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ABSTRACT

Malaria remains a global health problem and detection is essential to combat this disease. Rapid
diagnostic tests in a lateral flow assay (LFA) format using Plasmodium falciparum histidine-rich pro-
tein II (PfHRPII) as biomarker is the most common malaria detection method. These LFAs are usually
low-cost and rapid but suffer from low sensitivity. Surface-enhanced Raman scattering (SERS) is a
technique with high sensitivity and combined with LFA, is possible to detect PHRPII through colori-
metric and SERS assays, increasing the limits of detection. The recombinant antigen P/HRPII was
expressed using a vector containing a His-tag in Escherichia coli and purified by a Ni-NTA column.
The SDS-PAGE and western blot confirmed the presence of PAHRPII with a molecular weight of 67
kDa (at 0.12 = 0.03 mg'-mL™'). The SERS tags were developed with star-shaped gold nanoparticles
functionalised with a Raman reporter, 4-mercaptobenzoic acid, and covalently conjugated with an
antibody. A proof-of-concept was made with Peroxidase/anti-Peroxidase complex with bovine serum
albumin to block unspecific interactions and the SERS tags formation and activity were fully charac-
terised through UV-Vis spectra, agarose gel electrophoresis, enzymatic activity assay, and dynamic
light scattering. Each component of LFA was evaluated by the pixel intensity difference between the
background and test line by ImageJ. The LFA optimisations led to the selection of a nitrocellulose
membrane (CNPFS8) not blocked, a sample pad (GFB-R7L), and an absorbent pad (AP-045). Anti-
Peroxidase (0.9 mg'mL™") and anti-IgG (0.5 mg'mL") were immobilised on the test and control lines,
respectively. The sample was mixed into the SERS tags at 0.2 nM and deposited in the sample pad.
The LOD and LOQ were determined as 5.24 and 7.28 pug-mL"!, respectively. Lastly, an LFA was in-
cubated with recombinant P/AHRPII at 50 ng'mL" and the SERS performance was compared with a
negative control (no PfHRPII). The samples had a small but significant difference nevertheless further

studies are needed to reduce the non-specific interactions from the control sample.

Keywords: Lateral Flow Assay; Plasmodium falciparum Histidine-Rich Protein II; Surface-

Enhanced Raman Scattering; Surface-Enhanced Raman Scattering Tags; Malaria.
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RESUMO

A malaria continua a ser um problema de satude global e a sua detegdo ¢ essencial para combater
a doenga. O método de detecao de malaria mais comum ¢ o teste de diagnodstico rapido em formato de
teste de fluxo lateral (conhecido pelo acronimo de LFA) usando como biomarcador a proteina rica em
histidina Il de Plasmodium falciparum (PfHRPII). Estes LFAs sdo de baixo custo e rapidos, oferecem
pouca sensibilidade. Espectroscopia de Raman aumentada pela superficie (conhecida pelo acréonimo
de SERS) é uma técnica com grande sensibilidade e quando combinada com LFA, pode detetar
PHRPII por analise colorimétrica e por SERS, aumentando os limites de detecdo. O antigénio recom-
binante PHRPII foi expresso em Escherichia coli usando um vetor e purificado por uma coluna de
niquel (Ni-NTA) através da cauda de histidinas. As técnicas SDS-PAGE e western blot confirmaram a
presen¢a de PAHRPII com um peso molecular de 67 kDa (a 0,12 + 0,03 mg-mL"!). As sondas de SERS
foram produzidas com nanoparticulas de ouro em formato de estrela, funcionalizadas com um repérter
de Raman, o acido 4-mercaptobenzodico, ¢ conjugado covalentemente com um anticorpo. Através do
complexo da enzima peroxidase/anti-peroxidase, ¢ com albumina de soro bovino para bloquear intera-
¢Oes inespecificas, foi feito uma prova de conceito ¢ a formacdo e a atividade das sondas de SERS
foram caracterizadas através de espectro de UV-Vis, eletroforese em gel de agarose, ensaio de ativida-
de enzimatica e dispersdo dinamica de luz. Todos os componentes de LFA foram avaliados pela dife-
renca de intensidade de pixel entre o fundo e a linha de teste por Image]J. As otimizagdes de LFA per-
mitiram a sele¢do da membrana de nitrocelulose (CNPF8) ndo bloqueada, do bloco de amostra (GFB-
R7L), e do bloco absorvente (AP-045). O anticorpo anti-peroxidase (0,9 mg'mL™) e o anti-IgG (0,5
mg-mL") foram imobilizados nas linhas de teste e controlo, respetivamente. A amostra foi misturada
nas sondas de SERS a 0,2 nM e depositadas no bloco de amostra. O LOD e o LOQ foram determina-
dos como 5,24 e 7,28 ug-mL’!, respetivamente. Por tltimo, um LFA foi incubado com P/HRPII re-
combinante a 50 ng'mL"' e o desempenho de SERS foi comparado com o controlo negativo (sem
PHRPII). As amostras tiveram uma pequena, mas significativa diferenga, no entanto, sdo necessarios

