe impact
on society [13] and especially in low-resource settings. POCT diagnostics involving
conventional and multiplex LFIA for HIV are well-established [14]. HIV testing rely typically
on the detection of the serological response to the infection. Antibody-screening LFIAs
discriminate between HIV1 and HIV2 serotypes by exploiting the specificity of the recognition
between the type-dependent viral proteins and the human anti-HIV antibodies [15].
Recombinant envelope glycoproteins gp41 and gp36 are generally used as the antigens to
specifically recognize HIV1 and HIV2 antibodies, respectively [16], [17]. The spatial resolution
is the most common strategy to multi-targeting the single assay [18]—[24]. For instance, in a
typical HIV serotyping test, the discrimination is made by coating the specific antigens in two
spatially confined bands (test lines) (Figure 4.1.1 a) and anti-HIV antibodies are
indiscriminately revealed by labelled secondary antibodies as the signal reporters. The anti-
HIV antibodies form immunocomplexes with the labelled secondary antibodies and are
captured by the antigens at the test lines. This results in the accumulation of the signal
reporters with the formation of coloured lines. On the other hand, the double antigen
approach has been reported also. In this case, the probe is represented by the labelled
antigen and the sandwich-type complex comprises the anti-HIV antibody bridging two
antigens, one anchored to the support (capture) and the second one labelled (detection). In
microplate-based ELISA this approach was shown to increase specificity and sensitivity and
some LFIA formats adopted this strategy [25], [26]. The serological response to infection
involves the production of different classes of immunoglobulins, which follows a typical
temporal pattern, in which IgM are produced first, followed by IgG [9], [27]. Then, the
IgM/1gG ratio is exploited for identifying the stage of the infection [28], [29]. HIV testing
embedding both serotyping capability and infection stage discrimination are not available
currently. The two discrimination levels in a single test as the illustration of the potential of
the multimodal approach were combined. Variously combining specific bioreagents as
capturing agents coated onto the nitrocellulose and signal reporters conjugated to GNP and
GNS two xLFIA and three x’LFIA immunosensors were designed and their performance
investigated. For the studying x2LFIA immunosensors and comparing their performance, we
used gp41 and gp36 to bind specifically the two HIV serotypes and protein G and anti-human
immunoglobulins M (anti-hlgM) secondary antibody to bind 1gG and IgM, respectively.

105



NEG HIV1 HIV2

a antigen '7\ 7 N J‘ 7
or N 3 |
[ antitgG antibody ' I Current state-of-the-art
or i 1 =1

e | * 1colour
w35 f== .+ 2testlines
— — + 2infoitems

NEG HIV1 HIvV2

', G858 ‘0. 308

5N

a
3
i
]
|
I

NEG HIV1 HIvV2

NS/ ; . Compress2infoina
,Gm,_ep;s ] \/ Switch to dual-colour ,cup-gpss S I_ single testline
— =4 = signal reporters i = =
GNS-gpa1 . 2 col GNS-godl * 2colours
ke b col ol{rs - bl | ¢ 1 test line
== + 2testlines ep36/gpdl « 2infoitems
-t » 2infoitems
| Control — — — Control o = =
NEG HIV1 HIV2 NEG HIV1 HIV2
d e
-
3 - q — -— —

Figure 4.1.1. Conceptual framework of the new generation multiplexing LFIA with the addition of a dual colour
probe: state-of-the-art in multiplexing (a) schematic of the possible use of red- and blue-coloured gold
nanomaterials to discriminate HIV1 and HIV2 (b) and to merge the two information items in a single test line
(c). Results from a known negative, a HIV1 positive, and a HIV2 positive serum samples, respectively are also

shown to confirm the feasibility of the xLFIA (d) and x?LFIA (e).

The three immunosensors differed each other by the role and position that immunoreagents
played in the assay. Immunosensor 1 used secondary bioligands (e.g., protein G and anti-
higM) as the capturing agents and the GNP/GNS -labelled HIV antigens as the probes.
Immunosensor 2 was the exact reverse. The two HIV antigens were coated on the test lines
and acted as the capturing agents while secondary bioligands were labelled with two distinct
signal reporters. Immunosensor 3 relied on the double antigen strategy, where HIV antigens
were used both for capture and for signal reporting, both linked to the red GNP. The blue-
labelled anti-hlgM was added to add the information on infection stage. Generally, the
double antigen approaches are reported as more sensitive than other formats, precisely
because of its selectivity [30]. The three immunosensors were tested using a panel of control
sera for investigating the ability to combine the spatial and colour resolution to provide
multiple response and for elucidating the effect of the role played by the immunoreagents
on the immunosensors performance. The importance of multiplexing is growing day by day,
parallel to the comprehension of the relevance of intersecting information on several
biomarkers at one time [31]-[34]. This study discloses the possibility to expand the
multiplexing capability of the LFIA platform for multi-target screening tests without requiring
expensive instrumentation for miniaturized spots reading.
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4.1.2 Materials and Methods

Immunoreagents, chemicals and materials

Gold (lll) chloride trihydrate (ACS reagent), hydroquinone, streptococcal protein G, sodium
caseinate, anti-human IgM (u chain specific) antibody produced in goat, and bovine serum
albumin (BSA) were purchased from Sigma—Aldrich (St. Louis, MO, USA). Tween20 and other
chemicals were of analytical grade and were obtained from VWR International (Milan, Italy).
HIV-antigens gp36 and gp4l were purchased from Arista Biologicals Inc. (Allentown, PA,
USA). Casein-biotin for conjugation to GNPs was obtained from In3diagnostics (Torino, Italy).
Nitrocellulose membranes with cellulose adsorbent pad (CNPC-SS12-L3-P25) and sample
pads (FR-1) were purchased from MDI membrane technologies (Ambala, India), while
conjugate pads (GF) were obtained from Merck Millipore (Billerica, MA, USA).

Synthesis of Gold Nanoparticles and Gold Nanostars

Spherical gold nanoparticles (GNP) were synthesized as reported in Chapter 3.1.2. GNS were
synthesized through a seeding growth approach using a stepwise reduction of Au (lll) to Au
(1) by citrate and Au (I) to Au (0) by hydroquinone. The protocol followed one previously
reported [20] and involved the synthesis of GNP seeds with a localized plasmon resonance
(LSPR) band centred at 517 nm. These were obtained as described above, except for the
volumes used, which were 0.6 mL of 1% w/v sodium citrate added to 30 mL of 0.01%
tetrachloroauric acid. For GNS preparation, 1.9 x 10-8 mol of tetrachloroauric acid was mixed
with 9.3 x 10-13 mol of GNP seeds and 7.5 x 10-9 mol of sodium citrate. The mixture was
stirred for 2 min at room temperature. Then, 3.0 x 10-5 mol of hydroquinone was rapidly
under vigorous stirring. The solution was kept under stirring at room temperature for further
20 min.

Preliminary study for GNP and GNS conjugates preparation.

Generally, previously described flocculation test is a common preliminary phase to estimate
the minimum stabilizing concentration of protein to functionalize the GNP and GNS.
However, antigens are not always suitable for such studies, being less robust than antibodies
and less able to protect the GNP from aggregation. In fact, no info was made available from
the flocculation tests about the adsorption of the gp36 antigen onto the red GNP and of the
gp41 onto the GNS. For biotin and gp36 adsorption on the GNP and for the anti-M antibody
adsorption on the GNS 4 to 10 pg of protein per mI*OD of GNP resulted widely sufficient to
passivate the gold surface. Protein G showed protection from aggregation at as low amount
as 2 ug/ml*0D. For this work we decided to normalize to 10 ug/ml*OD all the conjugates
(with exception for multivalent protein G, 2 ug/mlI*0OD).

107



Labelling Immunoreagents with GNPs and GNSs

The red-coloured GNP-gp36 conjugate was prepared by adsorbing the gp36 antigen onto the
GNP surface. In detail, 10 mL of GNP (optical density ca. 1) was basified with carbonate buffer
(50 mM pH 9.6) to pH 8 and added dropwise with 100 ug of gp36 antigen under gentle stirring
at room temperature for 40 min. Next, 1 mL of casein (5% in borate buffer) was added and
reacted for 10 min to saturate the free GNP surface. GNP-gp36 was recovered by
centrifugation (8000x g 10 min) and washed with borate buffer supplemented with 0.5%
casein. Finally, the GNP-gp36 was re-suspended in the CAS-storage buffer (borate buffer with
0.5% casein, 0.25% Tween 20, 2% sucrose and 0.02% sodium azide) and stored at 4 °C until
use. The red GNP-gp41 and GNP-biotin conjugates were obtained by the same procedure.
For the GNP-protein G conjugate, 10 mL of GNP was brought to pH 6 with carbonate buffer
and added with 20 pg of protein G under gentle stirring at room temperature for 40 min.
Next, 1 mL of BSA (10% in borate buffer) was added and reacted for 10 min to saturate the
free GNP surface. GNP-protein G was recovered by centrifugation (8000x g, 10 min) and
washed with borate buffer supplemented with 1% BSA Finally, the GNP-protein G was re-
suspended in BSA-storage buffer (borate buffer with 1% BSA, 0.25% Tween 20, 2% sucrose
and 0.02% sodium azide). Successful conjugation of proteins to gold nanomaterials was
confirmed by UV-vis spectroscopy (Figure 4.1.2 e-f). The blue-coloured GNS-gp41 and GNS-
anti IgM conjugates were prepared likewise, except that GNS with optical density ca 0.6 were
used and reacted with 10 pg of protein. Nevertheless, labelling with antigens with GNS was
less easy on respect to GNP counterparts, as we will see in the following paragraph.
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Figure 4.1.2. Spectroscopic characterization of gold nanomaterials: images obtained by high-resolution transmission
electron microscopy of the GNP (a,b) and GNS (c,d), and visible spectra of bare GNP (e) and GNS (f) and of the conjugates
to bioreagents. Insets show a magnification of the LSPR band region. Blue shifts witness increased dimensions due to
the absorption of both the antigen and the saturation protein.
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Preparation and stabilization of GNS-gp41 conjugate

Studies aimed at reaching stable and functional GNS-gp41 conjugate were conducted by
varying the additive used to saturate the free GNP surface and the pre-saturation of the
conjugate pad onto which the conjugate was dispensed (Table 4.1.1). Optimal conditions
were established on a pass-no pass approach based upon i) avoiding GNP agglomeration
during and after the conjugation process, ii) providing no signal for negative samples, and iii)
showing intense colouring with positive samples. For the experiments, 3 serum samples #5
(HIV2+), #8 (HIV1+) and #10 (negative) from Zeptometrix panel were tested. The evaluation
was made by naked eye observation between 5 and 10 minutes from sample application.
Symbols represent: (-) absent, (-/+) weak, (+) moderate, and (++) strong red-colour
developed at the test lines. The performance of the GNS-gp41 was considered acceptable if
the agglomeration tendency was negligible (pass), the signal for negative sample was
absent/weak (pass) and the signal of positive samples from moderate to strong (pass). GNS-
gp41 adsorption was carried at room temperature under gentle stirring. Stable GNS-gp41
conjugates were obtained by using 10 pug/ml*0OD of gp41 to GNP at pH 8 with casein in the
overcoating, washing and storage buffers. Typically, the colour of the solution turned dark
brown during the conjugation step, due to the hydroquinone shift in basic medium. After
washing, hydroquinone was eliminated, and the colour returned blue and remained stable
hereafter. The GNS-gp41 conjugate did not show any aggregation phenomena, which should
be expected for unstable antigen gold-conjugates. Results on the preliminary LFIA are shown
in Table 4.1.1.

Table 4.1.1. Experimental conditions tested for the adsorption of the recombinant antigen onto GNS. Selected
conditions for the preparation of GNS-gp41 conjugate are shown in bold. The saturation agents were dissolved
in borate buffer. The same buffer was used in the saturation, washing and resuspension steps of the
conjugation. Unsuitable conditions were no further investigated (nd means that previous check was not
passed)

Saturation Pre-adsorbent agent Signal Signal
for for

Agglomeration . . o,
Concentration negative positive

Concentration

agent (w/v% final) tendency agent (w/v% final) sample  sample
(NEG) (HIV1+)

BSA 0.1 moderate nd nd nd nd

BSA 1 weak nd nd nd nd

Casein 0.5 no none nd - ++

Casein 0.5 no BSA 1 +/- nd

Casein 0.5 no casein 0.5 - +
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LFIA Strip Preparation

The configurations of the preliminary LFIA immunosensors and of the three formats of x?LFIA
are shown in Figures 4.1.1 and 4.1.3. All strips were prepared by dispensing the
immunoreagents on nitrocellulose membranes (CNPC-SS12-L3-P25) employing an XYZ3050
platform (Biodot, Irvine, CA, USA). Immunoreagents were diluted in phosphate buffer (20
mM, pH 7.4) to a concentration of 0.5 mg/mL and were dispensed at a flow rate of 1 uL/cm,
keeping 4 mm between the lines. The concentration of 0.5 mg/mL was chosen as the best
compromise between signal intensity and non-specific interaction with the GNP and GNS
conjugates. After coating, membranes were dried at 37 °C for 60 min under vacuum. The
conjugate pads were previously saturated with borate buffer supplemented with 0.25%
Tween 20, 2% sucrose and 0.02% sodium azide, dipped into the proper probe solution at
optimal optical density (2—3) and dried for 3 h at room temperature, protecting from light
and dust. Strips were composed by layering the NC membrane with the sample and the
conjugate pads and cutting (4 mm width) by CM4000 guillotine (Biodot, Irvine, CA, USA).
Strips were finally included into plastic cassettes (Kinbio, Shangai, China) to obtain stand-
alone LFIA devices.

Serum Samples

Control sera used in the study are listed in Table 4.1.2. Negative, HIV1 and HIV2 positive
samples (#10, #8 and #5 respectively) and HIV1 seroconverting positive samples were from
Zeptometrix International FDA approved HIV- panels. Samples X (9081-03), Y (9089-06) and
Z (9019-03) were taken after 27, 26 and 38 days from infection, respectively.

Table 4.1.2. The human serum samples from panels used in the study: one negative (#10), two fully seroconverted
samples (#8 and #5) and 3 early-infected HIV1 positive samples.

ID (#) serotype Type elapsed from infection (days) seroconversion
NEG (#10) negative - -
HIV1 (#8) HIV1 >7? complete
HIV2 (#5) HIV2 >7? complete
X (9081-03) HIV1 27 In progress
Y (9089-06) HIV1 26 In progress
Z (9019-03) HIV1 38 In progress

The LFIA Test Procedure

Serum samples of the HIV panels were diluted 1/10 in the dilution buffer (phosphate 20 mM
buffer, pH 7.4 with 1% BSA, 1% Tween20); 80 ulL of the mixture was applied to LFD device
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and the results were visually inspected after 10 min. The immunosensors were designed as
gualitative ones, and the results were interpreted visually by comparing the colour of the
test lines with the one of the control lines to judge on the red/blue balance. However, to
confirm visual judgements, we estimated red and blue colour contribution to mixed lines by
a RGB analysis, as detailed in F. Di Nardo et al. [35]. Briefly, the blue and red colour channels
were plotted as histograms and a threshold approach was applied to count the number of
pixels for each channel. The R and B colours measured at the test line were normalized by
the corresponding one measured at the control line.
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4.1.3 Results and Discussion

Design of Multimodal LFIA Immunosensors

Preliminary, we investigated the applicability of the signal resolution obtained through
labelling the specific recognition elements with dual colour gold nanomaterials (e.g., gold
nanospheres, GNP and gold nanostars, GNS). Gold nanomaterials were prepared as
previously reported [18,20] and were characterized through transmission electron
micrography and UV-vis absorption. GNP were almost spherical, mono-dispersed and with a
mean diameter of ca. 30 nm (Figure 4.1.2a-b) The UV-vis spectrum showed a localized surface
plasmon resonance (LSPR) band centred at 525 nm (Figure 4.1.2e), which corresponded to
the perception of a ruby red colour. GNS exhibited a blue colour that was confirmed by the
position of the LSPR band centred at ca. 620 nm (Figure 4.1.2f). Transmission electron
microscopy images showed nanomaterials characterized by larger diameters (ca. 70 nm) and
a star-like structure (Figure 4.1.2c-d). We employed them in a conventional two-line
serotyping strip based on the double antigen approach and labelled the HIV1 specific antigen
(gp41) with GNS (blue) and the HIV2 specific antigen (gp36) with GNP (red), respectively
(Figure 4.1.2e-f) to verify the functionality of the in-house prepared LFIA strips and of probes.
The model LFIA was a rapid test for HIV1/2 antibodies detection developed by Primalab SA
and under evaluation of the performance according to EC directive 2009/886 [36]. In the
traditional format, the antigens were both labelled by GNP and deposed to form two test
lines (Figure 4.1.1a). Selectivity and affinity of the labelled antigens towards HIV1/2
antibodies and their specificity towards other serum components (e.g., other proteins) were
then assumed based on the performance of the traditional test. To this aim, a protocol to
prepare stable gold nanomaterials-antigen probes was established. In particular, the use of
high amounts of casein (5%) in the saturation step stabilized GNP and GNS antigen conjugates
and protected from non-specific interactions. However, the use of casein to protect gold
nanoprobes from aggregation, led to the partial inhibition of the specific interactions, as well.
Finding a compromise in the use of casein was needed to equilibrate the S/N ratio. The
amount of capture bioreagents and probes was adjusted to reach clearly perceivable
colouring at test lines. The blue GNS-gp41 and the red GNP-gp36 probes were mixed and
included in the conventional xLFIA for HIV serotyping. An additional (red) GNP-biotin probe
was added to form the signal at the control line, which comprised avidin. In fact, the setup
of the double antigen approach includes an independent system to create the control line,
not influenced by the specific probes, which can be regarded as a limitation of the strategy.
There was no mutual interference between the different signal reporters; no false positive
signals were observed by applying the control negative sample, while HIV1 and HIV2 positive
samples were correctly assigned based on the position of the line and on the colour of the
probe (Figure 4.1.1b). The mix of probes was then applied to a device with a single test line
formed by a mix of the two antigens to compress the two information items in a single line
(Figure 4.1.1c) and to achieve the signal resolution that we also have called “colour-
encoding” strategy [35]. If the stability and the absence of mutual interference was
maintained no colour change on respect to the two-line system was expected, since HIV-
antibodies to gp36 and gp41 are known to do not cross-react with each other [37]. The
absence of any false positive results due to non-specific binding and the correct assignment
of the serotype based on the “colour code” was verified in these conditions. The colour code

112



was defined as follows: a red colouring of the test line was interpreted as positivity associated
to HIV2 serotype while the blue colour indicated positivity again but due to HIV1 serotype,
finally no colouring of the test line meant absence of any serological response and thus
negativity (Figure 4.1.1c). Based on the results from these preliminary studies, three different
x2LFIA immunosensors were designed to disclose the potential of the multimodal strategy to
combined multiple information in a single device. In this illustration, the prototypes allowed
four information items to be obtained from two lines and two probes for the discrimination
of the serotype (HIV1/HIV2) and of the class of immunoglobulins IgG/IgM) present in the
patient’ serum. Therefore, we introduced two additional bioligands specific to IgM (anti-
human IgM) and IgG (protein G), respectively. Two out of the three immunosensors varied
for the role played by immunoreagents (capture or detection) in the typical serological
immunometric assay and the third was designed to apply with the double antigen approach.
The format of immunosensor 1 included secondary ligands (anti-human IgM and protein G)
separately coated on two test lines to capture anti-HIV antibodies. Therefore, the spatial
resolution allowed for discriminating the immunoglobulin class. The differentiation of the
serotype was realized on each line by employing the two signal reporters, namely GNS-gp41
to reveal HIV1 and GNP-gp36 to reveal HIV2, respectively. The GNP-biotin probe was added
to form the control line (Figure 4.1.3a, Immunosensor 1). In the second immunosensor, the
role of capturing and detection reagents was inverted. Hence, the first gp36-coated test line
captured anti-HIV2 antibodies and the second gp41-coated test line captures anti-HIV1 ones.
By using (blue) GNS-anti-IgM antibody and (red) GNP-protein G as the signal reporters, we
expected a blue response for very early infection and a progressive red shift proportional to
seroconversion rate on each test line. (Figure 4.1.3b, immunosensor 2).
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Figure 4.1.3. Scheme of the three immunosensors of x2LFIA unlocked by the combining spatial resolution with
dual colour gold nanomaterials. The binding and coloured results expected for a negative and a HIV1 positive
sample containing both I1gG and IgM (early infected) is depicted. The three formats varied for the role played
by immunoreagents as follows: (a) HIV-specific antigens were labelled and reacted with anti-HIV antibodies in
the sample, which were then captured by anti-hlgM and protein G coated to form test lines (immunosensor 1);
(b) HIV-specific antigens were coated and captured anti-HIV antibodies, which were revealed by labelled anti-
hlgM and protein G (immunosensor 2); and (c) HIV-specific antigens were both coated and labelled and reacted
with anti-HIV antibodies to form a double antigen sandwich. The addition of the blue-labelled anti-higM to the
red-labelled antigen provided the additional information on the infection stage (immunosensor 3).