mais estudos para reduzir as interagdes ndo especificas na amostra de controlo.
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1. INTRODUCTION

1.1 Malaria: impact worldwide, biology and diagnosis

Malaria is a serious global health problem, killing hundreds of thousands of people each year,
particularly in low-income regions (Africa, Latin America, Caribbean, Asia, Eastern Europe, South
Pacific)!. The most concern involves children aged under 5 years, which corresponded to 77% of total
malaria deaths (627,000) in 2020. Malaria cases in eighty-five malaria-endemic countries in 2020
reached 241 million cases, 14 million more than in 20192 The growth in 2020 was linked to a shift in
investment in the coronavirus disease 2019 (COVID-19) pandemic rather than malaria, as well as a
shortage of malaria medications and limited access to medical facilities'. In 2020, malaria deaths in-
creased by 12% when compared to 2019, and is estimated that 68% of the additional deaths were due
to service disruptions and restrictions of isolation during the COVID-19 pandemic?.

The infection by malaria disease requires two hosts, a human host, and a mosquito host®. The in-
fection of the human host starts with a bite from female 4nopheles mosquitoes and the injection of the
Plasmodium sporozoites into the human body*. There are many species of Plasmodium (P.), such as P.
falciparum, P. malariae, P. ovale and P. vivax. P. falciparum is the most pathogenic species, and if
not treated promptly, it can be fatal>®. Several proteins produced and excreted by P. falciparum were
identified that can be used as a biomarker, such as knob-associated histidine-rich protein, histidine-
rich protein II (PfHRPII), histidine-rich protein III, and membrane-associated histidine-rich protein,
among others’.

As seen in Figure 1.1, the life cycle of P. falciparum has two stages, sexual and asexual. The
sexual stage occurs in the mosquito host, which is infected when feeds on a human infected by ingest-
ing gametocytes and can infect others through bites, transferring sporozoites formed during an asexual
stage in the mosquito into the human host. These sporozoites are transported by the blood into the
liver, where they asexually divide to form merozoites, which are discharged into the bloodstream,
where they infect erythrocytes. These erythrocytes rupture and release merozoites in the circulation,
which can cause a reinvasion of the erythrocytes, and can also differentiate into sexual stages, gameto-

cytes’.



1.1 MALARIA: IMPACT WORLDWIDE, BIOLOGY AND DIAGNOSIS

Infection \J)

=t

Merozoites
in liver cells

Sporozoites Merozoites

A released
5

e ®
&L - Red blood
© cells infected
Schizont @

s /\
,ﬁ/

/ Gametocytes Trophozoites

Asexual

. reproduction
Transmission )W
-y

e Ring form

Mosquito
midgut

Figure 1.1: Life cycle of Plasmodium falciparum. Malaria infection is initiated when a mosquito infected injects sporozoites
into the human host. This sporozoite is carried to the liver, where it divides asexually to generate merozoites, which are
secreted into the bloodstream and infect the erythrocytes. Then, the merozoites can reinvade erythrocytes multiple times, or
can differentiate into sexual stages, gametocytes. When a mosquito takes a bite in this infected host, ingests the gametocytes
and a sexual cycle is initiated in the mosquito. This mosquito infected can bite again, in which the sporozoites formed during
an asexual stage in this mosquito are injected, and the life cycle is completed (designed with BioRender).

Malaria infection produces usually febrile illness, and sometimes other accompanying symp-
toms such as chills, headache, nausea, and muscle pain. This infection can be treated, and the symp-
toms can disappear after a few days. In the case of untreated or partially treated individuals, the initial
infection, uncomplicated (absent or very low symptoms) malaria, can progress to severe malaria,
which may lead to death. The severity of malaria varies depending on several factors such as the age
of the patient, immunity, the use of antimalaria drugs and the level of transmission. Young children
have a different, typically more severe response to this disease because they have not yet developed
protective immunity®. Severe malaria disease occurs especially in non-immune patients and have the
following syndromes, which can occur separately or in combination: severe anaemia, cerebral malaria,
respiratory failure and acute renal failure®. Cerebral malaria occurs when several mature-infected para-
sites enter the cerebral microvasculature, which can promote coma®. Severe malaria in older children
and adults are very rare since these individuals have already developed immunity®. The immunity can

be acquired or adaptive and exists various types such as anti-disease immunity, which offers defence
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against clinical illness and influences the risk and degree of morbidity related to a specific parasite
density, anti-parasite immunity, providing defence against parasitaemia affecting the density of para-
sites, and premunition, which shields against future infections by preserving a mild parasitaemia that
usually causes no symptoms’. In adults and in areas with lower transmission (e.g., Asia), severe malar-
ia has more frequently symptoms of renal and hepatic dysfunction, although cerebral malaria, hypo-
glycaemia, and anaemia are also present®. Pregnant women are particularly vulnerable to malaria in-
fection due to iron deficiency, which is a common problem during the pregnancy and a problem in
malaria-endemic areas. P. falciparum in pregnant women infects the red blood cells that adhere to and
accumulate in the placenta, which causes anaemia and low birth weight in new-born babies. This in-

fection in pregnant women can cause abortions, premature deliveries, or death in utero'”.

1.1.1 Biomarkers for malaria detection

There are several biomarkers that can be used in malaria diagnosis such as P. falciparum histi-
dine-rich protein II (P/HRPII), parasite-specific lactate dehydrogenase (pLDH), Plasmodium aldolase
(PALD), P. falciparum hypoxanthine guanine phosphoribosyl transferase (P/HGPRT) and Plasmodi-
um glutamate dehydrogenase (PGIuDH) and malaria pigment hemozoin''. The reason that these bi-

omarkers are used and the possible method of detecting malaria are discussed below.

1.1.1.1 Plasmodium falciparum histidine-rich protein II

PfHRPII is an antigenic protein and was identified during 1970s by Araxie Kilejian'?, and is ex-
clusively produced by P. falciparum. PfHRPII has an amino acid composition of approximately 34%
histidine, 37% alanine and 10% aspartic acid”'*!%, Its low-complexity amino acid sequence, since
contains repeats of single or short amino acid motifs, and is prone to polymorphism, leading to a vari-
ation of number and type of the repeated protein sequence’. This protein has been studied for a long
time, the precise function of PAHRPII remains undeterminated’'3, although it has been reporter that is
involved in the formation of hemozoin!®, heme binding'®, suppression of the immune response!’, and
Zn?* binding'®. P/HRPII has high levels of expression compared with the other biomarkers, accumu-

71314 For this reason, it has been

lates in the host plasma, due to the rupture of infected erythrocytes
found P/HRPII in plasma, saliva, and urine in patients infected with P. falciparum, and due to its high
stability, P/HRPII can remain for days or weeks after treatment'*'®. Since P/HRPII levels in blood-
stream are high and stable for long periods of time, this protein has been used as a biomarker for the

disease studies and development of detection tools. The production at large scale of recombinant
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PHRPII can generate a variable reactivity over different rapid diagnostic tests (RDTs) because their

design is based on a single copy of a given vector with recombinant PAHRPII'*.

1.1.1.1.1 Expression and purification of recombinant P/HRPII
The production of proteins is commonly made by bacterial expression system, as Escherichia
coli (E. coli). The use of this bacteria is preferred to express foreign proteins since is easy to manipu-

1920 Exists

late, growths at low-cost carbon source, and can quickly produce the recombinant protein
several strategies to overexpress a desirable protein, including through a fusion protein in a soluble
fraction. These fusion proteins include a "tag" that is especially used for the specific affinity purifica-
tion'’. Among the several affinity tags, the more common is the poly-histidine tag (His-tag) and the
glutathione S-transferase tag, which allows the target protein to be purified through immobilised-metal
affinity chromatography and glutathione-based resins, respectively!®?, Hence, recombinant PfHRPII
can be produced by E. coli as host with a vector which has the coding sequence for the protein
PfHRPII with an N-terminal His-tag'®.

Proteins can be purified by several methods, as bulk methods, chromatographic methods, affini-
ty methods, and electrophoretic methods?!. Among the several techniques, affinity methods, more
specific immobilised-metal affinity chromatography, is one of the most used due to its simplicity and
high specificity for His-tagged proteins?2.