In this secondo format, the control line comprised protein G, which was able to capture both
probes and then directly reflected their stability. The set-up of coated antigens described for
immunosensor 2 was maintained for designing immunosensor 3. Instead, the mix of signal
reporters included the two antigens both labelled with GNP (red) and the anti-human IgM
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labelled with blue GNS. The total antibody response was red coloured such as in a
conventional double-antigen assay based on the two-line set-up. However, the presence of
specific IgM turned the colour of the line to violet, due to accumulation of the blue GNS-anti-
human IgM probes. (Figure 4.1.3c, Immunosensor 3).

Performance of the x?LFIA Immunosensors for HIV Serotyping and
Discrimination of the Infection Stage

To investigate the multiplexing capability of the three multimodal approaches and to
compare their performance, the x?LFIA formats were tested by control human sera (Table
4.1.2). Results were visually observed and captured by common smartphone cameras. The
images were processed and compared as relative intensities of the red and blue components
of the colorimetric signal. The comparative study on immunosensors 1 and 2, which differed
for the role played by immunoreagents, and with immunosensor 3, which differed for the
assay format, were investigated in terms of detectability and specificity in correlation to what
is expected by the control samples. Details on the immunosensors format and on
interpretation of the results are reported in Table 4.1.3. The three x’LFIA formats were tested
with control human sera and with samples from seroconversion panels, which were
supposed to contain anti-HIV1 IgM. The outcomes considerably differed among the
immunosensor formats, both in the colour encoding response and in terms of detectability
(Figure 4.1.4). All X>LFIA immunosensors correctly assigned the fully seroconverted positive
samples and did not show non-specific binding with the negative sample. Immunosensor 1
provided a single test line at the T1 (IgM) or at the T2 (IgG) position, blue coloured for HIV1
positive and red coloured for HIV2 positive sera, respectively.

Table 4.1.3. Schematic of the xLFIA and x?LFIA formats used in this study.

Reporter Capture
tical
Format adsorbed on  adsorbed g:nlsi: Testlinel Testline Control
GNP on GNS S (T1) 2(T2)  line (C)
(ratio)
A 36 biotin® 41 2:5 36 41 avidin
XLFIA )5
e . i -
B gp36 biotin gp4l (140.5+1) gp36/gp4al avidin
2.5
1 C e 1 y . -
oLrin gp36 Dbiotin gp4 (1+0.5+1) anti-lgM  protein G avidin
2 protein G anti-lgM 3 (1.5+1.5) gp36 gp4l protein G
3 gp36 gp4l anti-IgM 3 (1+1+1) gp36 gpal protein G

2to form the control line

bthe probes were mixed to reach the optical density in variable ratio
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Figure 4.1.4. Multiple information obtained from the x?LFIA immunosensors on the negative (NEG), two fully
seroconverted (HIV1 and HIV2) and the three early infected (X, Y and Z) serum samples from Zeptometrix panels.

The seroconverting samples resulted in two blue-coloured test lines, where the variable
IgM/IgG ratio reflected in the relative intensities of the two lines (Figure 4.1.4, immunosensor
1 and 4.1.5a). Samples X and Y showed colouring at both lines, with a slight disproportion in
favour of T1 (IgM) for sample X. On the contrary, sample Z showed an evident preponderance
of IgG. In general, largely lower intensities were obtained from immunosensor 1 on respect
to other two x%LFIA formats. Immunosensor 2 provided a red coloured test line at T2 position
for HIV1 positive, and at T1 position for HIV2 positive sera, respectively. The three
seroconverting samples resulted in a single violet test line at the T2 (HIV1) position, which
intensity varied (Figure 4.1.4, immunosensor 2). Serum X provided a signal at the test with a
larger contribute of the blue probe compared to the control line indicating the prevalence of
blue-labelled anti-hlgM, while serum Z showed a red-purple colour at the test line,
witnessing the prevalence of the red GNP-protein G reporter (Figure 4.1.5b). Compared to
immunosensor 1, using anti-hlgM antibody and protein G for signal reporting and the
antigens as capturing agents instead of the opposite increased the detectability (Figure
4.1.4). We argued that the difference on the fact that probes disposed of longer time to bind
to their targets (because they are mixed with the sample and reacts during flowing), while
capturing reagents should be particularly efficient as the time of contact with the target was
limited. Alternatively, we guessed that the different flow rate of the HIV-specific antibodies
compared to non-specific immunoglobulins present in the serum samples determined the
observed behaviour. In immunosensor 1, anti-HIV antibodies bound to the GNP-labelled
antigen and were slower than unbound non-specific antibodies. Probably, the faster
unbound immunoglobulins reached the lines of capturing reagents first so inhibiting the
following binding of the specific ones linked to GNPs. In immunosensor 2 all
immunoglobulins bound to GNP probes and moved with the same velocity, while
immunosensor 3 eliminated the competing binding of non-specific immunoglobulins, as it
included only HIV-specific bioreagents. Immunosensor 1 and 2 furnished spatially separated
outcomes, as a “two-line x two-colour” response. Immunosensor 3 showed a single red
coloured test line, at the T2 position for HIV1 positive and at the T1 position for HIV2 positive
sera, respectively.
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Figure 4.1.5. Colour intensities for test and control lines were measured as the total number of pixels for Format
1 and reported as a function of line positioning (a). Red (R) and blue (B) components were extracted and measured
for Formats 2 and 3 as reported in F. Di Nardo et al. [18] (b-c). Colour at test lines was normalized for the
corresponding one measured at the control line.

In the absence of anti-HIV IgM, the results from the immunosensor 3 overlapped the ones
from immunosensor 2. Serum belonging to individuals with late infections (HIV1 and HIV2)
provided a response indicating the sole presence of immunoglobulins G (Figure 4.1.4,
immunosensor 3). Compared to immunosensor 2, the signal intensity was almost unaffected
by the change of the probes. The sensitivity was supposed to be boosted by the double
antigen approach; however, we did not observe relevant improvements, except on serum Y.
The presence of the blue GNS-anti-hlgM antibody provoked a violet-shift in the presence of
anti-HIV IgM, because of the additive effect of red and blue probes. The three seroconverting
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samples resulted in a single intense violet test line at the T2 (HIV1) position. Patient Z resulted
in an almost red line, suggesting the prevalence of IgG, while sample X and Y provided a blue-
shifted line, which indicates the presence of IgM, besides IgG (Figure 4.1.5c). The
classification of the three seroconverting sera (X, Y, and Z) was coherent within the
immunosensor formats. Anti-HIV1 IgM significantly contributed to the serological response
for patients X and Y indicating very early infection, while patient Z was assigned as having
predominantly IgG, though some IgM were also revealed. The outputs of x2LFIA agreed with
the time of blood collection from infection, as well. Serum Z (9019-03) was a sample taken
38 days from infection, while the other two were from earlier sampling (27, 26 days). The
colour evaluation, though susceptible of subjective interpretation was facilitated by the
comparison to the control line, which acted as a sort of internal reference, besides confirming
the validity of the assay, as usual. Immunosensor 3 appeared to be more sensitive to IgM
variation in a narrow interval compared to others. Noticeably, immunosensor 3 added the
discrimination ability by simply including an additional probe with differentiable signal to the
standard double antigen set-up. Multiplexing LFIsA based on differentiable colour probes are
conventionally based on using latex microparticles embedding dyes with different adsorption
peaks [38], [39] and noble metal nanoparticles showing localized plasmon resonance bands
at variable wavelengths according to their size and shapes [40]-[42].However, these
approaches involves aligning several lines along the strip to differentiate the target to be
detected and the colour of the probe is simply exploited to help simplifying the visual reading
of the result. Here, we designed a two-parameter strategy, in which the colour and space
resolution were combined to expand the number of analytes simultaneously detected by a
single device. As a proof-of-concept, dual colour probes (i.e., red and blue gold
nanomaterials) were combined with a two-line arrangement of capturing ligands to reach a
2 x 2 analytical platform (x’LFIA). Theoretically, the strategy could be implemented by
including more than two different probes and by aligning more than two test line. In this
regard, the use of latex microspheres embedding dyes will increase further the number of
information that could be furnished by a single device.
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4.1.4 Conclusions

The use of LFIA devices for HIV diagnosis is well-established and largely diffuse, as such we
use it as the model as a proof-of-concept to verify the feasibility of the multimodal approach
combining the spatial resolution with colour encoding to expand the multiplexing capability
of the LFIA platform. Taking advantage of the unique spectroscopic properties of gold
nanomaterials and the simplicity of their conjugation with proteins (antigens and antibodies)
by passive adsorption, three x’LFIA immunosensors were designed. Immunosensors were
explored in this work, to investigate the ability of differentiating serum samples belonging to
individuals with different serological conditions. We investigated, also, the impact of
changing the role of immunoreagents, in the x2LFIA set-up, showing that it strongly affected
the detectability of the assay. Moreover, we designed a strategy enabling the discrimination
of the antibody class that can be embedded in the conventional double antigen strategy. In
conclusion, we introduced a general route to enlarge the number of information achievable
within one LFIA strip as the product of the number of probes for the number of lines,
conserving the one-step and equipment-free operability.
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Abstract

To accurately diagnose COVID-19 infection and its time-dependent progression, the rapid,
sensitive, and non-invasive determination of immunoglobulins A specific to SARS CoV-2 in
saliva and serum is needed to complement tests that detect immunoglobulins G and M. We
have developed a dual optical/chemiluminescence format of a lateral flow immunoassay
(LFIA) immunosensor for IgA in serum and saliva. A recombinant nucleocapsid antigen
specifically captures SARS CoV-2 antibodies in patient specimens. A labelled anti-human IgA
reveals the bound IgA fraction. A dual colorimetric and chemiluminescence detection enables
the affordable and ultrasensitive determination of IgA to SARS CoV-2. Specifically, a simple
smartphone-camera-based device measures the colour signal provided by nanogold-labelled
anti-human IgA. For the ultrasensitive chemiluminescence transduction, we used a contact
imaging portable device based on cooled CCD, and measured the light signal resulting from
the reaction of the HRP-labelled anti-human IgA with a H,0z/luminol/enhancers substrate. A
total of 25 serum and 9 saliva samples from infected and/or recovered individuals were
analysed by the colorimetric LFIA, which was sensitive and reproducible enough for the semi-
qguantification of IgA in subjects with a strong serological response and in the early stage of
COVID-19 infection. Switching to CL detection, the same immunosensor exhibited higher
detection capability, revealing the presence of salivary IgA in infected individuals. For the
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patients included in the study (n = 4), the level of salivary IgA correlated with the time elapsed
from diagnosis and with the severity of the disease. This IgA-LFIA immunosensor could be
useful for noninvasively monitoring early immune responses to COVID-19 and for
investigating the diagnostic/prognostic utility of salivary IgA in the context of large-scale
screening to assess the efficacy of SARS CoV-2 vaccines.

4.2.1 Architecture of the test

For IgA analysis, we developed an LFIA based on a SARS CoV-2- specific antigen (the
nucleocapsid protein N), which is used as the capturing reagent and anchored onto the
detection membrane. The N protein was selected among antigenic targets of the SARS
coronavirus structure in a previous work of the group because it is highly immunogenic and
abundantly expressed [43] and according to its reactivity to human sera from COVID-19
patients [44] The optical immunosensor includes an anti-human IgA (anti-IgA) labelled with
gold nanoparticles (GNP) to reveal the IgA bound to the N antigen. The anti-SARS CoV-2 IgA
in the serum/saliva sample is captured by the N antigen and stained by the GNP-labelled anti-
IgA, forming a coloured band at the test line. For signal transduction and quantification of
the GNP-based LFIA, we imaged the coloured strip using a smartphone camera. We reported
the results in RGB scale under optimized reading conditions using the smartphone flash, as
previously reported [45]. To achieve higher detectability compared to the coloured GNP
probe, we used the same LFIA format, but with chemiluminescence (CL) detection mediated
by a horseradish peroxidase (HRP) labelled anti-lgA and an enhanced CL
luminol/H202/enhancer substrate [46]. The CL signal to noise was improved compared to the
previous system by adding the CL substrate solution directly to the control and test line area
after the LFIA run, thus minimizing the nonspecific light signal. The CL emitted light is
measured by an ultrasensitive cooled CCD in contact imaging mode, with the data reported
in relative light units. Both immunosensor platforms allow data recording and can be used
for comparative evaluation within the same patient to monitor the presence of IgA in saliva
and/or serum and connect this data to disease progression and a possible decrease in viral
load. The non-invasive collection of saliva is a further strength of this test. This work describes
the first dual LFIA platform for the rapid detection of salivary and serum IgA and illustrates
its application for SARS CoV-2 infection.
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4.2.2 Materials and methods

Immunoreagents, chemicals and materials

Gold (Ill) chloride trihydrate (ACS reagent), mouse antihuman immunoglobulin A monoclonal
antibody A (a-chain specific), protein A from Staphylococcus aureus (SpA), sucrose, and
bovine serum albumin (BSA) were obtained from Merck group (Darmstadt, Germany). Tween
20 and other chemicals were purchased from VWR International (Milan, Italy). Nitrocellulose
membranes with cellulose adsorbent pad, blood separator, and saliva-specific sample pads
were purchased from MDI Membrane Technologies (Ambala, India). Glass fibre conjugate
pads were obtained from Merck Millipore (Billerica, MA, USA). HRP-labelled mouse
antihuman IgA were obtained from Invitrogen, Thermo Fisher Scientific (Rockford, IL). The
Supersignal ELISA Femto CL substrate for HRP was purchased from Thermo Fisher Scientific
Inc. (Rockford, IL).

The IgA-LFIA strip

The LFIA strip for the colorimetric IgA-LFIA biosensor is schematized in Figure 4.2.1a. The
nucleocapsid (N) antigen (1 mg/ml in phosphate buffer 20 mM pH 7.4) and staphylococcal
protein A (SpA, 0.5 mg/ml in phosphate buffer) were spotted at 1 pl/cm by means of a
XYZ3050 platform (Biodot, Irvine, CA, USA) to form the test (TL) and control (CL) lines,
respectively. The preparation of the recombinant nucleocapsid protein was previously
described in [44] and is described in Chapter 3.1.2. For the optical IgA-LFIA, gold
nanoparticles (GNP) of ca. 30 nm diameter and SPR band centred at 525 nm were synthesised
as reported in Chapter 3.1.2 and conjugated to a murine anti-human IgA by passive
adsorption, as previously reported [47]. Briefly, the anti-IgA was added to a pH-adjusted GNP
solution (pH 8.5), in the proportion 10 pg per ml of GNP (optical density, OD 1). The
uncovered GNP surface was saturated with BSA and the GNP-anti IgA were concentrated and
recovered by centrifugation. GNP-labelled anti-IgA were pre-adsorbed in the conjugate pad
(0.1 ml/cm). Sample pad, conjugate pad, the membrane, and adsorbent pad were
overlapped, and strips were cut (4 mm-width). The strips were inserted into plastic cassettes.
For the chemiluminescence detection, strips were prepared as described above, except for
the detection reagent (anti-human IgA-HRP, from Sigma-Aldrich), which was pre-adsorbed
onto the conjugate pad as diluted 1/1000 with phosphate buffer. In addition, the membrane
was saturated with 1% BSA after line deposition. In this case, the cassette was not used to
maximise the contact between the strip and the CL reader.
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Figure 4.2.1. Scheme of: (a) the LFIA strip to detect anti- SARS CoV-2 IgA. The serum or salivary sample is applied
to the sample pad and flows longitudinally by capillarity, (b) resuspends the probe (GNP or HRP-labelled anti
human IgA), and the mix flows through the detection membrane where it encounters the nucleocapsid protein
(N) on the test line (TL) and the staphylococcal protein A (SpA) on the control line (CL). (c) The adsorbent pad
provides the capillary force and collect the liquid excess. Anti-SARS CoV-2 IgA in the sample are selectively
captured at the TL and stained by the probe. The CL captures the probe, regardless of the presence of the target
immunoglobulins in the sample. (d) the smartphone reader used for the optical immunosensor.

Optical LFIA to detect IgA specific to SARS CoV-2

Serum and saliva were diluted by 1:10 and 1:5 v/v with Tris-glycine buffer 0.1 M (pH 8, with
0.2% casein and 1% Tween 20 added), respectively. 80 ul of diluted specimen were used and
LFIA results were visually inspected at 15 min from sample application. For the (semi)-
quantitative evaluation of TL colour, the LFIA strip was placed in front of the back-illuminated
CMOS based camera, inside the mini dark box to exclude ambient light, and an additional
lens was used to focus the T and C line image and standardize the reading using the
smartphone flash illumination. A semi-cover and a mini dark box adaptable to any
smartphones were made with 3D printing (Figure 4.2.1d). Images were then digitally
processed using an RGB scale to quantify the colour.
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Smartphone colour reader

Any smartphone with a back-illuminated CMQOS (e.g., iPhone X) can be used. A 3D-printed
semi-cover frame allows it to be fixed to the reader. The target area corresponding to the test
and control line of the LFIA membrane strip was uniformly illuminated by adding a PDMS
light diffuser in the dark box (40 x 40 x 60 mm) placed in front of the smartphone flash. The
focal distance of the smartphone camera has been reduced to ~ 10 mm by adding a 0.4X
wide-angle two-lenses optical element with a 140° viewing angle. The dark box avoids
interference from ambient light. The smartphone holder con be ad-hoc designed according
to the smartphone model to ensure correct positioning of the smartphone camera and flash.
The dark box is then connected to the lab-case and the smartphone is inserted in the holder.
15 minutes upon delivering the sample on the LFIA strip, the image is acquired with the
dedicated app Camera FV-5 Lite using the following acquisition parameters: ISO 800, time
exposure 0.1 s, flash on. The image is saved in TIFF format and then quantitative image
analysis is performed using the freeware software ImagelJ v.1.46. For each image, a region of
interest (ROI) corresponding to the sample chamber containing the test and control lines of
the LFIA membrane was selected, then the RGB values were computed and converted to HSV.
The Saturation (S) value of HSV colour space obtained from the image acquired in a different
area of the membrane (background signal) was then subtracted from the S value obtained
60 s after sample application, to obtain a corrected S value.

CL-LFIA to detect IgA anti SARS CoV-2

For the chemiluminescence detection, we developed a simple device based on a cooled CCD
camera with the LFIA strip in contact with the sensor using a fibre optic faceplate. The
scheme of the device is reported in Figure 4.2.2a and further detailed in the following
paragraph. The assay was carried out in a similar way to the colorimetric assay. At 15 min
from sample application, the activity of the HRP labelled antibody was measured by
overlaying a transparent glass fibre pad on the detection membrane (Figure 4.2.2b).
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Figure 4.2.2. a) Scheme of the CCD camera, and b) protocol for the ultra-high sensitivity CL detection of salivary
IgA by the developed immunosensor. After completion of the IgA-LFIA (1), a transparent glass fibre pad (which
was pre-impregnated with the CL cocktail substrate) is placed onto the membrane at the test and control line
(2). 20 pl of water is added to assist the re-suspension of the CL substrate; finally, the strip is placed in the
holder of the cooled CCD camera for lens-free imaging detection (3). The pad contained freeze-dried sodium
perborate, luminol, and p-iodophenol [48]. Once in contact with the LFIA strip and following the addition of 20
ul of water, this delivered the CL substrate with production of light [49]. The cooled CCD reader and device
were placed in contact with the strip, imaged, and the CL analytical signal was quantified and expressed in
relative light units (RLU).

CCD device for CL imaging

A commercially available CCD camera (ATIK 11000, ATIK Cameras, New Road, Norwich)
equipped with a large format, high resolution monochrome CCD sensor (Kodak KAI 11002,
sensor size 37.25 x 25.70 mm) cooled by a two-stage Peltier element to reduce thermal noise
was used as CL signal reader. The CCD camera was modified by replacing its upper part (i.e.,
the CCD sensor compartment and the optical glass window) with an aluminium cartridge
housing assembly, which ensures the correct alignment of the CCD sensor with the LFIA strip
during the measurement and avoids interference from ambient light. The cartridge housing
assembly is composed by the strip holder and a lower fixing plate. The inner cavity of the
strip holder fits the dimensions of the LFIA cartridge and ensures the close contact between
the LFIA cartridge and the fibre optic faceplate. The fibre optic faceplate (size 26 x 26 x 13
mm, Edmund Optics, Barrington, NJ) is fabricated in polymethylmethacrylate (PMMA) and
conveys the CL signal from the LFIA strip to the CCD sensor. Inside the upper surface of the
dark box is inserted a mirror to ensure the complete and total collection of the light,
increasing the sensitivity of the measurement. The CL reader is connected to a laptop via an
USB interface. The Imagel software was used also for CL signal elaboration. The mean photon
emission of the C-line and T-line of the LFIA strip was measured and corrected for the mean
background signal measured in adjacent areas expressed in CL intensity in arbitrary units.

Serum and Saliva samples

Ten negative human serum samples (collected before the SARS CoV-2 outbreak) and twenty-
five positive human serum samples were collected within the SIRIT project.

Positive human sera were selected according to: i) having a positive rRT-PCR analysis on a
swab sample, ii) having been assigned as positive for anti-SARS CoV-2 IgG by a validated ELISA
serological kit (ERADIKIT™ COVID19-I1gG)[50].

Blood samples were collected by venepuncture at variable times from the rRT-PCR diagnosis.
Serum was immediately obtained from blood and stored at -20°C until analysis. Some
individuals (n= 17) recovered in the meantime (according to the rRT-PCR negative). Saliva
samples were collected by means of the SalivaBio Oral Swab (Salimetrics, CA, USA),
immediately refrigerated, and stored for at least 24 h at 20 °C before centrifugation and
analysis.
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Four volunteers provided saliva samples. They were members of a COVID-19 infected family,
including father, mother, and two sons (38 and 42 years old). They provided saliva after 2 and
4 weeks from diagnosis by rt-PCR.

Subject #1, male, age 71, was affected by severe symptoms, with typical COVID-19 clinical
manifestation and chest radiology. He was hospitalized in an intensive care unit for 10 days,
and then clinically recovered after 4 weeks.

Subject #2, female, age 64, wife of #1, was affect by moderate/mild symptoms and did not
require hospitalization. After 3 weeks from diagnosis fully recovered.

Subjects #3, age 35 male, and Subject #4, age 43 male, brothers, and sons of #1 and #2 where
asymptomatic or with only slight fatigue and caught manifestation.

Subjects 1-4 were also tested by a serological assay for the content of IgM and IgG in serum,
at two weeks from diagnosis (Table 4.2.1).

The saliva of an additional subject, called ‘unknown’, male, age 30, was available in the I3, as
it was collected on February 2019, before COVID-19 outbreak, for another study. The subject
had shown clinical manifestation attributable to the SARS CoV-2 infection but recovered
before the outbreak and was not submitted to rt-PCR testing.

All donors provided informed consent to the use of their specimens. Donors of specimen
collected before the outbreak were contacted and were requested to provide informed
consensus for this study.
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4.2.3 Results and discussion

IgA-LFIA to detect IgA specific to SARS CoV-2 in serum

We made an optical LFIA prototype to selectively detect anti-SARS CoV-2 IgA and verified its
ability to detect the target immunoglobulins in the serum of COVID-19-infected individuals.
The immunosensor included the recombinant nucleocapsid protein from SARS CoV-2 to
capture antibodies specific to the virus, and an anti-IgA labelled with GNP as the probe
(Figure 4.2.1a). The test line (TL) was coloured in the presence of anti-SARS CoV-2 IgA in the
specimen because these interacted with the immobilized N antigen and were stained by the
GNP probe. SpA, which captured the excess of the labelled anti-IgA used as the control line
(CL) to confirm the validity of the assay. The diagnostic specificity of the IgA-LFIA was checked
by analysing ten serum samples that did not contain any SARS CoV-2-specific antibodies, as
they were collected before the COVID-19 outbreak. No false positive results were recorded
(false positive rate = 0/10). Regarding positive samples, we analysed 25 human sera from
infected individuals as confirmed by rt- PCR. Blood samples were collected at variable times
from the diagnosis, and some individuals (n = 17) recovered in the meantime. Of the 25
serum samples analysed by the IgA-LFIA, 15 showed colouring of the TL and were then
assigned as IgA positive. Compared to the rt-PCR method, the false negative rate was
calculated as 40.0%% (10/25). Interestingly, plotting the number of IgA positive samples on
the timeframe from infection diagnosis and recovery showed two clear patterns (Figure
4.2.3a).
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Figure 4.2.3. Results obtained from the optical immunosensor for the serum IgA specific to SARS-CoV-2 as a function of
time from infection (a) and recovery (b) diagnosis.

Although the number of analysed samples is not sufficient to draw conclusions, we speculate
that IgA increased during the second week of infection, peaked at the fourth week, and then
declined. This trend is congruent with that reported by [51]. We also observed that the IgA
level in serum dramatically dropped a few days after recovery (Figure 4.2.3b). Repeatability
of the IgA-LFIA was studied by analysing, in duplicate, three serum samples classified as
positive and three as negative, then calculating the mean relative standard deviation (RSD%).
Stability was investigated by analysing one positive and one negative serum sample at 0, 7,
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and 28 days from IgA-LFIA device construction. The quantification of TL colour of positive
results by the smartphone camera showed that the colorimetric IgA-LFIA provided
sufficiently repeatable and stable results (RSD% for duplicate analysis of three positive
samples were below 15%, and the TL intensity varied within 10% over four weeks from IgA-
LFIA construction).

IgA-LFIA to detect anti-SARS CoV-2 IgA in saliva

The prototype IgA-LFIA for serum was then adapted and optimized for use with saliva
specimens. To this end, the blood separator sample pad included in the original device was
replaced by a new sample pad recommended by the manufacturer for application to saliva
and oral fluid specimens. In previous studies, we demonstrated that replacing the optical
detection of GNP with chemiluminescence detection of HRP as a label increased the
detectability of LFIA assays by a factor of ten [49]. We also showed that detectability could
be further increased by using a more sensitive CL reader based on cooled CCD instead of the
smartphone camera [45]. Therefore, we modified the IgA-LFIA to enable CL detection.
Although increasing the sensitivity, the CL detection required an additional step to add the
CL substrate. The flow of the CL substrate across the strip produced a strong background
light, which affected the signal-to-noise ratio and largely increased the analysis time. To
overcome these limitations, we designed a semi-integrated system in which the dried CL
substrate was embedded in a glass fibre pad. The pad was layered onto the detection zone
of the strip, after completion of sample run, so that the CL substrate was quickly dissolved
by the wet LFIA. To help the CL substrate resuspension, we also added a drop of water. This
innovative and effective strategy was adapted from J. Deng et al. [48], who set up a self-
contained system, by which CL reagents were stored in dried form and were delivered directly
on the detection zone by a microfluidic system aimed at revealing the enzymatic
amplification of nucleic acids. Here, the addition of the CL in a very confined zone showed
clear advantages over the traditional flow strategy as the CL substrate was background light
was strongly reduced thus increasing the signal-to-noise ratio. In addition, by avoiding
running the CL substrate by capillarity, the assay was accelerated, completing in 15 min
instead of in over 30 min. The IgA-LFIA prototypes were applied to analyse nine salivary
samples. Eight were from four COVID-19 infected individuals and were collected at two and
four weeks from rt-PCR diagnosis (Table 4.2.1). One sample was collected in February for
another study from a donor who, in that period, showed symptoms compatible with COVID-
19 (cough, fever, fatigue, difficulty breathing), but without confirmation of COVID-19. The
detectability of both colorimetric and CL IgA-LFIA was sufficient to reveal salivary IgA in three
out of the five subjects with good agreement between the detection methods (Figure 4.2.4a
and b). In particular, the IgA-LFIA with both colour and CL detection revealed very high
salivary IgA levels in subject #1, who was known to have a severe disease. Salivary IgA to
SARS CoV-2 were present at 2 and 4 weeks from diagnosis and confirmed the tendency for
levels to decrease over the time from infection observed for serum samples.

Table 4.2.1. Salivary anti-SARS CoV-2 IgA measured by the colorimetric and chemiluminescence IgA-LFIA
immunosensor in four subjects affected by Covid-19 infection after 2 and 4 weeks from the diagnosis. Salivary
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IgA data were compared with serum anti-SARS CoV-2 IgG and IgM as evaluated by a commercial colorimetric
rapid test (KHB Covid-19 antibody from Techno Genetics).

Weeks from  Salivary IgA  Salivary IgA

Subject diagnosis (RLU)? (AU)® Serum IgG Serum IgM

#1 2 450 35 69+9 POS ++ POS +

4 386 + 34 25+3 POS +++ POS ++
#2 2 58+6 13+1 POS +++ POS ++

4 365 18+2 POS +++ POS +
#3 2 205 8+1 NA® NA

4 5+1 ND POS +++ NEG
#4 2 9+3 ND NA NA

4 ND¢ ND POS++ NEG

2 RLU: relative light units; PAU arbitrary units; ¢ NA: not available; ¢ ND: below detectability (threshold: mean
background signal + 2 standard deviation)

Subject #2, who reported moderate symptoms, showed IgA levels lower than #1. However,
they were still detectable, especially by the ultrasensitive CL immunosensor. For subject #2,
the intensity of the colour signal increased with time, while the CL detection confirmed the
trend of IgA levels decreasing over time. Subjects #3 and #4 provided results that were
undetectable by colorimetric detection (a slight signal, close to the limit of detection, was
shown for subject #3 only after 2 weeks from infection). In contrast, the CL detection
highlighted the presence of salivary IgA in these subjects, at least in the early stage of the
disease (week 2). The improved detectability of the CL immunosensor was confirmed by the
“unknown” sample. The results were at the limit of detection for colorimetric IgA-LFIA but
were clearly positive with CL detection (Figure 4.2.4c). For the subjects with a known clinical
condition, the results obtained by the IgA-LFIA correlate with severity of symptoms and with
serum IgG and IgM levels, as measured by a reference assay (Table 4.2.1). Moreover, the new
IgA-LFIA suggested that the ‘unknown’ sample belonged to a subject that was presumably
infected in an early phase of the pandemic. These few data suggest that salivary IgA can be
quantified using both detection strategies.
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Figure 4.2.4. IgA-Anti-SARS CoV-2 detection in saliva from four donors as detected by the colorimetric (a) and
chemiluminescent (b) IgA-LFIA sensor. A salivary sample

collected in Italy before the outbreak of the pandemic from an individual with symptoms compatible with those
of COVID-19 was shown to contain apparent anti-SARS CoV-2 IgA by the IgA-LFIA (c). Data are shown as the
mean = std dev of two replicate measurements.
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4.2.4 Conclusions

The colorimetricimmunosensor coupled with the smartphone reading enabled the one-step
affordable determination of IgA levels in saliva. The introduction of a simple and portable
tool to quantify the colour at the test line, which is related to amount of IgA, can help
providing information on the severity and/or stage of the infection. The CL detection using
the portable cooled back illuminated CCD camera provided higher sensitivity and more
accurate quantification compared to the smartphone BI-CMOS allowing to detect positivity
in subjects with low serological response. Moreover, compared to previously reported CL-
LFIA, we improved the signal-to-noise ratio by adding the CL substrate directly on the
detection zone instead of flowing it across the LFIA strip. This modification of the protocol
strongly reduced the light background and increasing detectability. The new protocol also
halved the time required to complete the assay (15 min instead of 30 min), which is a major
improvement for point-of-care testing. The combination with an optical/chemiluminescence
transduction device also provides the option of connectivity for promptly communicating the
patient’s infection and/or recovery status. Although IgG and IgM specific to SARS CoV-2 have
been reported to be present in saliva, as well as IgA, and can then be considered as possible
markers for the non-invasive detection of the serological response to the infection [52], [53],
to the best of our knowledge, this is the only immunosensor for detecting salivary IgA
reported to date. This is because almost all the rapid serology tests focus on serum IgM, IgG,
and total immunoglobulins. However, the lack of information regarding the clinical meaning
of salivary IgA measurements and the intrinsic variability of the composition of the oral fluids,
which can affect the result especially in quantitative analysis, are current limitation of the
method and needs further investigation. The validation of the developed IgA-LFIA by
considering a larger number of samples is ongoing. Hopefully, results will be also double-
checked by lab-scale tests to measure IgA (though methods for salivary IgA are still
unavailable). The availability of this rapid test may enable additional largescale studies on the
significance of IgA as biomarkers of immune response to COVID-19 and the non-invasive
screening to assess the efficacy of new vaccines. In the context of precision medicine, it could
also support a personalized therapeutic intervention.
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Introduction

As a general rule for infectious diseases, the antigen detection allows for earlier diagnosis on respect
to any antibody tests [1]. As explained in the chapter 1.4.2 the nature of the epitopes directly
influences the possibility to set homologous or heterologous sandwich immunoassay, i.e., using the
same or a pair of different antibodies. Examples of challenging upgrades of the antigenic tests are
the fourth-generation tests for the early diagnosis of HIV [2]. Though working with selected
antibodies should assure high sensitivity, the amount of antigen in biologic fluids can be remarkably
low and this aspect renders the antigenic tests not always available in practice. In principle, as for
some antibody tests (chapter 4.1), there is also the possibility to add serotyping information by using
serotype specific antibodies [3]—[5]. This can be made by using multitarget LFIA devices to gather
information about diagnosis and serotype of infection in the same device.

In the next chapter, the development of two multitarget devices applied to animal healthcare is
reported. Important aspects, such as the phenomena occurring in the case of homologous and
heterologous sandwiches, have been explored and reported for the first time. The positioning of the
test lines along the strip (i.e., the distance of the reactive zone from the sample application point)
was observed to heavily impact sensitivity and specificity of the devices. In addition, the tests are
addressed to non-conventional matrices, such as vesicular fluids and extract from epithelium
homogenates.
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monoclonal antibodies to the foot-and-mouse disease virus: evidence of a new type of the hook effect. (imminent
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Abstract

Multiplex serotyping rapid tests are useful for the characterization of the spread of viral infection
pandemics and crucial for differential vaccination. The LFIA is a widely used technique for the
screening of foot-and-mouth-disease virus (FMDV), considering the extremely high contagiousness
and economic losses entailed by the outbreaks, as it optimally fulfils the requirements of broad
screening capacity, quick detection, and prompt intervention. In this work is reported the
development of a dual multiplex LFIA for detection and serotyping of FMDV from two macro areas
(Eurasia and Africa). The discrimination between the five on the remaining six known serotypes (A,
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O, Asia-1, SAT-1 and SAT-2) could ensure the almost complete control of the infection spread
worldwide.

5.1.1 Architecture of the test

Here, a multiplexing lateral flow immunoassay for the diagnosis of FMD and the simultaneous
identification of major circulating serotypes of the FMD virus was established based on a sandwich-
type colorimetric immunoassay. We combined pairs of monoclonal antibodies (mAb) specific to the
various FMDV serotypes and a PAN-FMDV mAb, which was employed as the detector and to form a
broad-specific PAN-FMDV test line. MAbs used here were selected in previous works and were
validated for the use in direct ELISA /enzyme-linked immunosorbent assay) for FMDV diagnosis and
serotyping [6]. LFIAs based on some of these mAbs have been also reported previously [3], [7]. In
particular, the PAN-FMDV was exploited to set up a general LFIA, which was shown to be able to
detect seven FMDV serotypes (O, A, Asia 1, C, SAT 1, and SAT 2) with excellent concordance with
the ELISA based on the same antibody [7]. A second device with improved detection capability
towards the SAT 2 type was then established, using a pair of type-specific mAbs [8]. With the aim of
establishing an ultimate LFIA device capable of detecting and differentiating all circulating FMDV
serotypes, we used five mAbs combinations specific for O, A, Asia 1, SAT 1 and SAT 2 serotypes. In
addition, the PAN-FMDV was selected to detect C and possibly new, or mutated FMDV types.
Therefore, two lateral flow devices (LFIA) were designed following the geographical distribution of
FMDV serotypes [9]. One LFIA was aimed at detecting and identifying O, A, Asia-1 strains and was
named “Eurasia” according to the endemic area of these types. Serotype C, formerly circulating in
the Eurasian countries, was considered as eradicated [10] and was not included in the LFIA. The
second device, named “Africa”, enabled the SAT 1 and SAT 2 serotypes detection and
differentiation. Both devices also included the PAN-FMDV line reporting on infection from FMDV,
regardless the strain involved (including eventually the C-type). Accordingly, five reactive zones
were arranged in the LFIA-Eurasia (three serotype-specific, one PAN-specific and a control line to
ensure correct operation of the device) and four for the LFIA-Africa (two serotype-specific, one PAN-
specific and the control line) to achieve a total of six simultaneous analyses. The PAN-FMDV was
used as the detector in the Eurasia LFIA, while an anti-SAT 1 and anti-SAT 2 mAbs labelled with gold
nanoparticles were employed to reveal African FMDV types. In our peculiar design, we expressly
combined cross-reacting mAbs in each device; in fact, the broad-specific antibody coated to form
the PAN-FMDV test line competed with type-specific mAbs for capturing the viral antigens.
Moreover, we used both heterologous mAb pairs (i.e., including two different antibodies, one for
capturing and the other for detecting the viral antigen) such as in the case of type-specific test lines,
and a homologous mAb sandwich for the PAN-FMDV detection of the Eurasia LFIA (Figure 5.1.2a).
Also, the Africa LFIA included one heterologous and two homologous combinations of mAbs (Figure
5.1.2c). The rational was the use of these mAb combinations in the reference ELISAs, which
exploited antibody binding to epitopes repeated in the virus. However, we showed for the first time
that an “uncommon” hook effect occurring when homologous sandwich assays are realized in the
lateral flow immunoassay platform. We investigated the unusual hook effect and proposed a model
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for interpreting it. According to the model, we also suggested a general route for designing
multiplexing LFIA in which antibodies interconnected each other (because of the cross-reactivity or
because the same bioligand is used for capturing and detection).

The two LFIA prototypes, including optimal amounts of each mAb for reaching high sensitivity and
specificity, were finally validated by testing epithelium tissue samples collected in Tanzania during
2014-2018 sampling campaigns.
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5.1.2 Materials and Methods

Immunoreagents, chemicals and materials

Gold (Ill) chloride trihydrate (ACS reagent), anti-mouse immunoglobulin G antibody produced in
goat (secondary antibody), casein sodium salt from milk, sucrose, and bovine serum albumin (BSA)
were obtained from Sigma-Aldrich (St. Louis, MO, USA). Tween20 and other chemicals were
purchased from VWR International (Milan, Italy). Nitrocellulose membranes (CNPC-SS12) with
cellulose adsorbent pad and glass fibre BR4 sample pads were purchased by MDI membrane
technologies (Ambala, India). Glass fibre conjugate pads were obtained from Merck Millipore
(Billerica, MA, USA). Statistical calculations were carried out with SigmaPlot 11.0 software.

The anti-FMDV mAbs (1F10, HD7, 2H6, 3D8, 3B11, 2A10, 5F6, and 4D12) used for gold nanoparticles
conjugates and to form the test lines were available at the Istituto Zooprofilattico Sperimentale della
Lombardia e dell'Emilia Romagna “Bruno Ubertini”. Details on the mAb, including specificity are
displayed in Table 5.1.1.

Table 5.1.1. Monoclonal antibodies used to develop the ultimate LFIA for FMDV diagnosis and serotyping ([4], [8], [11]).

#mAb specificity use in ELISA
1F10 PAN- O, A, Asial, C, and SAT1 capture and detection
3D8 FMDV-ASIAL capture
3B11 FMDV-0O capture
2A10 FMDV-0O capture
5F6 FMDV-A capture
4D12 FMDV-A capture
2H6 FMDV-SAT1 capture and detection
HD7 FMDV-SAT2 capture and detection

Preparation of the colorimetric probes: labelling anti-FMDV mAbs with GNP

GNPs with a localized surface plasmon resonance (LSPR) band cantered at 525 nm and mean
diameter of ca. 30 nm were prepared as reported in Chapter 3.1.2. Signal reporters used in the LFIA
devices were prepared by adsorbing the 1F10, 2H6 and HD7 mAbs onto GNPs, respectively. The
optimal antibody/GNP ratio for conjugation was determined by the flocculation stress test[12], [13].
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Briefly, concentrated sodium chloride is added as the aggregation promoter, to GNP-antibody
conjugates obtained from variable GNP/Ab ratios. When the GNP-antibody conjugate is saturated
by the mAb, no salt-induced aggregation occurred. According to the stress test, the optimal amount
for conjugating 1F10, HD7, and 2H6 mAbs to GNPs were found as 4 ug, 6 ug and 6 ug of the mAb
per 1 ml of GNP at optical density (OD) equal to 1 GNP, respectively (details on the flocculation
stress test are reported in the following section).

For conjugate preparation, the appropriate amount of the mAb was added to 10 mL buffered GNP
(pH 8.5). The solution was gently stirred for 30 min at 37°C. Then, 1mL of 1% (w/v) BSA solution in
borate buffer (20 mM, pH 8) was added and the mixture was incubated for 10 min at 37°C. Finally,
the GNP—-mADb conjugate was recovered by centrifugation (10 min at 7100xg), washed once with
borate buffer supplemented with 0.1% BSA, and reconstituted in the same buffer supplemented
with 2% (w/v) sucrose and 0.25% (v/v) Tween 20. GNP-mAb probes were stored at 4 °C until use.

Flocculation stress test

The GNP solution obtained from the synthesis was buffered at pH 8.0 with carbonate buffer (50
mM, pH 9,6) and adjusted to OD1. 250 ul was inserted in wells of a microtiter plate and incubated
for 30 min with increasing volumes (0-25 pl) of the various mAbs (0.1 mg/ml in PB). Then, 10 pl of
aqueous NaCl (10% v/v) was added and reacted for 10 min to promote aggregation of unstable GNP.
The absorbance was read at 540 and 620 nm by a microplate reader (Multiskan™ FC Microplate
Photometer, Thermo Fisher Scientific, Waltham, MA USA). The 540 nm absorbance was related to
the non-aggregated fraction of GNP, while the absorbance at 620 nm was proportional to
aggregation, as the shift of the LSPR band towards higher wavelengths is due to aggregation. The
ratio of absorption (540/620) was calculated and plotted as a function of mAb amount added. The
optimal amount of the antibody able to stabilize GNP and then to enable preparing a stable mAb-
GNP conjugate was defined as the one providing the higher absorbance ratio, i.e., the major
proportion of non-aggregated GNP.