A His-tag, which contains six or more consecutive histidine residues, is usually fused to the N-
or C-terminus on the recombinant protein to facilitate its purification and detection. Protein purifica-
tion with a His-tag is based on an affinity chromatography using chromatography resins containing a
chelating ligand, such as nitrilotriacetic acid (NTA) with an immobilised divalent metal (e.g., Ni*" or
Cu?")?2. The affinity of the His-tag to the chelating ligand depends on its primary structure, since His-
tag usually does not affect the folding of the protein and PHRPII has low-complexity sequence which
indicates lack of secondary structure, it can be purified under native or denaturing conditions’??. The
NTA strongly binds to the metal Ni** ions because it takes up four of the ligand binding sites, leaving
two sites open for interaction with the His-tag?, forming a coordination complex®*. This allows for the
His-tagged protein to remain immobilised while contaminants are washed away, sometimes even un-
der harsh conditions. Following, the protein can be eluted smoothly through conditions mild and flexi-
ble, as competition with imidazole or a reduction of pH. The nickel-nitrilotriacetic acid (Ni-NTA)
resin is very stable and simple to work with, and the ratio of Ni-NTA resin to the His-tagged protein
should be adjusted to the amount of His-tagged in the sample, a parameter that has the highest impact

on purification?>%,
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1.1.1.2 Parasite-specific lactate dehydrogenase
pLDH is the most abundant water-soluble enzyme in P. falciparum produced both in sexual and
asexual stages. This enzyme is found in the glycolytic pathway, converting pyruvate to lactate in the
last step of glycolysis''. There are different isomers of pLDH for each of the four Plasmodium spp.
that infect humans, and their detection can be used for point-of-care devices?®. pLDH is as commonly
used in RDTs as P/HRPII and appears to be a more trustworthy diagnostic target since it is produced
by live parasites, i.e., the absence of pLDH is indicative that the patient is not infected. pLDH can be

also detected by measuring its enzymatic activity?’.

1.1.1.3 Plasmodium aldolase

PALD is an enzyme present in glycolytic pathway of the parasite, that contributes significantly
to energy production by converting fructose-1,6-bisphosphate to glyceraldehyde-3-phosphate and di-
hydroxyacetone phosphate. The active and soluble form of the enzyme is found in the parasite's cyto-
plasm and is also bound to the parasite's membrane!!. Aldolase is essential for parasite survival, so it
could be used as a marker or target molecule in the development of sensors for malaria diagnosis®.
This protein is present in all malaria species, which can be used to detect individual species’. RDTs
based on PALD have shown poor sensitivity and are suitable at higher parasitaemia in the sample.
Thus, these PALD-based RDTs have been used for evaluating the treatment during infection where

the parasitaemia levels are high?’.

1.1.1.4 P. falciparum hypoxanthine guanine phosphoribosyl transferase
PHGPRT is a key enzyme in the parasite's purine metabolism, that is reported to be essential
for the growth of this parasite. Despite the fact that a similar protein is found in both bacteria and hu-
mans, it can be used as a reliable target for malaria diagnosis and therapeutic applications'!. These
enzymes are not normally used since they are unstable during the purification and storage to proceed

with further studies?®.

1.1.1.5 Plasmodium glutamate dehydrogenase
PGIuDH is an enzyme present in Plasmodium parasites but is not found in host red blood cells.
It is essential for parasite survival and growth because it connects the carbon and nitrogen metabo-
lisms. Even though malaria parasites have different isoforms of PGluDH, these enzymes serve as a

reliable and selective biomarker for malaria diagnosis''. This enzyme can detect the presence of the P.
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falciparum parasite by western blotting, as described by the authors Rodriguez, et al.”” and can be

used in an enzyme-type method®.

1.1.1.6 Malaria pigment hemozoin

Plasmodium parasites consume red blood cells as source of amino acids during an infection, re-
sulting in the formation of heme, which is extremely toxic. To avoid the toxicity of heme and survive,
the parasites convert it into hemozoin, an inert, insoluble, crystalline brownish-red pigment. Hemozoin
is absent in healthy people, so it serves as a biomarker for diagnosis of malaria'! by flow cytometry

and automated blood cell counting techniques®’.

1.1.2 Current malaria diagnosis methods

Malaria clinical diagnosis based on symptoms evaluation, is frequently the initial one made by a
medical doctor and normally is followed by other methods of detection®®. These include microscopy?!,
nucleic acid amplification tests®?, fluorescence®, and RDTs?*® methods, among others®'. The symptoms
of malaria are very similar to many other diseases such as flu, gastroenteritis, septicaemia and viral
diseases®®, misleading to a false diagnosis and contributing to malaria drug-resistant strains, therefore

it is very important to have other methods to prove the disease’.