The curves obtained for the three mAbs to be labelled with GNP are shown in Figure 5.1.1. The 1F10
mAb showed the typical increase of the stabilization effect over the amount of mAb added: 1 ug of
1F10 (corresponding to 4 ug per 1 ml of GNP) were sufficient to produce a stable probe and were
selected for its preparation. Instead, 2H6 and HD7 mAbs showed a bimodal behaviour, with an initial
stabilization effect of the increasing amount of the mAb, which peaked at around 1.5 ug
(corresponding to 6 pug per 1 ml of GNP) and then decreased. The peak amount was then chosen to
prepare the probes.
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Figure 5.1.1. Flocculation stress test conducted for defining the optimal amounts of the 1F10 (green rounds), 2H6

(yellow triangles), and HD7 (blue squares) mAbs to be adsorbed onto GNP for LFIA probes preparation. The absorbance
at 540 nm and 620 nm was measured and the ratio plotted versus the amount of mAbs added to 0,25 ml of GNP (OD=1).

Development of the Eurasia and Africa LFIA devices

Parameters studied for the development of the Eurasia device included: (i) the concentration of the
coated mAbs; (ii) the amount of the probe; (iii) the composition of the diluent buffer; and (iv) the
material of the sample pad. MAbs were coated at 0,5 and 1 mg/ml. Based on the affinity and cross-
reactivity defined by previous studies ref, the capture of type O and type A FMDV required a
combination of two mAbs. The same ratios optimized for the ELISA method were employed for the
LFIA, namely 1+1 (3B11+2A10) for O-type and 0.75+1 (5F6 + 4D12) for A-type were maintained. In
these cases, the concentration of the coated reagent was considered as the individual mAb
concentration (i.e., 1 mg/ml 3b11 + 1 mg/ml 2A10 were mixed to form the “1 mg/ml” line). The
amount of the probe included in the LFIA was modified by diluting the GNP-1F10 conjugate to OD
0.5, 1 or 2. Definition of the diluent composition was made by considering pH (7.4 vs 8), buffer salt
(phosphate vs carbonate) and protein additive (BSA vs casein). Criteria used to judge the results
were: no signal appearing at test lines for the negative virus strain (and for non-specific FMDV types)
and the highest colour observed at each line for the specific FMDV type. To compare colour
intensity, images of the strips were acquired as reported for Chapters 3.1 and 3.2.

The Africa LFIA was developed starting from some conditions defined for Eurasia LFIA, such as the
diluent buffer and the sample pad material. Concentration of coated mAbs (#2H6 and #HD7) and
amount of the probe were studied as described for the Eurasia device. In addition, since the
detection of SAT types of the virus was made by a combination of three mAbs (#1F10, #2H6, and
#HD7), the antibodies were separately adsorbed onto GNP and then mixed in variable ratios. The
two anti-SAT mAbs were mixed 1+2; 1+1; 2+1. Once defined their proportion, the #1F10-GNP was
added.
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Investigation of the new ‘hook effect’

To shed light on the empirical observation that the sensitivity of the PAN-FMDV test line in the
Eurasia LFIA depended on its positioning with respect to the sample application point, we used ICS
of O- A- and Asia 1-FMDVs and measured the colour of the PAN- and type- specific test lines as a
function of the amount of the detector (anti-PAN-FMDV antibody labelled with GNP), the amount
of the antigen, and distance from sample application point.

Similarly, the investigation was repeated for the Africa LFIA, using SAT 1 and SAT 2 ICS and measuring
colour of the test line as a function of the amount of the detector (#2H6-GNP or #HD7-GNP,
respectively) and the amount of the antigen. Images were acquired by a scanner, converted in
greyscale, and processed by Image) software.

Production of the Eurasia and Africa LFIA devices

The various capture antibodies used for drawing test and control lines of the LFIA devices were
diluted in phosphate buffer (20 mM pH 7.4) and applied at 1 puL/cm onto the nitrocellulose
membrane by means of a XYZ3050 platform (Biodot, Irvine, CA, USA), equipped with BioJetQuanti™
3000 Line Dispenser for non-contact dispensing. The order of the test lines allowing for optimal
analytical performances is depicted in Figure 1. The LFIA Eurasia device included 5 lines, as follows:
the PAN-reactive mAb (#1F10); a 1:1 mixture of two O-type reactive mAbs (#3B11 and #2A10); the
Asia 1-reactive mAb (#3D8); a mixture of two A-type reactive mAbs (#5F6 and #4D12) in the ratio
4:3 and the secondary antibody as the control line. Lines were drawn at 3 mm distance each other.
The probe comprised #1F10-GNP (OD =2). The Africa device was designed as a 4-lines LFIA strip
where the first line contained the SAT 1-reactive mAb (#HD7) and the second the SAT 2-reactive
mAb (#2H6). The third line contained the PAN-reactive mAb (#1F10). As the signal reporter, we used
a mixture of #1F10-GNP, #HD7-GNP, and #2H6 in the ratio 1:2:2 (total OD =5).

MAb concentrations were 1mg/ml. The gold probes were diluted to optimal OD with GNP dilution
buffer (borate buffer with 0.25% Tween 20, 2% sucrose and 0.02% sodium azide), adsorbed onto a
pre-saturated glass fibre conjugate pad and dried for 4 hours at room temperature. Strips were
composed as follows: sample pad, conjugate pad, membrane, and adsorbent pad and were cut in
4.2 mm- width) by means of a CM4000 guillotine (Biodot, Irvine, CA, USA). Finally, strips were
inserted into plastic cassettes (Eximio Biotec Co., China) to fabricate the ready-to-use LFIA device.
Cassettes were stored in the dark in plastic bags containing silica at room temperature until use.
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Detection and serotyping of FMD virus by the LFIA devices

The development of the LFIA devices was conducted by using inactivated culture suspensions (ICS)
of FMDV of the serotypes included in the study; the virus strains used are listed in Table 5.1.1. An
inactivated suspension of swine vesicular disease virus (SVDV) was used as a negative antigen. For
matrix effect experiments, the tongue epithelium of healthy cattle was collected at slaughterhouse
during regular slaughter procedures. Extraction was made according with the protocol of the
manufacturer in compliance with OIE diagnostic Manual (Manual of Diagnostic tests and vaccines
for terrestrial animals 2019, Ch 3.1.8.[14]). An amount of ca 200 mg of epithelium was cut and added
with 1 ml of the diluent buffer. After an extensive grinding of the mixture, the solid residue was
decanted, and three drops of the supernatant were dispensed in the sample well of the device. The
supernatant of virus culture and epithelium homogenates were diluted 1+1 with the diluent buffer
and applied to the sample well of the cassette. The extracts from cattle tongue epithelium were
directly added to the LFIA (three drops corresponding to approximately 75 ul). The result was
visually inspected after 10 minutes from sample application and judged by three independent
operators.

Analytical evaluation of the Eurasia and Africa LFIAs

Selectivity of the devices was evaluated by considering reciprocal cross-reactivity of the various
FMDV types on other test lines. Also, ICS samples of types O, A, and Asial FMDV were applied to
Africa LFIA, and SAT 1 and SAT 2 ICS were applied to the Eurasia LFIA.

Matrix effect was studied by analysing tongue extracts from healthy cattle before and after spiking
with FMDV of the various serotypes.

The analytical sensitivity was studied by serially diluting the epithelium homogenate sample positive

for one strain of each serotype with the diluent buffer and analysing diluted samples by the LFD.
The limit of detection was defined as the sample dilution that showed a perceivable colour at the
test line, as judged coherently by three operators. The sample dilutions were measured in parallel
by means of the reference ELISAs.
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5.1.3 Results and Discussion

Development of the Eurasia and Africa LFIA devices

Monoclonal antibodies towards FMDV, fully characterized as far as their selectivity towards the
various variant of the virus, were available from [6]—[8], [11]A summary of the mAb used in this
work and of their features is shown in Table 5.1.1. The Eurasia LFIA was developed first and was
designed to allow for the indistinct detection of four FMDVs (including O, A, Asia 1, and C types) by
means of a PAN-FMDV mAb, and the simultaneous serotyping of the circulating types (O, A, Asia 1).
Therefore, four test lines were drawn, namely the PAN- and the three type-specific lines (Figure
5.1.2a). The detection sites were formed by coating the 1F10 mAb, a 1:1 mix of the two O-specific
mAbs (2B11+2A10), the Asia 1-specific mAb (3D8), and a 1:0.75 mix of the two A-specific mAbs
(4D12 and 5B6) to form the PAN-FMDV and the three type-specific lines, respectively.
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Figure 5.1.2. Scheme of the LFIA devices, including three type specific and the PAN-FMDV test lines (Eurasia LFIA) and
two type specific and the PAN-FMDV test lines (Africa LFIA). The optimal arrangement of reactive sites for the Eurasia
and Africa LFIA is depicted in b) and d), while the arrangements in a) (Eurasia) and c) showed a significantly lower
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detection capability. Results were visually read and assigned as shown in e) and f) for Eurasia and Africa LFIAs,
respectively.

The proportion of mixed mAbs for the O- and A- were defined according to their reactivity measured
by the ELISA. Preliminary experiments allowed us to conclude that 1 mg/ml of each antibody was
sufficient to assure intense colouring of the type-specific lines in the presence of the FMDV samples
(inactivated supernatant from cell culture, icc, Table 5.1.2) diluted 1/10 in PBS. Lower amounts
decrease the signal, while higher amounts did not produce an appreciable increase of the colour at
the lines (data not shown). Similarly, increasing the optical density of the 1F10-GNP probe from 1 to
2 was shown to increase the colour at the type-specific test lines, while a further increase resulted
in a higher background without significantly improving the detectability.

As far as the PAN-FMDV line, we initially opted for positioning it as the farthest from sample
application, so that type-specific interactions were favoured (Figure 5.1.2a). However, the sensitivity
of the PAN-FMDV was very poor, whatever FMDV type was used as the sample (Figure 5.1.3a). The
hypothesis was made that the capture of the antigens by the type-specific lines prevented them to
reaching the PAN-FMDV line. Differently from ELISA, where each mAb-antigen interaction occurs
separately, in the LFIA platform, the cross-reactivity may cause false positive results and, also, false
negative results, when the cross-reacting antibody captures the antigen and prevents the binding
to the specific one. Then, the PAN-FMDV line was placed as the first reactive zone encountered by
the sample during the flow (Figure 5.1.2b and 5.1.3b). This configuration enabled recovering the
sensitivity of the PAN-FMDV without interfering significantly with the detection capability of the
type-specific lines.

The Africa LFIA included two specific test lines formed by the anti-SAT 1 and anti-SAT 2 mAbs. The
same mAbs were also labelled with GNP and the two probes were mixed to allow revealing SAT 1
and SAT 2 FMDV types. The optimal proportion and the absolute amount of each probes were
investigated by maximizing colouring of both lines while limiting background signal.

According to the quantitative analysis of images the following conditions were established: mixing
the probes in equal proportion and reaching a final concentration of each GNP-mAb corresponding
to OD2. Although the PAN-FMDV was not reactive to all SAT strains, it was shown to be able to
recognize most SAT 1 FMDV [ref] and, considering that O, A, and Asia 1 strains may be found also in
African countries[10], a PAN-FMDV test line was included in the Africa device, as well. Based on the
previous observations, this line was positioned near to the sample well, followed by the SAT 1 and
SAT 2 specific lines, respectively (Figure 5.1.2c). However, the insertion of the PAN-FMDV line and
the consequent distancing of the two specific lines, caused a dramatic loss of sensitivity, mainly for
the SAT 1 detection. Coherently with the reactivity of the PAN-FMDV mAb, which cross-reacted with
SAT 1 strains, most of the SAT 1 antigen apparently was subtracted by the PAN-FMDV line and was
not able to reach the specific line so causing the lowering of the detection ability of this serotype.
The ultimate arrangement of reactive sites was established for the Africa LFIA as: SAT 1, SAT 2, and

PAN-FMDV test lines, followed by the control line (Figure 5.1.2d). The probe was formed by a mixture
of three mAb-GNP (i.e.: 1F10-, HD7- and 2H6-GNP in the optimal proportion of 1:2:2).
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Figure 5.1.3. The difference between the behaviour of homologous and heterologous sandwiches testing the same
sample on different position of test line including the homologous sandwich: a) far from sample application point, b)
near to sample application point.

Evidence of an inverted “Hook effect”

The empirical observation on the significant effect due to the apparent cross-reactions among
antibodies and the consequent importance of the intelligent arrangement of reactive zones was
further investigated. In fact, the two devices had opposite optimal configurations: the alignment of
capture mAbs included the PAN-FMDV as the last and as the first bioligand in the Eurasia and Africa
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LFIAs, respectively. Of course, the different relative affinities of the various mAbs may explain the
observed behaviour. Nevertheless, we noticed also that when O-, Asia 1-, and A-FMDV were applied
to the Africa LFIA (which included only one reactive site for these serotypes, i.e., the PAN-FMDV
site), the signal was significantly lower compared to the one provided by the same samples when
applied to the Eurasia LFIA, despite the capturing mAb and the detector were the same in the two
configurations. The net effect of distancing a reactive site from the sample well is the increase of
the contact time between the sample and the detector before they reach the capture site. We
supposed that the interaction between the viral antigens and the detector antibody, which occur in
solution during their flowing across the membrane, could led to the saturation of the antigen
epitopes and to preventing the subsequent binding to the capture antibody. The suggested effect
should impact more on homologous sandwich assays, which are based on the simultaneous binding
of two molecules of the same antibody to two equivalent epitopes on one viral particle. We exactly
observed that the positioning of the homologous sandwich assay was the most critical, as for the
PAN-FMDV and SAT-specific antibody pairs for the Eurasia and Africa LFIAs, respectively. To shed
light into these findings, we measured the colour formed at the several test lines as a function of
the quantity of the detector and of the antigen.

Starting from the Eurasia system, we found an almost linear relationship between the colouring of
lines (including the control line) and the amount of the probe (Figure 5.1.4), apart from the PAN-
FMDV line (Figure 5.1.5). The behaviour was qualitatively similar whatever FMDV serotype was used
as the sample. In the case of the homologous sandwich, initially the increase of the probe amount
provoked a parallel increase of the signal, followed by a saturation or a decrease of the signal, which
is typical of the so-called “hook effect” [15]. However, the hook effect has been correlated to an
excess of the antigen compared to the two antibodies used for its detection.
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Figure 5.1.4. Colour measured at the test line including a mAb diverse from the one used as the detector. The signal
was plotted versus the GNP-mAb amount (as the optical density of the conjugate at the maximum of LSPR band).
Samples containing inactivated FMDV of O, Asia 1 and A types were analysed by the Eurasia LFIA, while samples of the
SAT 1 and SAT 2 types were checked by the Africa LFIA. Samples were diluted 1:5 with the diluent and directly submitted
to the LFIAs.
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In the classic hook effect, when the quantity of the antigen increases over the linearity range, the
probability of the simultaneous binding of the capture and detector antibodies to the same antigen
decreases, and the detector is subtracted by the excess of the antigen (Figure 5.1.3a) ultimately
leading to a decrease of the observed signal. In the present work, we observed a different saturation
effect, due conversely to the excess of the probe that subtracts the antigen and prevents its binding

to the capturing antibody (Figure 5.1.3b).
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Figure 5.1.5 Colour developed at the ‘PAN-FMDV’ test line upon application of samples containing FMDV types O, Asia
1 and A. The test line was positioned near to the sample well (ca. 1 cm, ‘near’) and at higher distance (ca. 2 cm, ‘far’).

The amount of the GNP-PAN antibody was varied from OD 0.5 to OD 2.

The different order of the interactions occurring in flow compared to those realized in stationary
state explained the observation. To support our hypothesis, we carried out two further experiments:
in one case, we varied the amount of the antigen and in a second one we repeated the same study
as above described but shifting the test line comprising the homologous antibody so that the contact
time between the antigen and the probe before reaching the test line was increased. As shown in
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Figure 5.1.6, a linear relationship between the antigen quantity and the signal measured was found
independently on the sample tested. On the contrary, again a typical hook effect pattern was
obtained when the amount of the probe was varied (Figure 5.1.5). Coherently with the hypothesis
made, the shift of the line farthermost resulted in the exasperation of the effect, which caused a
general loss of sensitivity compared to the system with the PAN-FMDV line near to the sample well,

more pronounced for the case of high concentration probe (Figure 5.1.5).

) &l L L ] ] we B
SRR THETHECOR I R R
s b3 § g 8 g §
© ° o M 2 3 4 < < ¢
s @bl v olf ¥l B AL gl ol s B o3 (Lo Solllsde
ol sd gl B o Bolf s el b tl] s e USSR Gl oo o [0 g
v v v —
. - . . ": : - : q‘: q: 4‘: :
! e 2 - - “ ™ - - " ‘n Lo -
:: :: b : ~ ~ ~ ~ ~ s f ~ ~
- *,.. - - - ju ‘_ ‘- -
S
b L " - " " " ) v " ) "
d e f
o 0 —— Asial "
-0 § i - A
50 % —0— PAN i \\\ “RIRAN m —0— PAN
. \. « ,\\ﬁ 140 \\
N = 2 . 120 A
380 @ \ 5 300 i\ N 3 NN
2 X \i s . % 8 100 \‘\
200 ™ N 5 N\ = \\
; “ N\ : N Fal O\
S 10 \ \ v Ty 8 \
100 \é\ AN ~% %\'\\
\_ 100 L 2 \
" \0\\ ~—g T3 - ) S——.
o =9
0 : 0 T 0 r
10 100 1o 100 0 100

Ag (1/dilution)

Ag (1/dilution)

Ag (1/dilution)

Figure 5.1.6: Signal dependence on antigen concentration: ICS of the FMDV-O (a), -Asia 1 (b) and A-type (c) were
serially diluted by the extraction buffer and applied to the Eurasia LFIA. The colour formed at the type-specific and
PAN lines were recorded and plotted towards ICS dilution for the three samples (d, e, f).

The conclusions drawn by the study were confirmed and reinforced by considering the Africa device.
In this assembly, the two type-specific reactions were based on homologous sandwich assays
whereas the PAN-FMDV was involved in a heterologous sandwich with the anti-SAT 1 and anti-SAT
2 detection reagents. Again, considering the two homologous sandwich assays, we observed the
atypical hook effect, i.e., the bimodal dependency of the signal on the amount of the probe used
(Figure 5.1.7). Therefore, we concluded that the behaviour could be generalized. Although, other
authors have evidenced that the amount of the probe should be optimized [16], [17] and that an
excess of the probe may led to decrease the sensitivity of the LFIA, we shown that the position of
the capturing reagent is the key-point to maximize the sensitivity, while the maximum signal
achievable by a “distant” reactive zone remained lower than the one provided by test lines near to
the sample well. These findings also implied that the antigen-probe interaction was extremely rapid.
Indeed, the few seconds elapsed between probe resuspension by the sample and reaching the
“near” reactive zone was enough to form the complex.
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Figure 5.1.7. Colour measured at the test and control line. The signal was plotted versus the GNP-mAb amount
(measured as the optical density of the conjugate at the maximum of LSPR band). ICS samples containing inactivated
SAT 1 and SAT 2 types were analysed by the Africa LFIA.

Preliminary evaluation of the LFIAs performance

By employing inactivated culture supernatants of FMDV serotypes O, Asia 1, A, SAT 1 and SAT 2, we checked
the cross-reactions of each type on the other non-specific lines. No interference was observed in any cases
(Figure 5.1.8). A non-FMDV antigen (SVDV) was also analysed as a negative control. No colouring of test lines
was observed for the negative control by the two LFIAs.
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Figure 5.1.8: Results obtained by the two LFIAs upon application of inactivated supernatants of various FMDV
serotypes Device 1 was the Eurasia FLD, device 2 was Africa LFIA. An inactivated supernatant of the SVD virus was
used as the negative control. Test lines indicating positivity and the specific type of the virus are clearly visible, while
cross-reactions were not shown.

Type-specific and PAN-FMDV lines were revealed coherently with the strain analysed. To evaluate
the matrix effect (ME), tongue epithelium from healthy cattle, collected during regular slaughter
procedures, was used. The epithelium was weighted, roughly minced, and then extracted according
to the protocol of the tissue viral extraction kit (In3diagnostic, Grugliasco, Italy)]. The extraction was
repeated on three samples and the extracts were directly analysed by the LFIAs. No signal was
observed for any test lines, while the control line confirmed the validity of the assay (Figure 5.1.9).
Then, extracts were fortified by adding separately a small volume of the O-, A-, and Asia 1- type ICS.
The fortified extracts were analysed again and the type-specific and PAN-FMDV positivity were
revealed (Figure 5.1.9), thus confirming that the Extraction protocol allowed for the FMDV detection
by the Eurasia LFIA. For each serotype, the analytical sensitivity was evaluated on reference viruses
in parallel with the reference ELISA. The strains were correctly classified with analytical sensitivity
like that shown by the ELISA and absence of cross-reactivity between serotypes. The pan-FMDV test
line was clearly visible, irrespective the serotype analysed (Table 5.1.3)

Africa LFIA Eurasia LFIA Eurasia LFIA Eurasia LFIA Eurasia LFIA
NEG NEG NEG+A NEG+O NEG+Asia-1

Figure 5.1.9: results on negative and fortified epithelia. Magnification of the reading window for highlighting the results
and lack of cross reactivity.
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Table 5.1.3 Analytical sensitivity of the LFIA devices

LFD FMDV type Sample origin Limit of detection (TCID50)
0 O Manisa - O Panasia 2 6,3 x10%-10°
Eurasia A A22Iraq- A G-Vl 3,2x10%-1,5x 103
Asial Shamir - Sind-08 4,3x10%-3,2x10*
SAT 1 SAT1 5,1x10%-10°
Africa
SAT 2 SAT2 2,4x10%-1,5x103

FMDV detection and serotype differentiation in epithelium homogenate from cattle

The two LFIAs, as above described, were preliminary checked by their capability of specifically
detecting the various FMDV serotypes by using epithelium homogenates (EH) collected in Tanzania
during the period 2011-2018. The samples were analysed by ELISA (both type-specific and PAN-
FMDV) and by rPCR (pan and topotype-specific) and were assigned according to the ELISA score as
positive/negative for the various FMDV. Samples confirmed as O- and A-FMDV were analysed by
the Eurasia LFIA, while those recognized as containing SAT 1 and SAT 2 virus were analysed by the
Africa LFIA. Instead, the inactivated culture suspension of all serotypes and of the negative antigen
(SVDV) were analysed by both LFIAs. Therefore, 18 samples were submitted to the Eurasia LFIA
detection, including 15 samples which were positive for O, A or Asia 1 FMDV according to the rPCR,
and 3 negative samples (SAT 1 and SAT 2 ICS, beside the negative antigen). Instead, 15 samples were
submitted to the Africa LFIA detection, among which 11 were positive for the presence of SATs
FMDV and 4 were negative (Table 5.1.2).

Table 5.1.2. Preliminary assessment of the LFIAs for the detection of major circulating FMDV serotypes.

Sample id # Type-specific PAN-FMDV
ELISA score® LFIA ELISA score® LFIA
o/Ics +++ +++ o+ o+
O/TANZ Ring'wanil8 + + +++ +
O/TANZ Mbilikili/2014 - +/-P - +/---P
O TANZ Miseke/2014 ++ +++ +++ +++
O/TANZ Miseke/2014 ++ +++ ++ +++
O/TANZ Kemgesi/2018 + +++ +++ +++
A/ICS ++ + +++ ++
A/TANZ Motuker/2015 +++ ++ +++ ++
A TANZ Kyabakari/2012 + +/--- + -
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A/TANZ Natambiso/2015 +++ +++ +++ +++
A/TANZ Park Nyigoti/2012 ++ +++ +++ +++
A/TANZ Nyichoka/2015 + +++ + +
A/TANZ Robanda/2015 + +4++ + +
A/TANZ Robanda/2016 ++ +++ ++ F++
Asia 1/1CS +++ +++ -+ 4+
SAT1/ICS ++ +++ ++ +/---
SAT1/TANZ Motukeri/2013 +++ +++ + ++
SAT1/TANZ Motukeri/2014 ++ +t + Tt
SAT1/TANZ Bonchugu/2014 ++ + + +
SAT2/ICS + + ++ .
SAT2/TANZ Nyichoka/2012 +++ ++ + ++
SAT2/TANZ Tamau/2012 +++ + - +/-—-
SAT2/TANZ Burunga/2018 +++ + - +
SAT2/TANZ Nyichoka/2018 +++ ++ - ++
SAT2/TANZ Kyabakari/2012 ++ + + +/-
SAT2/TANZ Rwamchanga/2012 + +/- + Y

@Samples were classified according to OD measured by the ELISA: >2.5 (+++), 1-2.5 (++), 0.06-1 (+), <0.06 (-)

b Weak signal (+/-) or very very weak (+/--)
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Figure 5.1.10. Results on the Eurasia LFIA with on-field positive and negative epithelia.

Results of the assessment and the comparison with ELISA using the same mAbs are summarized in
Table 5.1.2 and Figure 5.1.10. Regarding the Eurasia LFIA, 14/15 samples were correctly assigned
as positive by the ELISA according to the type-specific and the PAN-specific assays, respectively.
Thirteen samples were assigned as positive by both assays, while one O-type strain and one A-strain
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were false negative according to the type-specific and the PAN-FMDV assay, respectively. The LFIA
assigned as positive 15/15 samples based on the colour of the type-specific line and 14/15 based on
the PAN-FMDV line. The two false negative results of the ELISA were not confirmed by the LFIA,
which instead correctly classified these samples. No cross-reaction was observed, which attested
the high specificity of the LFIA. Indeed, the fifteen samples positive for one FMDV-type were
contemporary tested also by the other two type-specific lines and were correctly qualified as
negative. The three negative samples were also correctly classified, as they did not provide any
colouring at any test lines. Considering results from 18 samples x 4 tests condensed in the single
LFIA device, the overall accuracy was calculated as 98.6% (92.5-99.9%, C.1.95%). The performance
of the Africa LFIA was studied by applying SAT 1- and SAT 2- positive homogenates. All samples were
correctly classified according to results observed at the type-specific test line (Table 5.1.2 and Figure
5.1.11).

a) b)

Figure 5.1.11. Results on the Africa LFIA with on-field positive and negative epithelia.

According to the ELISA, 3/7 SAT 2-positive samples were not recognized by the PAN-specific assay.
On the contrary the PAN-FMDV test line confirmed the positivity of all homogenates. Two samples
(SAT2/TANZ Nyichoka/2018 and SAT2/TANZ Tamau/2012) showed cross-reactivity at the SAT 1-
specific line. However, the latter provided a very faint colouring, while the first was shown to react
with anti-SAT 2 mAbs also by the ELISA. No other false positive results were shown by applying other
FMDV types at the three test lines. In summary, the false negative rate was 0% (n= 22), the false
positive rate was 5,9% (n=24) and the accuracy was 96.4% (87.7% - 99.6%).
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5.1.4 Conclusions

The two devices reached promising analytical performances, comparing to the ones from the
existing devices reported in Table 5.1.4. The accuracy of the Eurasia device [98.6% (92.5-99.9%)] and
Africa device [96.4% (87.7% - 99.6%)] on respect to ELISA reference methods ensures us the high
versatility given by the all-encompassing serotyping capability was not reached at the expense of
the sensitivity.

Table 5.1.4. Literature survey on LFIAs for the direct antigen detection of FMDV.

LFIA Antibodies serotype Serotype Performance ref.
detected differentiated
Single line PAN-reactive 0O, A Asial,C, No Vs rPCR: [7]
SAT1, SAT2 Se=84%, Sp=85%;
vs ELISA:
Se=99% Sp=99.9%
Single line SAT2 SAT2 - Vs PCR: [11]
Se=88%, Sp=100%
Single line PAN-reactive O, A, Asial, C No Vs ELISA: [18]
Se=87% Sp=88%
Three strips O, A Asial O, A Asial O, A, Asial Comparable to [8]
with single double antibody
test line sandwich ELISA
Multiplex 0O, A, Asial 0O, A, Asial O, A, Asial Comparable to [4]
double antibody
sandwich ELISA
Multiplex PAN-reactive, O,A Asial,C, | O,A Asial,C not specified [3]
0,A Asial, C SAT1, SAT2
Single SAT2 SAT2 - not specified [6]
Two strips SAT1, SAT3 SAT1, SAT3 - [19]
with single
test line
Three strips 0O, A, Asial 0O, A, Asial O, A, Asial Vs rPCR: [20]
with single Se=88% Sp=97%
test line

157




In addition, the study on the positioning of the reactive lines and on the proper optical density of
the gold conjugates to include in the devices, disclosed interesting phenomena, such as the evidence
of an ‘inverted’ hook effect. It seemed not to follow the general rules of managing the hook effect
by means of diluting the sample but affects mostly the amount of probe and saturation effected
occurring within the run of the assay. The different behaviour of the homologous and heterologous
sandwiches is consistent to a specific pre-saturation of the probe that worsen with the distance
from the start of the run, or contingently, with the run-time. These observations can be useful for
the development of any kind of multiplexed antigen test involving heterologous and homologous
sandwiches.
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Introduction

The therapeutic drug monitoring (TDM) is a transdisciplinary approach involving any kind of
control system to assure the correct dosage and compliance of a drug regimen [1]—[5]. One
of the branches of the TDM is the control of the compliance to the therapy. It intervenes to
identify the source of some of the therapeutic failures as caused by the low adherence from
the patient, excluding eventual ineffectiveness of the regimen [6], [7]. The point-of-care
knowledge of the lack of compliance allows for a rapid intervention and avoids
counterproductive re-arrangements of the therapy. Some analytical methods and diagnostic
tools, including LFIAs, are used for the rapid and on-site assessment of the adherence to the
therapy by the patients [7], [8].

According to the principles of immunoassay, the detection of small molecules, as many drugs,
forces to use competitive formats. The competitive assays are theoretically less sensitive than
non-competitive ones and need a lot of work to find the optimal conditions for operating.
Moreover, especially for point of care testing, they are quite counterintuitive, while the “user
friendliness” figure of merit includes the easy understanding of the results. In fact, LFIAs in
competitive formats should be intended as “positive” when the test line is absent.
Nevertheless, for the use in therapeutic drug monitoring, the interpretation is reversed. The
normal case, or “no-alarm” situation, is the presence of the analyte in the specimen, which
is given by a no-test line outcome. On the contrary, the diagnosis of “alarm” situation is given
by the absence of the analyte, producing a signal at the test line. For this reason, for
therapeutic drug monitoring, control of compliance to the therapy, or any other assessment
of correct excretion of the drug, the competitive format is much more straightforward than
for other applications.

In the following chapter, the application of this aspect to the therapeutic drug monitoring of
an antiretroviral drug is reported. The project started at the very beginning of the assay
development, from the synthesis of a suitable hapten derived from the drug and its
conjugation to proteins to prepare antigens for the assay and for antibody production. The
protein-hapten conjugate was inoculated into mice to generate antibodies through the
hybridoma technology. The strategic element lied in the selection of the hybridomas
expressing monoclonal antibodies through a checkerboard testing including the competition
feature as part of the screening. The selected antibodies were tested for their sensitivity in
buffer and in a simulated matrix (urine) by ELISA. Finally, the best performing mAb was
employed to set POCT prototypes aimed at detecting the drug in urine, where the target
compound is excreted and then is expected to reach high concentrations, and in saliva, a less
invasive and easy to collect matrix. The LFIA device and an in-house validated ELISA devoted
to drug detection in saliva were established and showed sufficient sensitivity for the
application, although the expected levels of the drug were dramatically lower in this matrix
[9]-[13]

162



6.1
*

Compliance monitoring LFIA for Tenofovir

N/%% o Tenofovir
o based
I\N N O\/"?\‘OH i
L P NH, immunogen
" 8e
N
o)

Tenofovir

Tenofovir-
based tablets

- g%% Enzyme-linked aj(ﬁr/
000

immunosorbent Monoclonal
assay

antibodies
—— Q
HIV-infected

\ H
tenofovir treated ‘ Lateral flow

=
{ Jd L
individual \ )
immunoassay
Biologic fluid
000 1 10 100

001 01
Concentration (nh)

Absorbance (au.)
s

e
w

Based on

S. Cavalera, C. Agulld, J. V. Mercader, F. Di Nardo, M. Chiarello, L. Anfossi, C. Baggiani, A. D’Avolio, A. Abad-
Somovilla and A. Abad-Fuentes, Monoclonal antibodies with sub-nanomolar affinity to tenofovir for
monitoring adherence to antiretroviral therapies: from hapten synthesis to prototype development, Journal
of Materials Chemistry B, 2020, 8, 10439, https://doi.org/10.1039/D0TB01791D.

And on further implementations

Abstract

Approximately 32 million people have died of HIV infection since the beginning of the
outbreak, and 38 million are currently infected. Among strategies adopted by the Joint United
Nations Programme on HIV/AIDS to end the AIDS global epidemic, the treatment, diagnosis,
and viral suppression of the infected subjects are considered crucial for HIV prevention and
transmission. Although several antiretroviral (ARV) drugs are successfully used to manage
HIV infection, their efficacy strictly relies on perfect adherence to the therapy, which is seldom
achieved. Patient supervision, especially in HIV-endemic, low-resource settings, requires
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rapid, easy-to-use, and affordable analytical tools, such as the ELISA and especially the LFIA.
In this work, high-affinity monoclonal antibodies were generated to develop ELISA and LFIA
prototypes for monitoring tenofovir (TFV), an ARV drug present in several HIV treatments.
TFV was functionalized by inserting a carboxylated C5-linker at the phosphonic group of the
molecule, and the synthetic derivative was conjugated to proteins for mice immunization.
Through a rigorous screening strategy of hybridoma supernatants, a panel of monoclonal
antibodies strongly binding to TFV was obtained. Following antibody characterization for
affinity and selectivity by competitive ELISA, a LFIA prototype was developed and tentatively
applied to determine TFV in simulated urine and in salivary matrix. The point-of-care test
showed ultra-high detectability (the visual limit of detection was 2.5 nM, 1.4 ng/mL),
excellent selectivity, and limited proneness to matrix interference, thus potentially making
this rapid method a valuable tool for the on-site assessment of patient adherence to ARV
therapy.

6.1.1 From the cradle to the architecture of the test

As recommended by the WHO the best strategy for assessing therapy adherence is the Point
of Care Testing and a prominent role could be played by the LFIAs. The development of LFIA
for the determination of TFV has gained great attention in the last two years. To this aim,
specific recognition elements (i.e., anti-TFV antibodies) have been generated. TFV is a small
molecule, non-immunogenic by itself, so it requires to be functionalized and covalently
attached to a macromolecular carrier to trigger the immune response and generate specific
antibodies. However, TFV is an amphiphilic molecule, which complicates the introduction of
functional groups for linking it to a carrier. Moreover, some endogenous compounds
structurally related to TFV are present in biological samples at very high concentrations, like
adenine and its derivatives, adenosine, ADP and ATP. In 2018, G. Pratt et al. [14] reported the
production of rabbit polyclonal antibodies to TFV and their implementation in a LFIA test for
measuring the drug in urine. However, the developed prototype showed some major
limitations for practical application, more likely derived from the complex structure of the
spacer arm linking TFV to the carrier protein, which eventually resulted in antibodies of
moderate affinity to TFV. Almost simultaneously, Gandhi et al. published a paper describing
the development of an ELISA to TFV and its application to the determination of this ARV drug
in urine [12]. This work was followed by several others wherein the same research group
reported comprehensive clinical studies using this immunoassay to follow patient adherence
to the TFV based HAART, and more recently on the development of a LFIA enabling the
determination of clinically relevant TFV levels in urine [9], [15], [16]. While these studies
provided compelling evidence of the suitability of immunoanalytical approaches for
monitoring the compliance to the ARV therapy, the developed tests showed limited
adaptability to more challenging analytical demands, like the analysis of TFV in plasma and
saliva samples, or following adherence in patients administered with TAF, which is replacing
TDF in ARV coformulations because it shows equivalent efficacy at lower dosage. Moreover,
none of these studies discloses the structure of the hapten that was used for the generation
of the polyclonal antibodies, nor their binding properties (affinity and specificity) to the
analyte. In TDM by rapid assays, it is commonly acknowledged that monoclonal antibodies
are better suited than polyclonal antibodies if a commercial POC test is intended. In this
respect, while we were writing this paper, D. Sevenler et al. reported on the generation of
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monoclonal antibodies to TFV [17]. In order to reach this goal, these authors employed a
novel hapten containing a carboxylate functional group that was coupled to proteins by
carbodiimide-mediated chemistry, so no bulky groups were introduced in the linker.
Unexpectedly, these antibodies showed only moderate affinity to TFV, as previously
developed antisera. Moreover, the assay exhibited strong interferences by components
present in plasma samples, thus precluding the assay of being sensitive enough for its
intended use. These results suggest that a good hapten design, although essential, is not
sufficient for generating high-affinity antibodies for a particular target. TFV is highly
concentrated in urine on respect to other matrices and the dose-adherence correlation was
widely investigated. Nevertheless, it could be easily counterfeit because its sampling does
not allow the presence of the physician and is mildly invasive. Another possible matrix where
Tenofovir can be measured is the saliva. Nevertheless, TFV is 5 orders of magnitude less
concentrated in saliva than in urine, rendering the sensitivity requirements extremely
challenging. The aim of this work was the generation of monoclonal antibodies with superior
binding properties to TFV over those developed so far and the incorporation of these
biomaterials into prototypes of POC tests, like ELISA and LFIA, for rapid and on-site
diagnostics of TFV in common biological samples (urine, blood, plasma, and saliva) at
clinically relevant concentrations.

To achieve this goal, a hapten was synthesized, which turned out to be very similar to that
used by D. Sevenler et al. [17], and it was coupled to carrier proteins and a reporter enzyme.
More importantly, an optimized protocol for the screening of hybridoma supernatants was
implemented at very early steps of the antibody selection process. The strategy, consisting
of a two-step evaluation procedure that includes a differential and a checkerboard
competitive ELISA, has previously demonstrated its efficacy with other analytes for selecting
high-affinity and specific binders among a population of clones secreting antibodies with a
variety of binding properties. The rationale behind this approach is simple; testing cell
cultures for the recognition of free TFV in solution at the very beginning of the hybridoma
selection process allows those cell lines that preferentially bind the coating antigen to be
ruled out (competing bioconjugate). Accordingly, only monoclonal antibodies with a proven
ability of adequately performing in competitive assays are chosen for further cloning,
expansion, and in vitro production. The main goal of this part of the work was addressing the
lack of a commercial, reliable point-of-care drug monitoring system for TFV through the
generation of high-performance immunoreagents.

Once obtained these high, we developed and in-house validated an enzyme-linked
immunosorbent assay (ELISA) for the dosage of Tenofovir in fortified saliva samples. In
addition, we use this approach to develop and in-house validate a sensitive LFIA for the
potential assessment of the adherence in salivary matrix. In the absence of an appropriate
salivary cut-off level for TDF and TAF administered patients we identify adherence-relevant
concentration ranges and evaluated the potentialities of the newly developed immunoassays
[13]. The scheme is reported in Figure 6.1.

165



Number of AIDS-related deaths, global, 1990-2018 and 2020 target
2500000

2000000

non-compliance compliance

3
<
3
_; 1500 000
] 00 000 (a) (b)
I o000
.
‘g 500 000 é C C
z
0 o= +
& T T
w— AIDS related
Source: UNAIDS 2019 estimates.
No TDM DM (a)
ARV dose ARV dose
m Non-compliant Non-compliant (b)

Ineffective

Ineffective ‘&

Ineffective

Therapeutic
failure

management

Figure 6.1: The graph of the yearly HIV-related deaths evidences the gap between the trend and the WHO
target. The reason must be found in the lack of compliance: the diagram explains the critical step in which the
intervention of the TDM can be inserted. The embodiment of this intervention is the POCT and its features,
including the easy interpretation to boost the efficacy of the treatments to low the gap. Scheme of the
functioning of the LFIA for detecting Tenofovir. The anti-TFV antibody labelled with gold nanoparticles (GNP-
mAb) is pre-adsorbed on the conjugate reservoir. The antigen (TFV-OVA) and a goat anti-mouse antibody
(GAM) are spotted to form the test and the control lines, respectively. The application of the sample re-
suspends the labelled antibody and drives it along the membrane. In the absence of the target drug, the GNP-
mADb bind to the TFV-OVA and to the GAM and accumulate both at the test and control lines resulting in the
appearance of two visible red lines (a). In the presence of the drug (TFV), the binding to the TFV-OVA at the
test line is inhibited, thus only the control line becomes visible (b).
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6.1.2 Materials and Methods

Immunoreagents, chemicals and materials

Tenofovir monohydrate was acquired from Tokyo Chemical Industry UK Ltd. Tenofovir
Disoproxil Fumarate (TDF), Tenofovir Disoproxil Alafenamide (TAF), Tenofovir Diphosphate
(TDP), were purchased by Selleck Chemicals (Houston, TX, USA). Elvitegravir was provided by
Advanced ChemBlocks Inc (Burlingame, CA, USA), Dolutegravir by Ark Pharm (Arlington
Heights, IL, USA), Adenosine triphosphate (ATP) by BDH Biochemical (Basel, CH). The rest of
the reagents and solvents were acquired from Merck (Darmstadt, Germany) and utilized
without purification. Bovine serum albumin (BSA) fraction V was obtained from Roche
Applied Science (Mannheim, Germany). Horseradish peroxidase (HRP), ovalbumin (OVA),
fetal bovine serum, hybridoma fusion and cloning supplement, and Freund’s adjuvants were
obtained from Merck (Darmstadt, Germany). HiTrap Sephadex G-25 desalting columns for
conjugate purification and HiTrapt protein G HP columns for mouse IgG purification were
procured from GE Healthcare (Uppsala, Sweden). Immunoassays were carried out with
Costars 96-well flat-bottom high-binding polystyrene ELISA plates obtained from Corning
(Corning, NY, USA). Goat anti-mouse immunoglobulin polyclonal antibody (GAM) was
obtained from Jackson ImmunoResearch Laboratories (West Grove, PA, USA). Peroxidase
labelled rabbit anti-mouse immunoglobulin polyclonal antibody (RAM-HRP) was obtained
from Dako (Glostrup, Denmark). o-Phenylenediamine was obtained from Merck (Darmstadt,
Germany). Hapten density of protein conjugates was determined using a 5800 matrix-
assisted laser desorption ionization time-of-flight (MALDI-TOF/TOF) mass spectrometry
instrument from AB Sciex (Framingham, MA, USA). An ELx405 washer and a PowerWave HT
microplate reader from BioTek Instruments (Winooski, VT, USA) were employed for
microplate washing and immunoassay absorbance reading, respectively.