1.1.2.1 Microscopic analysis method

The microscopic analysis is widely considered the gold standard method for malaria diagnosis.
This method allows the visualisation of morphological stages of parasites and the quantification of the
density of parasite infection, under a light microscope by thick and thin blood smear and staining. The
staining and visualisation processes are time-consuming, and the sensitivity of this method depends on
the instrument, staining protocol, and the technician’s skill, as well as on the quality of the reagents
used. A trained technician can detect 5-10 parasites-uL™! of blood, while a non-expert can detect only
> 50 parasites-uL"!. Although this method has a very low cost, an expert is required to analyse the

samples, so that mixed infections and low parasitaemia do not lead to misdiagnosis*®3!.

1.1.2.2 Nucleic Acid Amplification Tests
Polymerase chain reaction (PCR) technique allows specific amplification of malaria DNA.
When compared with the microscopic method, this method has higher specificity and sensitivity for all

four species of human malaria parasites, and can detect 1-5 parasites-uL™! of blood*. PCR can also
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detect drug-resistant parasites, mixed infections, and quantification at low parasitaemia by real-time
PCR, and this process can be automated to large amounts of samples®. Nevertheless, both expensive
laboratory equipment and technical expertise are required, which is not suitable for low-income coun-
tries’*3!,

Loop-mediated isothermal amplification (LAMP) is a simple, quick, and easy to perform tech-
nique, used to amplify specific DNA sequences. A high expertise can detect as low as 5 parasites-uL!

with this technique. Also, LAMP has a moderate cost, but reagents need cold storage®!.

1.1.2.3 Immunofluorescence antibody test

Malaria can be also diagnosed by detecting specific antibodies produced during the immunolog-
ical response of the human host against malaria parasites, namely immunofluorescence antibody
test’®3!. The principle of this method identifies specific antibodies produced two weeks after the infec-
tion, which can endure until 3-6 months after this infection, by using a specific antigen or crude anti-
gen. This method is simple, highly sensitive and specific, but it cannot correlate to clinical symptoms
because of the prevalence of PHRPII antibodies in the bloodstream. It can also quantify IgG and IgM
antibodies present in serum samples, however, it is not possible to determine the parasitaemia in the
patients**3!, It is time-consuming and requires fluorescence microscopy and trained technicians, which
is not suitable for areas without electricity. Therefore, this method is not useful for making decisions

regarding the treatment of patients*.

1.1.2.4 Rapid diagnostic tests

RDTs based on a lateral flow assay (LFA), consist of the migration of a blood sample through
the surface, such as a nitrocellulose membrane (NM). The parasite antigen present in the peripheral
blood is captured by a monoclonal antibody that is conjugated to gold nanoparticles or other type of
signal transducers®®. This method is simple, has rapid results, is easy to perform, is suitable for field-
work and does not require specific equipment, or electricity or special training to perform and interpret
the results®®3!,

World Health Organization (WHO) recommends that for RDTs should achieve at least 75% in
“panel detection score” for low parasite density samples (200 parasites-uL™!), and less than 10% of
false positive tests and fewer than 5% of invalid tests®. These false positive results are recorded in
cases when the gametocytes are present in the peripheral blood and are absent of asexual
parasitaemia®’. The RDTs are constructed to detect target antigens abundant in all asexual and sexual

stages of the parasite. Currently, the RDTs are focused to detect P/HRPII specific for P. falciparum,
and pLDH or PALD from the glycolytic pathway found in all parasite species. PHRPII-based RDTs
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will have negative results for samples containing other human malaria species, therefore the patient
will be misdiagnosed as malaria negative. These tests may remain positive after the host is clear from
the infection since P/HRPII persists in the host after weeks?®. Other variabilities exist for these tests,
such as the presence or absence or variation in number of the target epitope, genetic variability of
number of alanine- and histidine-rich amino acid repeats and its size between strains, and rare amino
acid variants*®. Normally, it is used PAHRPII-based RDTs, except in areas where = 5% of P. falcipa-
rum cases results in negative RDTs due to pfhrp2/3 deletions, codons with low complexity which en-
codes mostly tri- or hexapeptide repeats’. In these areas where these deletions are common, it is used
RDTs to detect P. falciparum and to detect and discriminate P. falciparum from non-P. falciparum
infections (e.g., P. vivax). These RDTs can be exclusively for the detection of the protein P/HRPII, or
the enzyme pLDH, or alternatively, can be in some cases a combination of protein and enzyme in the

same test line or in separated test lines®.