For the dipstick prototype, colloidal gold (20 nm, OD 1) solution was purchased from BBI
Solutions (CrumLin, UK). Backed high-binding nitrocellulose membranes (25 mm wide and 15
Km pore size) obtained from MDI Advanced Microdevices PVT Ltd (Ambala Cantt, India),
cellulose sample pads (17 mm wide) obtained from Millipore Corporation (Billerica, MA,
USA), cellulose absorbent pads obtained (43 mm wide) from Ahlstrom-Munksjo™ (Helsinki,
Finland), and 8 x 30 cm backing cards obtained from Kenosha (Amstelveen, The Netherlands)
were used to build the strips for the dipstick LFIA prototype for urine.

To develop the standalone lateral flow for saliva were used the following materials. Gold (lll)
chloride trihydrate (ACS reagent), sucrose, bovine serum albumin (BSA), obtained from
Sigma—Aldrich (St. Louis, MO, USA). Tween20 and other chemicals were purchased from VWR
International (Milan, Italy). Nitrocellulose membranes with cellulose adsorbent pad and glass
fibre BR4 sample pads were purchased by MDI membrane technologies (Ambala, India) and
glass fibre conjugate pads were obtained from Merck Millipore (Billerica, MA, USA). Colour
measurements and processing was made by using Imagel) software and statistical
calculations were carried out with SigmaPlot 11.0 software.

Hapten synthesis

The strategy that was followed to synthesize the carboxylated hapten of TFV is schematically
summarized in Figure 6.2. The following are the specific details used to prepare this hapten
and intermediates of its synthesis.
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Figure 6.2 Synthesis of TFVh and its N-hydroxysuccinimidyl ester (TFVh-NHS). Reagents and conditions: (a) EtsN,
Br(CH2)aCO2CHs, DMF, 85 °C, 24 h; (b) 1 M
NaOH, CHsOH, rt, 16 h; (c) 1 M NaOH, CH3OH, 90 °C, mw, 2 h; (d) DSC, EtsN, DMF, rt, 24 h.

Synthesis of methyl 5-((((((R)-1-(6-amino-9H-purin-9-yl)propan-2-
yl)oxy)methyl)(hydroxy)phosphoryl)oxy)pentanoate (1) and dimethyl 5,50-(((((1-(6-amino-
9H-purin-9-yl)propan-2-yl)oxy)methyl) phosphoryl) bis(oxy))(R)-dipentanoate (2).

EtsN (200 mL, 1.435 mmol, 4.4 equiv.) was dropwise added to a stirred suspension of
tenofovir monohydrate (100 mg, 0.328 mmol) in 2 mL of anhydrous N,N’-dimethylformamide
(DMF). After stirring for a few minutes under nitrogen at rt, a clear solution was obtained,
which later transformed into a white suspension. Then, methyl 5-bromopentanoate
(135.5mg, 99.4 mL, 0.695 mmol, 2.1 equiv.) was added and the reaction mixture was heated
at 85 °C. Upon reaching this temperature, the initial suspension changed into a slightly
brownish solution and then the formation of an abundant white precipitate (NEts_HBr) was
observed. After stirring for 24 h, the reaction mixture was cooled down to rt, water (10 mL)
was added, and the mixture was concentrated at reduced pressure. 10 mL of water was
added, and the mixture was again concentrated to dryness. The residue was dissolved in the
minimum amount of acetone and adsorbed onto a small amount of silica. The solvent was
removed under reduced pressure and the resulting solid was charged onto a silica gel
chromatography column and eluted using CHCls. The eluate, a solution of diester 2 and some
NEts_HBr in CHCl3, was transferred to a separatory funnel and washed with water and brine,
dried over anhydrous MgS04, and concentrated under reduced pressure to give pure diester
2 (66 mg, 39%) as a viscous oil. Further elution of the silica column with MeOH afforded
monoester 1 (59 mg, 45%) as a white foam, which crystallized from EtOAc—MeOH as white
crystals (m.p. 126.5-128.2 °C). The spectroscopic characterization data of methyl ester 1
(Figure 6.3 and 6.4) and diester 2 (Figure 6.5 and 6.6) were made as follows. 'H and 33C NMR
spectra were recorded on a Bruker Avance DRX-300 MHz, in the solvent indicated, at 300
MHz and 75 MHz, respectively. 31P-NMR spectra were recorded under high-power proton
decoupling conditions. The abbreviation used for NMR data are as follows: s =singlet, d =
doublet, t = triplet, dd = double doublet, br = broad, m = multiplet, Pur = purine ring.
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Figure 6.3: H NMR (300 MHz, CDs0D) & 8.29 (1H, s, H-2 Pur), 8.20 (1H, s, H-8 Pur), 4.37 (1H, dd, J = 14.4, 3.2
Hz, Ha-1"), 4.22 (1H, dd, J = 14.4, 6.8 Hz, Hp-1"), 3.91 (1H, m, H-2""), 3.79-3.67 (2H, m, H2-5), 3.71 (1H, dd, J =
12.8, 9.6 Hz,Ha-1), 3.62 (3H, s, OCHs), 3.45 (1H, dd, J = 12.8, 10.2 Hz, Hb-1), 2.30 (2H, t, J = 7.3 Hz, H-2), 1.66-
1.47 (4H, m, H2-3, H2-4), 1.17 (3H, d, J = 6.2 Hz, H3-3"");
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Figure 6.4: 13C NMR (75 MHz, CDsOD) 6 175.7 (C-1), 157.2 (C-6 Pur), 153.6 (C-2 Pur), 150.9 (C-4 Pur), 144,2 (C-
8 Pur), 119.6 (C-5 Pur), 76.9 (d, J = 13.1 Hz, C-2”), 66.5 (d, J = 160.3 Hz, C-1’), 65.3 (d, / = 5.9 Hz, C-5), 51.9
(OCHs), 49.1 (C-1""), 34.4 (C-2), 31.4 (d, J = 6.6 Hz, C-4), 22.4 (C-3), 16.8 (C-3”); 3P NMR (121 MHz, CD30D) &
15.75; HRMS calculated for CisH2sNsOsP [M+H]™* 402.1537, found 402.1525.
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Figure 6.6: 3C NMR (75 MHz, CDCls) § 173.7 (C-1), 155.7 (C-6 Pur), 152.9 (C-2 Pur), 150.1 (C-4 Pur), 141.8 (C-8
Pur), 119.2 (C-5 Pur), 76.4 (d, J = 12.3 Hz, C-2""), 65.9 and 65.8 (two d, J = 5.3 Hz, 2xC-5), 62.6 (d, J = 168.4 Hz,
C-1’), 51.6 (2xOCH3), 48.2 (C-1"), 33.4 and 33.3 (2xC-2), 29.9 and 29.8 (two d, J = 5.9 Hz, 2xC-4), 21.0 and 20.9
(2xC-3), 16.5 (C-3");

31p NMR (121 MHz, CDCls) 6 21.02; HRMS calcd for C21H3sNsOsP [M+H]™* 516.2218, found 516.2209.

Synthesis of 5-((((((R)-1-(6-amino-9H-purin-9-yl)propan-2-yl)oxy)-
methyl)(hydroxy)phosphoryl)oxy) pentanoic acid (TFVh).

(a) From ester 1. A1 M NaOH (0.2mL, 0.197mmol, 4 equiv.) solution was dropwise added to
a solution of ester 1 (19.7 mg, 0.049 mmol) in CH3OH (0.8 mL) at rt, and the resulting solution
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was stirred overnight. Then, the reaction mixture was treated with 1 M HCl (0.2 mL, 4.0
equiv.) to give a clear solution of pH 6—7 that was concentrated at reduced pressure to
dryness. The white solid residue obtained (32 mg) was resuspended in CH30H (1 mL) and the
suspension was stirred for 5 min, then filtered with a 0.2mm syringe filter to remove NacCl,
and the filtrate was concentrated under vacuum to give TVFh (18 mg, 95%) as an amorphous
solid.

(b) From diester 2. A 1 M aqueous solution of NaOH (530 mL, 0.530 mmol, 5.6 equiv.) and diester 2
(49 mg, 0.095 mmol) in CH30H (2 mL), prepared in a septum-sealed microwave tube, was irradiated
with microwaves (Discover System, CEM Corporation) at 90 °C (300 W) for 2 h. The mixture was let
cool down to rt, treated with 1 M aqueous HCI, and concentrated at reduced pressure. The white
solid residue obtained (78 mg) was washed gently with CHCl; to remove the generated 5-
hydroxyvaleric acid, then resuspended in CH3sOH (2 mL) and processed as described above for the
hydrolysis of 1 to give TVFh as the hydrochloride salt (32.1 mg, 80%).

The progress of reactions was followed by thin-layer chromatography (TLC), using aluminium plates
coated with silica gel (60F245 Merck). TLC plates were visualized by exposure to short wave ultraviolet
light (254 nm) and irreversibly stained by treatment with an aqueous solution of ceric ammonium
molybdate followed by heating. Purification of the synthesized compounds was achieved with a
Merck silica gel 60 flash chromatography column (230-400 mesh), using the mobile phase solvent
mixture indicated. The spectroscopic characterization was made as previously described Figures 6.7-
9.
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Figure 6.7: 'H NMR (300 MHz, CDsOD) & 8.43 (1H, s, H-2 Pur), 8.36 (1H, s, H-8 Pur), 4.48 (1H, dd, J = 14.4, 3.1,
Ha-1”), 4.30 (1H, dd, J = 14.4, 7.0 Hz, Hp-1""), 4.00 (1H, dt, J = 6.6, 3.0 Hz, H-2"), 3.87 (2H, dt, 5.6, 5.6 Hz H2-5),
3.82 (1H,J=13.1, 9.3 Hz, Ha-1’), 3.62 (1H, dd, J = 13.1, 9.8 Hz, Hvb-1’), 2.30 (2H, t, J = 7.1 Hz, H>-2), 1.68-1.56 (4H,
m, H2-3, H2-4), 1.21 (3H, d, J = 6.2 Hz, H3-3")
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Figures 6.8: 13C NMR (75 MHz, CDs0D) & 177.2 (C-1), 152.0 (C-6 Pur), 150.5 (C-4 Pur), 146.5 (C-2 Pur), 145.7 (C-
8 Pur), 119.2 (C-5 Pur), 76.9 (d, J = 12.6 Hz, C-2""), 66.0 (d, J = 5.9 Hz, C-5), 64.6 (d, J = 162.1 Hz, C-1’), 49.4 (C-
1”), 34.4 (C-2), 31.2 (d, J = 6.2 Hz, C-4), 22.4 (C-3), 16.9 (C-3"); 3'P NMR (121 MHz, CD30D) 6 17.51; HRMS calcd
for C1aH23NsO6P [M+H]™* 388.1380, found 388.1371
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Figure 6.9: Edited HSQC NMR spectrum of TFVh (75 MHz, CDs0D).

Hapten conjugation to proteins

TFVh was coupled to three carrier proteins. First, the carboxylic functional group of the
hapten was activated via formation of the corresponding N-hydroxysuccinimidyl ester (Figure
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6.2), which facilitates its subsequent conjugation to the lysine residues of the proteins
through formation of an amide bond.

(a) Hapten activation: preparation of the N-hydroxysuccinimidyl ester of TFVh (TFVh-NHS).
Anhydrous Et3N (10 mL, 0.072 mmol, 2.3 equiv.) was added to a solution of TFVh (13 mg,
0.031 mmol) in anhydrous DMF (310 mL) at rt under nitrogen. Then, a solution of N,N’-
disuccinimidyl carbonate (10 mg, 0.039 mmol, 1.3 equiv.) in DMF (150 mL) was added, and
the mixture was stirred for 24 h. The resulting reaction mixture, containing the formed TFVh-
NHS ester, was used directly for the preparation of the protein—hapten conjugates, as
described below. Confirmation of the formation of the active ester of TFVh was obtained
from the NMR spectra of the reaction crude obtained by evaporation under reduced pressure
of an aliquot of the above-mentioned reaction mixture.

1H NMR (300 MHz, DMSO-d6) signals corresponding only to the N-hydroxysuccinimidyl ester
of TFVh are given: d 8.16 and 8.14 (1H each, each s, H-8 and H-2 Pur), 7.25 (2H, s, NH2), 4.25
(1H, dd, J = 14.4, 3.5, Ha-100), 4.15 (1H, dd, J = 14.4, 6.0 Hz, Hb-100), 3.88 (1H, m, H-200),
3.75-3.40 (4H, m, H2-5, H2-10), 2.80 (4H, s, COCH2CH2CO), 2.66 (2H, t, J = 7.1 Hz, H2-2),
1.65-1.40 (4H, m, H2-3, H2-4), 1.02 (3H, d, J = 6.1 Hz, H3-300); 31P NMR (121 MHz, DMSO-
d6) d 15.18.

(b) Preparation of hapten—protein conjugates. A 50 mM solution of TFVh-NHS in DMF was
added dropwise to a protein solution in PB (100 mM phosphate buffer, pH 7.4) under gentle
stirring in amber glass vials. The coupling reactions were carried out for 16 h at rt, and the
DMF concentration in the final mixture never exceeded 20% (v/v). As carrier proteins, bovine
serum albumin (BSA) was used for immunogen preparation, and ovalbumin (OVA) and
horseradish peroxidase (HRP) were employed for coating antigen and enzyme tracer
preparation, respectively. The initial hapten-to-protein molar ratios were 40 for BSA, 20 for
OVA, and 10 for HRP. Bioconjugates (BSA-TFVh, OVA-TFVh and HRP-TFVh) were purified by
gel filtration chromatography using a Sephadex G-25 HiTrap Desalting Column using PB as an
eluent at 5 mL/min. The BSA-TFVh conjugate solution was filter sterilized, brought to 1
mg/mL with sterile PB, and stored frozen at -20 °C. The OVA-TFVh conjugate solution was
diluted with PB with 0.01% (w/v) thimerosal and stored at -20 °C. The HRP-TFVh tracer
solution was 1:1 (v/v) diluted with PBS containing 1% (w/v) BSA and 0.02% (w/v) thimerosal
and stored at 4 °C. The obtained hapten-to-protein molar ratio (MR) of each conjugate was
determined by Matrix-Assisted Laser Desorption lonization Time-of-Flight Mass
Spectrometry (MALDI-TOF-MS) using water-dialyzed samples of the purified bioconjugates
(Figure 6.10).

MALDI Mass Spectrometry Analysis of Bioconjugates

High resolution mass spectra (HRMS) were obtained by electrospray ionization (ESI) mode in
a TripleTOF™ 5600 LC/MS/MS System (ABSciex, Framingham, MA, USA) mass spectrometer
equipped with an electrospray source (Waters, Manchester, United Kingdom). The obtained
data are expressed as mass/charge ratio (m/z).

Sample preparation
A 100 pL aliquot of protein conjugates purified by size-exclusion chromatography was

dialyzed against Milli-Q water for 24 h. One microliter of every sample solution, containing
about 1 pg/uL of protein conjugate, was spotted onto the MALDI plate, after the droplets
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were air-dried at room temperature, 1 uL of matrix [10 mg/mL sinapinic acid (Bruker) in 70%
CH3CN, 0.1% CF3CO;H] was added and allowed to air-dry at room temperature.

Mass spectrometry analysis

The resulting mixtures were analysed in a 5800 MALDI TOF/TOF (ABSciex) in positive linear
mode. Previously, the plate and the acquisition method were calibrated with 1 pL of the TOF-
TOF calibration mixture (ABSciex), in 13 positions. Every sample was calibrated by ‘close
external calibration” method with a BSA, OVA or HRP spectrum acquired in a close position.
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Figure 6.10: MALDI-TOF-MS spectra of protein-TFVh bioconjugates (green). Unmodified proteins (blue) were
also analysed for the calculation of the hapten densities, and their spectra were also included in the graphs for
visual comparison. MRo: initial hapten-to-protein molar ratio; MR: hapten-to-protein molar ratio in the final
conjugate. The hapten-to-protein molar ratio of the OVA conjugate is based on doubly charged protein and
conjugate molecular ions.

Monoclonal antibody generation

The experimental design was approved by the Bioethics Committee of the University of
Valencia. Animal manipulation was performed in compliance with the European Directive
2010/63/EU and the Spanish laws and guidelines (RD1201/2005 and 32/2007) concerning
the protection of animals used for scientific purposes. A set of six mice was immunized with
the BSA-TFVh conjugate by intraperitoneal injections, at 21-day intervals, using complete
Freund’s adjuvant for the first injection and incomplete Freund’s adjuvant for the two
subsequent injections. Each animal received 100 mg of conjugate in each boost. Four days
before cell fusion, a final injection was administered with the same amount of bioconjugate
in sterile PBS. Hybridoma cells were obtained from three independent cell fusions by
employing, in each experiment, the spleen cells from two immunized mice. PEG1500 was
used as the fusing agent to generate hybridoma cells and they were cultivated following
standard protocols.[18] Hybridoma culture supernatants were assayed twelve days after the
cell fusion using a double screening procedure consisting of a differential competitive ELISA
(parallel assays were carried out with and without TFV) followed by a checkerboard
competitive ELISA using the OVA-TFVh conjugate as the coating antigen. The differential test
was carried out in microplates coated with 100 mL per well of OVA-TFVh solution at 0.1
mg/mL in coating buffer (50 mM carbonate—bicarbonate buffer, pH 9.6). Each culture
supernatant (40 mL) was added to two contiguous wells containing 50 mL of PBS (11.9 mM
phosphate, pH 7.4, containing 137 mM NaCl and 2.7 mM KCl) or 100 nM TFV solution in PBS.
Those supernatants scored as positive (high signal provided by antibody binding to the
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coating antigen) and competitive (signal inhibition was higher than 50% with TFV) were re-
evaluated by checkerboard competitive ELISA using microplates coated with 0.01 mg/mL and
0.1 mg/mL solutions of the OVA-TFVh antigen. Supernatants four-fold serially diluted in PBS
and TFV solutions (10 and 100 nM) were prepared in PBS. The competitive step was carried
out by adding 50 mL per well of supernatant dilution in PBS and 50 mL per well of TFV
solution in PBS or blank PBS solution. Those hybridomas that produced high-affinity mAbs
were cloned by limiting dilution using HT medium (hypoxanthine-thymidine solution
containing 1% (v/v) hybridoma fusion and cloning supplement and 20% (v/v) foetal bovine
serum). Stable cell clones were expanded in vitro and cryopreserved in liquid nitrogen.
Immunoglobulins were purified from late stationary-phase culture supernatants by double
ammonium sulphate precipitation and affinity chromatography with protein G. Purified
mAbs were stored as ammonium sulphate precipitates at 4 °C.

Direct competitive ELISA (dcELISA)

This cELISA format was performed with the immobilized antibody and direct detection using
a tracer conjugate.[19] Microwells were coated by overnight incubation at 4 °C with 100 mL
per well of GAM solution at 1 mg mL1 in coating buffer. Plates were washed four times with
washing solution after each incubation step. Then, 100 mL per well of anti-TFV antibody
solution in PBS-T was added and incubated for 1 h at rt. After washing the plates, the
competitive reaction was carried out by mixing 50 mL per well of TFV solution prepared in
PBS and 50 mL per well of HRP-TFVh solution prepared in PBS-T. The plates were incubated
at rt for 1 h, washed, and the signal was generated as described before for the icELISA. ELISA
data analysis Calibration curves of TFV were prepared using five-fold serial dilutions in PBS
(from 0.0064 to 100 nM) and a blank was also included. Absorbance values were fitted to a
four-parameter logistic equation for standard curves using the SigmaPlot software (Chicago,
IL, USA). Amax is the absorbance of the blank, and the TFV concentration affording a 50%
reduction of Amax (IC50) was considered as an estimation of the apparent affinity constant
of the antibody.

Indirect competitive ELISA (icELISA)

This cELISA format was carried out with the immobilized conjugate and indirect antibody
detection.[19] Microplate wells were coated with 100 mL per well of OVA-TFVh solution in
coating buffer by overnight incubation at rt. Plates were washed four times with washing
solution (140 mM NaCl with 0.05% (v/v) Tween 20) after each incubation step. The
competitive immunochemical reaction was performed by mixing 50 mL per well of TFV
solution in PBS with 50 mL per well of the anti-TFV mAb solution in PBS-T (PBS containing
0.05% (v/v) Tween 20). The mixture was incubated for 1 h at rt and the plates were washed.
The fraction of bound mAb was detected by adding 100 mL per well of a 1/2000 dilution in
PBS-T of peroxidase labelled rabbit anti-mouse immunoglobulin polyclonal antibody (RAM-
HRP). The plates were incubated at rt for 1 h, and after washing as before, the signal was
generated by adding 100 mL per well of 2 mg/mL o-phenylenediamine solution in enzyme
buffer (25 mM citrate and 62 mM sodium phosphate buffer, pH 5.4, containing 0.012% (v/v)
H,0:). The enzymatic reaction was stopped after 10 min at rt by adding 100 mL per well of 1
M H,SO4. The absorbance was immediately read at 492 nm with a reference wavelength of
650 nm.
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Analytical validation of the indirect competitive ELISA (icELISA) in saliva

Once selected the best antibody, the ELISA protocol was further implemented until the
obtainment of an effective method for the detection of TFV in saliva. For this purpose, the
buffer used to dilute the mAb and the sample, the antigen and antibody amounts, and the
dilution factor of the sample were re-defined. In details, a checkerboard titration using the
OVA-TFVh in concentration 40, 100, 400 ng/mL and mAb concentration 40, 100, 400 ng/mL
was made. The matrix effect minimization was addressed by changing sample dilution (1/2,
1/4,1/8, 1/16, 1/25), buffer pH (6.4, 7.4) additives (casein: 0, 0.5, 1%; NaCl: 0.15, 0.3, 0.6, 1
M), number of washings (3, 5). The optimal standard curve of TFV was made by dissolving
TFV in a predilution buffer (20 mM phosphate buffer, pH 7, 630 mM NaCl, 0.05% Tween?20,
1% w/v casein). The test involves a 1:25 dilution of salivary samples by the working buffer
(PBS-T). The rest of the assay was carried as described in the previous section. The in-house
validation of the method included estimating precision, accuracy, recovery, and dynamic
range. The imprecision was estimated by measuring between and within-assay
reproducibility and was calculated by analysing each calibrator level in four replicates in the
same days and on three days (for a total of 12 replicates). The overall imprecision at each
level was calculated as the mean CV% values. The recovery test was made by using a pool of
saliva samples spiked at three levels corresponding to the threshold assuring perfect
compliance, 2x threshold and 0,5x threshold. Recovery estimated TFV concentration /
fortification concentration x 100.

Monoclonal antibody labelling with gold nanoparticles

Conjugation of anti-TFV mAb to gold nanoparticles was conducted by passive adsorption in
basic medium, as previously described.[20] Briefly, 1 mL of GNP suspension was centrifuged
for 10 min at 7100 _ g, and the supernatant was removed and replaced with the same volume
of 20 mM HEPES, pH 8.5. Two microlitres of mAb solution (1 mg/mL in HEPES buffer) was
added to the buffered GNP. The solution was gently stirred and left reacting for 45 min at rt.
Then, 50 mL of 5% (w/v) BSA solution in HEPES was added and the mixture was incubated
for 30 min at rt. Finally, the GNP—mAb conjugate was recovered by centrifugation (10 min at
7100 _ g), washed once with 10 mM Tris—HCI buffer, pH 8.5, and reconstituted in the same
buffer supplemented with 0.05% (v/v) Tween 20. GNPs labelled with the antibodies were
stored at 4 °C until use. For the prototypes used for urine dipstick format commercial GNPs
from BBI were used. The standalone device home-made GNPs were synthesized as reported
in Chapter 3.1.2.

Lateral flow immunoassay

LFIA strips in the competitive format[20] were prepared by using BSA-TFVh and GAM to form
the test and control lines, respectively. A 300-mm long nitrocellulose membrane was
dispensed with immunoreagents using a XZ1010 Dispense Platform (BioDot, Irvine, CA, USA)
dispenser at 0.5 pL/cm. The test line comprised TFVh conjugate (1 mg/mL), whereas the
control line was drawn by dispensing GAM solution (1 mg/mL). Both reagents were diluted
in PBS for dispensing. The membrane was dried at rt before assembling. The LFIA strips were
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assembled by sequentially pasting the dry nitrocellulose membrane, the sample pad, and the
adsorbent pad on a backing support. Then, the membrane was cut into 4-mm width strips
using a CM5000 Guillotine Cutter (BioDot, Irvine, CA, USA) and stored sealed in dry tubes at
4 °C. Signal from lateral flow assays was read using an EPSON Perfection V39 ultra-compact
colour image scanner from Seiko Epson Corp. (Suwa, Japan).

LFIA for TFV in synthetic urine

TFV standard solutions were prepared by five-fold serial dilution from a 25 nM solution in
the synthetic urine diluted in the running buffer (Tris—HCl 10 mM, pH 7.4, 0.25% (v/v) Tween
20) from which 75 pL was added to a well of a microtiter plate. The wells were supplemented
with 25 pL of GNP—mADb suspension and incubated for 5 min at rt. The strips were then
dipped into the well. After 10 min, the strips were removed and gently cool-air dried. At this
time, strips were scanned, and images were digitally processed to quantify the colour
intensities of the lines. The signal from lateral flow assays was read using an EPSON
Perfection V39 ultra-compact colour image scanner from Seiko Epson Corp. (Suwa, Japan).
The intensity that was measured at the test line (T) was divided by that of the control line (C)
and the T/C intensity ratio was plotted versus the TFV concentration. Synthetic urine as a
surrogate of human urine was prepared as reported in the literature.[20] Fortified urine
samples were generated by adding TFV to the synthetic urine to a final concentration of 0.04,
0.2, 1, 5, and 25 nM. Samples were subjected to LFIA as described above, except that 37.5
mL of fortified urine was diluted with 37.5 mL of running buffer and then mixed with 25 mL
of GNP—mADb suspension.

LFIA for TFV in saliva

Saliva samples were collected at 1 pm by using the Salivette Swab (Sarstedt AG&Co,
Nimbrecht, Germany) and following supplier’s instructions. In details, each subject was
requested to rinse the mouth with water, wait for 10 minutes and then put the swab under
the tongue for 3 minutes. The swab was placed in the upper part of the collector, immediately
refrigerated at -20°C for at least 24 hours. After thawing, saliva was recovered by
centrifugation of the swab (15 min at 2000 x g) and immediately analysed.

The LFIA for TFV was carried out at room temperature. 90 pl of fortified saliva sample was
dispensed on the sample pad through the sample well to start the capillary flowing of the
solution towards the adsorbent pad. After 10 min, the results were visually estimated, as
shown in Figure 6.1. The signals generated at the test and control lines, due to GNP-Ab
binding to immobilized antigens and secondary antibodies, were measured by acquiring the
images of the LFD by a portable scanner (OpticSlim 550 scanner, Plustek Technology GmbH,
Norderstedt, Germany) and quantifying the intensity of the colour on each line with
QuantiScan 3.0 software (Biosoft, Cambridge, U.K.). The performance was compared
according to the following points: (1) intensity of colouring of the test (and control) lines, and
(2) sensitivity of the LFIA for measuring TFV and (3) cross reactivity towards interfering
molecules. Accordingly, TFV standard solutions (0, 0.05, 0.25, 0.5, 1 and 1.5 ng/ml) were
prepared directly in collected saliva. The signals produced at the test (T) and control (C) lines
were singularly quantified, converted in T/C ratios as a normalization normalized for the
signal of the blank and then plotted toward TFV concentration to estimate the ICso and LOD.
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6.1.3 Results and Discussion.

Hapten synthesis and bioconjugate preparation

Since TFV is a non-immunogenic substance, it needs to be linked to a macromolecular carrier
(typically a protein) to elicit the immune response. Accordingly, functionalization is required
to introduce an activatable chemical group for the subsequent covalent coupling to the
protein. Moreover, it is advisable to include a spacer arm to keep the target molecule distant
from the protein surface, thus promoting the production of antibody binding sites directed
towards the analyte rather than to epitopes from the carrier. With this aim, a TFV hapten was
synthesized by inserting a five-carbon aliphatic linker at the phosphonic acid moiety of the
drug structure. The designed route is quite straightforward and followed a two-step pathway
(Figure 6.2). The first one involved an O-alkylation reaction of the phosphonic acid group of
TFV with methyl 5-bromovalerate. This alkylation reaction led to a mixture of the mono- and
dialkylated products, 1 and 2, respectively, which were easily separated by conventional
column chromatography.

The conversion of each compound into the designed hapten, TVFh, was carried out by
hydrolysis in basic medium. With the methoxycarbonyl group of 1, the hydrolytic reaction
leading to the corresponding carboxylic acid took place under very mild temperature
conditions, providing TFVh with a very high yield (95%). However, the transformation of 2,
which required the hydrolysis of both the carboxylate and the phosphonate groups, needed
much more drastic conditions. After testing different reaction procedures, it was found that
hydrolysis could be performed quite efficiently and in a relatively short time using
microwaves as the heating source. After acidification, an equimolecular mixture of the
hapten and 5-hydroxyvaleric acid was obtained, which were separated with relative ease by
taking advantage of the much greater solubility of the latter in CHCls.

In summary, TFVh was obtained from TFV with an excellent overall yield of 74%. It is worth
mentioning that the hapten (TFV-PO) employed by D. Sevenler et al. [20] for the generation
of anti-TFV mAbs only differs from TFVh in the linker length, even though the synthetic details
and full characterization data of a carboxylated derivative of TFV are herein reported for the
first time. The terminal carboxylic group of TFVh was converted into the corresponding active
NHS ester and covalently linked, by the formation of an amide bond, to three different
proteins, BSA, OVA, and HRP. The synthesis of TFVh-NHS was carried out using N,N’-
disuccinimidyl carbonate and Et3N in anhydrous DMF (Figure 6.2). The advantage of using
DSC over other NHS-based activating agents is that it does not need dehydration agents and
urea derivatives are not produced. The so-formed active ester was used directly without prior
purification for the preparation of the protein conjugates. Following the purification of the
bioconjugates by size exclusion chromatography, the hapten-to-protein molar ratios were
determined by MALDI-TOF-MS. Hapten densities of ca. 14.6, 5.8, and 0.6 for BSA-TFVh, OVA-
TVFh, and HRP-TVFh conjugates, respectively, were obtained (Figure 6.10).

Generation of monoclonal antibodies for TFV conjugation

Three independent cell fusion experiments with B lymphocytes from 6 BSA-TFVh immunized
BALB/c mice were carried out. In total, 36 96-well cell culture plates were seeded with the
nascent hybridoma cell lines. The mean fusion efficiency (percentage of wells with cell
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growth 11 days after fusion) was 92%, with an average of 2.3 clones per well. The hybridoma
screening strategy first consisted of a differential competitive ELISA in which each culture
supernatant was assayed in two contiguous OVA-TFVh coated microwells (0.1 mg/mL) with
(100 nM) or without TFV in solution. The number of positive wells, i.e., wells showing a clear
binding (signal higher than 1.0) to the coating antigen, was 73 (2.1%), and 27 of those were
also able to strongly recognize free TFV. On the next day, 66 wells were selected for a more
comprehensive characterization by checkerboard competitive ELISA. In that assay,
supernatants were serially diluted by 1/8, 1/32, 1/128, and 1/516 with PBS-T and tested on
microplates coated with the OVA-TFVh bioconjugate at 0.01 and 0.1 mg/mL, whereas TFV
was employed at 10 and 100 nM plus a blank. This strategy allowed us to easily rank
hybridomas according to the antibody binding properties with the free drug, thus avoiding
wasting resources and time on hybridomas that produce antibodies that recognize the
protein—hapten bioconjugate but poorly bind the target analyte (Figure 6.11).

Clone #313 Clone #34 Clone #319

Absorbance (492 nm)
Absorbance (492 nm}
Absorbance (492 nm}

Figure 6.11 Checkerboard competitive ELISA of post-fusion hybridoma supernatants tested on microwells
coated with the conjugate OVA-TFVh at 0.01 mg/mL (grey bars) and at 0.1 mg/mL (cyan bars). Each graph
represents a different hybridoma producing a monoclonal antibody capable of binding the coating conjugate
and showing high affinity to TFV (clone #313), medium affinity to TFV (clone #34), and no binding to TFV (clone
#319). These three hybridomas would afford similar results in a conventional non-competitive screening
strategy. In contrast, in our double screening procedure, the identification of good and poor TFV binders is
straightforward, so clones #34 and #319 would not be cloned.

Characterization of monoclonal antibodies by competitive ELISA

The output of the implemented double screening process was a collection of 7 hybridoma
cell lines, which were cloned by limiting dilution, expanded, and cryopreserved. Following
purification by protein G affinity chromatography from late stationary phase cell cultures, the
corresponding mAbs were comprehensively characterized by icELISA using several
concentrations of the coating conjugate (10, 30, 100, and 300 ng/mL) and of every antibody
(30, 100, and 300 ng/mL). For each immunoreagent combination, a 7-point standard curve
of TFV plus a blank was assayed. Table 6.1 lists a summary of the obtained results for the 7
mAbs with the optimum immunoreagent combinations, that is, those providing the lowest
IC50 value together with an Amax value higher than 0.5. Remarkably, all the mAbs exhibited
outstanding affinities to TFV, with IC50 values lower than 1 nM. It is worth mentioning that
several antibodies showed apparent affinity constants even lower than 0.3 nM, which means
IC50 values 1000 times lower than those exhibited by the previously reported anti-TFV
antibodies. These outstanding results are particularly relevant because, as we mentioned
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before, the hapten that we used for the generation of the mAbs only differs from the one

employed by D. Sevenler et al. in the spacer arm length.[20]

Table 6.1 Checkerboard titration of anti-TFV monoclonal antibodies by icELISA?

mAb Enmg’jkr’r]]u ES;’/’:I)FV"] Amax Slope IC50(nM)
#13 300 100 1344022  1.51#0.30  0.98+0.57
#117 300 30 1134013  1.55:0.32  0.57+0.28
#120 300 30 0.66:0.20  1.51#0.33  0.41+0.05
#216 100 30 116£020  1.42+0.07  0.43%0.06
#313 100 100 0.96:0.13  1.65$0.32  0.23+0.03
#321 100 100 1.16+0.06  1.44%0.04  0.23%0.02
#322 100 30 1526021  1.424¢021  0.36+0.07

2 Different concentration of each mAb were tested in plates coated with the OVA-TFVh conjugate at several
concentrations. The results shown in this table correspond to the particular combination, for each antibody,
resulting in the lowest IC50 value, provided that a Amax value higher than 0.5 was obtained.

The lowest IC50 value reported by those authors for TFV was 480 nM. While we do not have
a definite explanation for the reason why our antibodies exhibited higher affinity values, the
longer immunization protocol (90 days vs. 19 days), which could have allowed for an effective
maturation of the immune response, in combination with an optimal screening strategy, is
likely to be at the heart of those results. The performance of the antibody collection was also
assessed in the dcELISA format. In this case, the antibody was anchored to the solid support
through a capture antibody, and the HRP-TFVh conjugate was used as the tracer for signal
generation. While insufficient signals were obtained with most antibodies, mAb #321
performed particularly well.

Following affinity characterization of the antibody collection, the specificity of the mAbs
providing the lowest IC50 values (mAb #313, #321, and #322) was determined by testing the
recognition towards compounds with similar chemical structures and components of
biological fluids that may potentially interfere. Cross-reactivity was measured toward the two
TFV prodrugs (TDF and TAF), three analogue compounds eventually found in biological
samples (adenine, caffeine, and adenosine triphosphate, ATP), and towards the TFV main
metabolite (tenofovir diphosphate, TDP) (Table 6.2). The antibodies showed high specificity
towards TFV, except for a very limited recognition of the metabolite TDP. Tenofovir is
metabolized to TDP (the active form of the drug) in HIV target cells and inhibits the activity
of HIV reverse transcriptase. Because TFV is excreted unchanged in urine, TDP is not expected
to be found in this biological fluid while it is present in the blood cells.[10], [21] Remarkably,
mAb #321, which showed the highest affinity towards TFV (Figure 6.12), was also highly
specific, whereas mAbs #313 and #322 showed a very low but not negligible binding to TDP
(CR was around 3%).

Table 6.2 Cross-reactivity values (%) obtained by icELISA for the three selected monoclonal antibodies in buffer.
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A, tenofovir; B, tenofovir diphosphate; C, tenofovir diisopropyl; D,
tenofovir alafenamide; E, adenine; F, adenosine triphosphate; G,
caffeine.
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Figure 6.12. icELISA (a) and dcELISA (b) calibration curves for mAb #321 with TFV diluted in buffer.
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Robustness to pH and ionic strength

The robustness of the three mAbs towards ionic strength and pH was studied by carrying out
calibration in the icELISA format in different media. The amount of salt and the pH were
lowered and increased compared to the reference phosphate buffer (20 mM, pH 7.4
supplemented with 130 mM NacCl) used in this work. The amount of salt added was 0 and
230 mM, and the pH was lowered to 6.5 and increased to 8.5. The binding to the antigen,
and the sensitivity of the mAbs, as measured by the Amax and IC50 values, respectively, were
affected differently by the medium (Figure 6.13).
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Figure 6.13: Effect of salt amount (low | and high | represent 0 and 230 mM of NaCl added to the phosphate
buffer) and pH (acid and basic correspond to 6.5 and 8.5, respectively) on the binding to the antigen and on
the assay sensitivity, as measured by Amax variation (a) and ICso value (b). The reference buffer was composed
as follows: 20 mM phosphate, pH 7.4, with 130 mM of NaCl added.

In general, increasing the salt amount and pH value lowered the binding to the antigen
(Figure 6.13a) while acidic medium had a limited impact. The effect on sensitivity was largely
different for the three antibodies (Figure 6.13b): mAbs #313 and 322 were largely affected
by both pH and salt modification, although in different ways, while mAb #321 was confirmed
to be more robust.

Proneness to urinary and salivary matrix effect

Proneness to matrix interference was evaluated by plotting TFV standard curves with variable
proportions of a simulated urine formulation[22] and fortified blank saliva samples.
Inhibition curves were plotted and their Amax and IC50 values were compared with those
obtained with the calibration curve run in buffer. As reported in Figure 6.14 for mAb #321,
the main parameters of the fitted standard curves remained stable over the studied range of
urine concentrations.

182



A (%)

IC,, (%)

120 120
100 + 100
80 80
60 4 60
40 - 40
20 4 20
0 - L0
0 1.25 25 5 10 20

synthetic urine (%)

Figure 6.14. Interference of different proportions of a simulated urine formulation over the An.x and
ICso values of the icELISA standard curve based on mAb #321. Each value represents the mean of three
determinations carried out on different days.

Accordingly, a simple 1/5 dilution of the sample in buffer may suffice for minimizing matrix effects,
thus proving the ability of the assay to measure TFV at extremely low concentrations. Considering the
required 5-fold dilution factor, the ELISA based on mAb #321 would allow urine samples containing
concentrations as low as 0.2 nM TFV, i.e., 0.06 ng/mL, to be analysed. TFV urinary levels have been
measured by Drain et al. for TDF regimens and correspond to 4000—14 000 ng/mL for perfect
adherence, 2000-5000 ng/mL for medium adherence, and 200-600 ng/mL for low adherence.[23]
Therefore, the detectability of the developed ELISA exceeds by far the lowest TFV levels found in low
adherence situations. In fact, it would allow monitoring of the therapy in patients following TAF
regimens, wherein the TFV dose is 10 times lower than in TDF regimens[24]—[26]. Concerning the
salivary matrix, the dilution is expected to be lower, so, exploring higher amount of matrix was
necessary (Figure 6.15)
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Figure 6.15: Interference of different proportions of a simulated urine formulation over the Amax and ICso values
of the icELISA standard curve based on mAb #321. Each value represents the mean of three determinations
carried out on different days.
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Development of a LFIA exploiting high affinity mAbs for TFV in urine

As a proof-of-concept to illustrate the potential for point-of-care testing of the herein
reported immunoreagents, the three mAbs displaying the highest affinity to TFV were
selected as candidates for inclusion in a lateral flow immunoassay. A schematic
representation of the LFIA, using GNPs as the colorimetric probe, is shown in Figure 6.16.
Briefly, in the absence of TFV, the GNP-labelled antibodies bind to the test line, resulting in
the accumulation of GNPs and the formation of a red line. Instead, the presence of increasing
amounts of TFV in the sample progressively inhibits the binding of GNP-labelled antibodies
to the test line. Correspondingly, the colour of the test line fades until disappearance. The
three mAbs under investigation (#313, #321, and #322) were labelled with GNPs by passive
adsorption [27]. Previously, the appropriate amount of each mAb to be adsorbed onto the
GNPs was established by a flocculation test [28], [29]. The amounts of antigen required to
form the test line and that of GNP labelled antibodies were established for each mAb by a
checkerboard approach, as those assuring a clearly visible colouring of the test line in the
absence of TFV. The strips were tested by applying solutions with TFV serially diluted in the
running buffer and in diluted synthetic urine. The urine matrix prevented the gold conjugate
from flowing through the membrane; however, a 1 + 1 dilution with the buffer sufficed to re-
establish a rapid and uniform flow. To investigate the matrix effect, synthetic urine was spiked
with 2x concentrated TFV standard solution and diluted 1 + 1 with the buffer to reach the
same nominal concentration of the calibrators prepared in buffer (Figure 6.17). The LFIA
results were observed by the naked eye and
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Figure 6.16. Scheme of the LFIA for TFV detection. (a) The antigen (BSA-TFVh) and GAM were spotted onto the
capillary membrane to form the test and the control lines, respectively. (b) Strips were dipped in a microplate
well containing the anti-TFV antibody labelled with gold nanoparticles (GNP-mAb) and the sample. In the
absence of the target drug, the GNP—-mAb bound to BSA-TFVh and to GAM, so it accumulated both at the test
and control lines resulting in the appearance of two visible red lines. (c) In the presence of the drug (TFV), the
binding to the BSA—TFVh at the test line was inhibited, thus only the control line was made visible.
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images were photographically captured for quantitative analysis. Colour intensities of the
test (T) and control (C) lines were measured, and the T/C ratio was plotted versus the TFV
concentration to calculate the IC50 parameter. As the LFIA was intended for point-of-care
testing application, we also estimated the visual limit of detection (vLOD), which was defined
as the TFV concentration that completely inhibited the colouring of the test line. The control
line largely varied and increased as a function of the increasing TFV amount. This can be
explained by the displacement of GNP—-mAb from the test line, which resulted in its
accumulation at the control line. This phenomenon was observed when TFV was dissolved in
the running buffer; however, it seemed more pronounced in the presence of the synthetic
urine matrix. The net effect of the increasing colouring of the control line parallel to the
decrease of the colour at the test line was that the variation of the signal (T/C ratio) versus
TFV concentration was magnified and contributed to the high sensitivity of the LFIA.
Therefore, in this case, the control line not only reduced strip-to-strip variability, as previously
observed,[30] but also increased the sensitivity. As reported in Table 6.3, the three mAbs
showed high sensitivities with IC50 values below 1 nM, both in buffer and in urine. MAb #322
showed the best performance in terms of IC50, while mAb #321 provided the lowest vLOD,
causing the complete disappearance of the test line colour at as low as 2.5 nM TFV when
dissolved in buffer. In general, a slight decrease of sensitivity, measured by the IC50 and vLOD
parameters, was observed for the three systems. Particularly, the signal of the control line
was more influenced by the studied matrix, especially for mAb #322.

#313 #321 #322

100% buffer
(nM) 125 2505 010002 O
#313 #321 #322
50% buffer
50% synthetic
urine

(nM) 125 25 05 0.10 002 O

Figure 6.17 LFIA calibration carried out for TFV (from left to right: 12.5, 2.5, 0.5, 0.1, 0.02, and 0 nM). The curves
were plotted using synthetic urine, which was 2x concentrated and subsequently diluted 1 + 1 with the running
buffer to reach the same nominal concentration of TFV as that used for the curve in the running buffer. Actual
urinary TFV levels were obtained by multiplying by two the values in the figure.

Table 6.3. Detectability of TFV by the LFIAs including the selected mAbs. The analytical performance of the
LFIAs were checked by diluting TFV in the running buffer and in 1+1 diluted synthetic urine.
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ICs50 (M) vLOD? (nM)

mAb  Running buffer  Synthetic urine  Running buffer Synthetic urine

#313 0.4 0.7 2.5 12.5
#321 0.5 0.7 2.5 2.5
#322 0.3 b 12.5 >12.5

2The vLOD was defined as the TFV concentration that caused the complete disappearance of the colour at the
test line. ® Not determined, since the T/C ratio could not be calculated for the blank sample.

The vLODs achieved in urine, capitalizing on the high-affinity mAbs reported herein, were in
the 2.5-25 nM range, which corresponds to TFV concentrations between 1.4 and 7.2 ng/mL
in the urine sample. In the work by M. Gandhi et al.[15], a discrete cut-off value for urinary
TFV (1500 ng/mL) was proposed to correctly classify the adherence to therapy in 98% of the
individuals administered with TDF. The LFIA prototype described herein showed a 1000-fold
lower vLOD than required, and 600 times lower than those previously reported. Although
exceeding current requirements, the low vLOD that was reached fits with the incoming needs
of increasing TFV detectability, due to the introduction of the TAF prodrug. In fact, TAF
penetrates the blood and hepatic cells better than TDF, and it is administered usually in 10-
fold lower amounts compared to TDF [24]. Therefore, the point-of-care test intended for
checking adherence to regimens including TAF is required to show proportionally reduced
limits of detection.

Analytical validation of the ELISA method for TFV in saliva using mAb #321

The saliva is an extremely variable matrix and, without any correction, strongly affects the
ELISA performances (Figure 6.15). Adjustments on the standard and working buffers were
made to simulate the inhibitory effect of the matrix, changing pH, ionic strength, dilution
factor, additives, etc... To simulate real sample condition a pool of blank saliva was fortified
with TFV and used as the template for the standard curve. The determination of the best
conditions was considered for the maximal similarity between the standard curve and the
curve made by fortifying the pool of blank saliva samples. The standards of TFV were
dissolved in a predilution buffer (20 mM phosphate buffer, pH 7, 630 mM NaCl, 0.05%
Tween20, 1% w/v casein) mimicking the saliva. The test involves a 1:25 dilution of salivary
samples by the working buffer. The overlap between the two curves is shown in the Figure
6.18. Once adjusted these conditions, the validation was made by evaluating the recovery,
inter- and intra-assay variability and the quantification range (lower limit of detection, LLOD-
upper limit of detection, ULOD). For testing the recovery, three levels of fortification were
used, one above, one near and one below the cut-off reference level for assessing adherence
relevant presence of TFV in the sample (1.3, 2.7 and 5.4 ng/ml). The CV% values have been
estimated below the threshold value of 15% and the recovery ranged between 73.4+0.6 and
133.6+11.1 (Table 6.4). The precision was measured on the whole levels used in the
calibration curve by repeating the curve in three days in quadruplicate to evaluate inter- and
intra-assay variability (Table 6.5). Considering the LOD as the lowest concentration reached
by an error lower than 25% [31]-[38] the method shows a LOD value of 5 nM or 2 nM,
respectively. The accuracy ranged between 85.8% and 145.6% (Table 6.5). The variability
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caused by the salivary matrix within the method seems to be more randomizable by testing
in different days than testing replicates in the single assay.

Absorbance (AU)

L] L L | L)
-5 fod -3 [ -1 lo=C

[Tenofovir] (nM)

Figure 6.18: Curves made in predilution ultimate buffer (blue) and fortifying the blank saliva pool (red).

Table 6.4: recovery and coefficients of variation for three fortification levels of TFV in the salivary matrix

Spiking level Mean concentration £ SD Mean recovery £ SD Ccv
(ng/ml) (ng/ml) (%) (%)
1.3 0.95+0.079 73.410.6 8.2

2.7 2.88+0.320 106.8+11.9 11.1

5.4 7.21+£0.596 133.6+11.1 8.3

Table 6.5: Repeatability and reproducibility of TFV quantification in salivary matrix

Fortification level Intra-assay (%) Inter-assay (%) (m':;ur:i?;?,)

100 9,5 9,5 85,8
40 9,6 4,2 120,3
10 13,4 3,5 99,0

5 24,0 3,1 96,7

2 49,6 11,6 106,4

1 63,4 28,2 111,2
0.5 75,5 17,0 145,6
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Development of a LFIA exploiting mAb #321 for TFV in saliva

The TFV-fortified salivary standard curve was made as reported in the previous section for
the ELISA analytical validation. The 4-parameters logistic equation was chosen as the model
for calibration and its equation was extracted. The visual LOD (vLOD) was assessed between
0.5 and 1 ng/ml for the complete disappearance of the signal, as show in Figure 6.19.

ABSENCE OF TFV PRESENCE OF TFV
NO COMPLIANT (NO OK) ° COMPLIANT (OK)

X
)

¥

0,00 0,03 0,25 2,50
[TFV] (ng/mL)

Visual LOD

2 ﬂlﬂ 1

0 ng/ml 0.05 ng/ml |0.25 ng/ml | 0.5 ng/ml 1.0 ng/ml | 1.5 ng/ml

Figure 6.19. Standard TFV-fortified saliva curve (0-0.05-0.25-0.1-0.5-1.5 ng/ml). The values are normalized for
the blank as T/C signal ratios. On the bottom left of the graph the analytical figures of merit of the competition

capacity

This value is lower than reference level measured by V. de Lastours et al.[13] (0.4-25ng/ml, average
2.75ng/ml) for perfect adherence to TDF administered patients. This is not a guarantee for a correct
classification, but rather a condictio sine qua non. Being a diagnostic tool prototype, where the
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diagnosis is the non-compliant behaviour, it is important to have not any signal above 2.75 ng/ml
avoiding false positive classification. On the other hand, to avoid false negatives is important to
avoid signal in sub-optimal adherent concentration. Nevertheless, simply putting the cut-off at the
maximum of sensitivity (in order to classify all adherent as true-negative) would be imprudent. The
TFV concentration distribution of the non-adherent population could partially overlap the perfect
adherent one. In this occurrence the cut-off should be strategically optimized to compromise the
number of false negative and false positives. The vLOD can be adjusted to optimize classification, by
changing amounts of reagents. Another aspect is the TAF administration (25mg/day) that,
theoretically, should deliver 10-fold lower concentration of TFV in saliva (coarsely calculated around
0.04-2.50 ng/ml, mean 0.28ng/ml). These concentrations are below the vLOD, giving a high risk of
false positives among the adherent patients. Anyway, these speculations should be compared to
real measurements of TFV in saliva for TAF administered patients.

Selectivity of the LFIA in saliva

Selectivity towards the target was again checked and determined in saliva by means of single
point measurement directly on the standalone LFIA test, by both visual evaluation, and signal
quantification. As the interfering molecules the two TFV-based pro-drug (TDF and TAF), two
antiretrovirals (Dolutegravir, DTG and Elvitegravir, EVG) that are currently not co-formulated
with TFV and three common molecular analogues that can be found in saliva (Adenosine
triphosphate ATP and Adenine as endogenous, Caffeine as an exogenous) were chosen[39]—
[41]. The visual results are shown in Table 6.6 and Table 6.7. Among the possible interfering
substances, only TDF and TAF showed measurable CR%. Even though these cross-reactivity
values are extremely low but, in case of counterfeit, the amount of pro-drug in the saliva is
unpredictable (e.g., “chewing” 300mg of TDF right before the check by the physician).

Table 6.6: (from left to right) LFIA visual results with negative saliva, 1000 nM of TDF (1), TAF (2), DTG (3), EVG
(4) and 100 nM of ATP (5), adenine (6) and caffeine (7) fortified saliva samples.

negative 1 2 3 4 5 6 7
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Table 6.7: The CR% calculated for the 7 interfering molecules as a result of substitution in the TFV 4-parameter
logistic competition curve.

Interfering molecule (nM) CR%
1) TDF (1000) 0,8%
2) TAF (1000) 0,1%
3) DTG (1000) <0,003%
4) EVG (1000) <0,003%
5) ATP (100) <0,03%
6) Adenine (100) <0,03%
7) Caffeine (100) <0,03%
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6.1.4 Conclusions

In this work, we designed, synthesized, and characterized a new hapten of TFV and generated
seven mAbs with ultra-high affinity towards this ARV drug. Compared to other antibodies
suggested for TFV, our selection strategy provided bioligands with higher affinity and
selectivity properties.[17] The mAbs were characterized by icELISA and were explored for
their implementation in a LFIA-based point-of-care test for TFV detection in urine. The
sensitivity showed exploiting the novel mAbs, was largely above the requirement for
assessing adherence to anti-retroviral therapy in urine, even considering new co-
formulations including the TAF prodrug.[24] This high detectability, which largely exceeds
that of the previous rapid analytical tests, allows for the detection of TFV in other important
matrices, such as saliva, where the levels of TFV are much lower. Thanks to this, we in-house
validated an icELISA method and developed a rapid LFIA for the detection of TFV in saliva.
The developed ELISA method is the first represented for this kind of assessment in saliva and
is the most sensitive for the detection of TFV, to the best of our knowledge. As a further
application of the first part of the project, we developed a LFIA for the on-field detection of
TFV in the salivary matrix. The selectivity in terms of CR%, that was measured and assessed
as very low (0.08% for TDF as the highest) for 7 potentially interfering molecules. These
performances appear as suitable for TDF adherence assessment whereas there could be
more work to do about TAF administration for which the salivary level could fall by 10-fold
decrease. Further measurements should be done to determine the correct reference ranges
for adherence classes to establish an appropriate decision cut-off by means of which adjust
the LFIA to obtain a stand-alone test. This can be very helpful for several reasons. Firstly,
there are still no devices for this kind of assessment. In addition, it must be said that
competitive immunoassays are generally counterintuitive. Especially for inexpert users, in
rural or non-laboratory settings, the disappearance of the signal is hard to be correlated to
an intervention-requiring situation. This is true when the diagnosis is correlated to the
presence of the small target molecule. In this case the issue is the lack of the small target
molecule. Therefore, the appearance of the analytical signal must be correlated to an
intervention-requiring situation. This aspect renders the LFIA approach much more
straightforward. Hence the importance to promote the evolution of this work for future easy
interpretable point-of-care therapeutic drug monitoring for on-field applications.
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Despite the increasing demand for even more sensitive and upgraded version of the LFIA, the
(literally) gold standard based on visual detection remains the most simple and user-friendly version
of this technique. The long-standing quest for novel probes to permanently subvert the LFIA
technique, has still not established on the market, despite of the pharaonic amount of literature
claiming for the revolutionary dethronement of the gold nanoparticle-based tests. Facing up issues
in low resources settings or pandemic emergencies, where the pressing need for rapid solutions is
critical, the simplest choice is probably the best one. In these three years | worked on several
infectious disease diagnostic problems to support human and animal healthcare, from
phlebotomine to viral vectors, targeting antigens, antibodies, and anti-viral drugs. | dedicated my
PhD research activity on the creation of LFIA devices, focusing on those where the strategical design
used for their development could play a crucial role. The great impact of the new designs on the
diagnostic performances have been studied and reported in the previous chapters. Facing several
analytical challenges allowed me to explore all the LFIA formats described in chapter 1.4 apart from
the indirect competitive. In chapter 3.1, after extensive studies aimed at obtaining a stable and
performing antigen-GNP probe, we designed a two-test lines LFIA, employing in both cases bioligand
able to capture all immunoglobulins classes resent in the sample. The prototype was tested on
clinical samples (85 pre-covid sera, among them 25 positives to other infectious diseases, and on 62
SARS CoV-2 positive sera). The concordance with a validated ELISA on these samples was 100% and,
also on respect to rRT-PCR, the test scored good sensitivity and specificity. Targeting the total
antibodies response to infection enabled achieving 100% diagnostic specificity (95.75-100, C.I. 95%,
n = 85 healthy and with other infections individuals) and 94.6% sensitivity (84.9-98.9, C.I. 95%, n =
62 SARS CoV-2 infected subjects) as early as 7 days post confirmation of positivity. Moreover, the
samples provided different intensity ratios on the two test lines. In the end of the study, we were
able to hypothesize that the two strategies were differently sensitive to different classes of
antibodies. Applying the “total antibody” approach to diagnosing Canine Visceral Leishmaniasis, in
chapter 3.2, we developed a LFIA device and tested it on 167 serum samples from infected and
healthy dogs and scored excellent diagnostic sensitivity (98.4%), specificity (98.9%), and agreement
with serological reference methods for diagnosing canine VL (ELISA and IFAT). To complete the in-
house validation also the stability over time and the robustness to temperature variation were
evaluated. The long-term stability of the LFIA device was confirmed based on six months of storage
at room temperature or 4 °C, and the qualitative response of the device was not affected by limited
thermal stress. The developed LFIA device is currently commercialized by the In3Diagnostic that
collaborated and supported the project. Furthermore, we confirmed that the use of the SpA allowed
the efficacy also for testing other animal species, as cats and foxes.

In chapter 4.1, after the production of the three different multimodal x2LFIAs prototypes, they were
tested on samples from official panels including 1 negative, 1 fully seroconverted HIV2 positive, 1
fully seroconverted HIV1 positive and 3 seroconverting HIV1 positive sera. The combination of
spatial and color resolution enabled to embed multiple information in a single strip, such as the virus
serotype and the stage of infection. This result was reached by employing two serotype-specific
antigens, two immunoglobulin class- specific ligands and two differently colored gold
nanomaterials. In addition to increasing the multiplexing capability, the work was also devoted to
study the effect of switching the “roles” played by the immunoreagents, such as using the antigens
as the capturing agents on respect to using the immunoglobulin ligands (Streptococcal protein G
and anti-human IgM antibodies). Furthermore, the performance of the double antigen strategy was
also compared to those of traditional serotyping approaches.

Along with the detection of total antibody to SARS CoV-2, a viable alternative, especially for using
oral fluids as a convenient specimen, was explored. The salivary testing enables for an easier
sampling and an earlier diagnosis, considering the nature of the respiratory illness resulting from
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this infection. Results on point-of-care devices targeting the IgA class of antibodies to SARS CoV-2,
seems to be a promising complementary option, as highlighted by the results in the chapter 4.2.
Concerning the direct detection of antigens and their serotyping for FMD diagnosis in cattle,
reported in chapter 5.1, two multiplexing devices were developed and tested on 26 epithelium
homogenates (EH) from cattle and showed adequate analytical performances. The LFIA devices
allowed for the facile and rapid detection and serotyping of FMDV in epithelial tissues (false negative
rate: 0% (n= 22), false positive rate: 5,9% (n=24), accuracy: 96.4% (87.7% - 99.6%). In addition, the
work investigated a previously unreported effect of saturation, which occurred in the homologous
sandwich, as a function of the position of the test lines. Evidence of an “inverted hook effect” was
firstly reported and discussed, which help to add a general knowledge for antigen testing.

Lastly, in chapter 6.1, the checkerboard selection used in the monoclonal antibody selection, led to
unprecedently sensitive testing for TFV in urine and saliva. The seven most promising mAbs were
evaluated by direct and indirect ELISA. Among them, the three showing the highest affinity were
further characterized for their proneness to pH, ionic strength, and matrix effect for the use in urine
and saliva. The best performing mAb (#321) was included in a lateral flow prototype for the
detection in urine, using the antigen as the capture and the mAb #321 labelled with GNPs as the
detector. The sensitivity showed by the urine testing (vLOD: 1.4 - 7.2 ng/ml) was largely above the
requirement, disclosing the possibility to switch to the salivary matrix, were the TFV is dramatically
more diluted. The developed and in-house validated ELISA method for the semi-quantitative
analysis of TFV in saliva reached outstanding analytical performances (IC50: 1.3ng/ml, Accuracy:
85.8%-145.6%, Recovery: 73.4%-133.6%), sustainable for assessing correct administration. Besides,
a LFIA device for the detection of TFV in salivary matrix was produced and characterized (visual LOD
0.5-1ng/ml).

The matrix effect was explored in chapter 5 and chapter 6 since they were addressed for non-
conventional matrices (saliva or epithelium homogenate). In addition, we had the possibility to use
a standard “analyte” (tenofovir or culture supernatant) to fortify the buffer or different amount of
matrix to study the effect. In chapter 3.1, 3.2 and 4.1, where the study was conducted directly on
real samples, the lack of standard solution of representative polyclonal anti-target antibodies would
have made the study less significative. In addition, the serum is well known to cover non-specific
binding without interfering on the analytical signal and is generally considered as a conventional
matrix. In chapter 4.2, the effect of the salivary matrix was not explored for several reasons: firstly,
in the spring-summer of 2020, the provision of blank saliva samples was very difficult. As a second
aspect, the lack of specific anti-N IgA resulted in the impossibility to work in buffer or fortify blank
pre-covid saliva.

To conclude, all these challenges have been overcome by using the traditional LFIA materials and
probes (except for a gold nanomaterial in the chapter 4.2), while engineering the structure of the
assay. The overwhelming importance of a good strategy in placing the right immunoreagent in the
right role was undoubtedly demonstrated. Evidence of physicochemical phenomena occurring
when antigens and antibodies are found to interact in peculiar conditions and situations were
observed and investigated. This work demonstrated that, after more than 60 years, there are still
many aspects to be described, studied, and more deeply investigated. Surely, in the future even
more challenging needs will appear and the current state-of-the-art will be not sufficient to respond
to them. Then we will be ready to go further and find new expedients, enriched by knowledge
accumulated by the understanding of the high potential of the “good old” standard.
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