1.2 Gold nanoparticles and their application in immuno-

assays

Spherical gold nanoparticles (AuNPs) are materials with at least one dimension less than 100
nm and distinct optical, physical and chemical attributes from their bulk counterparts, which is excel-
lent for the assembly of chemical and biological sensors®’. Because their reduce size, AuNPs have
unique optoelectronic properties and a high surface-to-volume ratio offering a reactive surface suitable
for many applications including in clinical diagnostics due to the gold biocompatibility*”-,

Among the interesting proprieties of AuNPs, the localised surface plasmon resonance (LSPR)
phenomenon is the feature that showed the most promise in biosensor field because it can be linked to
the presence or absence of target biomarker’”®. For metal nanoparticles (NPs) having a smaller di-
mension than the wavelength of incident light, LSPR is an optical phenomenon caused by free elec-
tron oscillations at the surface of NPs in resonance with the incident electromagnetic field. Therefore,
these metal NPs produce absorption and scattering spectra, and so their LSPR peaks are referred to as
extinction spectra. The energy of the LSPR band depends on the composition, size, shape (e.g., nano-
rods, nanotriangles, nanostars), and dielectric environment of the nanoparticle®**’. AuNPs with a
spherical shape possess one extinction peak in the visible-near-infrared frequency region, and the vari-
ation of their size leads to changes in the LSPR extinction maximum. For instance, AuNPs with a di-
ameter of 15 nm have an LSPR maximum at 520 nm, which red shifts to 600 nm as the diameter in-
creases to 100 nm*'. The difference between the sizes of AuNPs is explained by the relative magnitude

of the absorption cross-section and the cross-section of scatter. Therefore, the red shift occurs because
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more light is dispersed than absorbed with increasing size®. AuNPs with a spherical shape have a
narrower LSPR band, while varying the shape creates more than one absorption peak, i.e., a LSPR
band larger, such as triangles, cubes, and nanostars due to the junction of several LSPR that are gener-
ated. Increased edges in the NPs results in a red shift and a different colour in the nanoparticle solu-
tion***2. AuNPs with different shapes have unique and different LSPR bands than the spherical AuNPs
increasing the potential of NPs for biodetection***. Star-shaped gold nanoparticles, also known as
gold nanostars (AuNSs), have a structure containing multiple sharp edges, whose optical properties
can be changed from the visible to the near-infrared region by altering their size and number of tips®.
The AuNSs have the LSPR peak around 647, 700, 783 nm, with a size of 100 nm, as we can see in
Figure 1.2 the difference between AuNPs and AuNSs.
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Figure 1.2: UV-Vis spectra of AuNPs and AuNSs. Spherical gold NPs (AuNPs) with a diameter of ca. 15 nm, have an LSPR
maximum wavelength around 520 nm, and star-shaped gold NPs (AuNSs) have an LSPR maximum wavelength around 670
nm.

AuNPs have many applications in different fields, including medicine, cellular and molecular
biology, microbiology, immunology, and physiology*. In biosensors, AuNPs can increase the sensi-
tivity in detection of tests due to their optical properties, biocompatibility and their easily conjugation
with several molecules, improving the detection sensitivity of fluorescence, chemiluminescence, sur-
face plasmon resonance (SPR) and surface-enhanced Raman scattering (SERS)*. The tips from
AuNSs provide “hot spots”, explained by the enhanced field around the tips. Also, the LSPR band
shifts to the near-infrared region, which is a good feature for application in SERS substrates to be used
in biodiagnostic and chemical detection*'** due to the reduction of autofluorescence of biological ma-

terials, and the advantage to pass the deep tissue in imaging, when used near-infrared laser
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excitation**, One application that is widely known these days is the LFA, which AuNPs captures in

the sample an antigen and conjugates the test line, producing a coloured line.

1.2.1 Plasmonic based detection and Surface Enhanced Raman
Spectroscopy

The LSPR phenomenon, describe before 1.2 in Introduction, can be used to detect DNA and
other molecules by visual inspection and through light absorbance spectroscopy, where when the
DNA is not present the AuNPs are not stabilised leading to aggregation, which leads to a change of
colour and a shift in the LSPR>!.

SPR is an optical technique that is used to monitoring the changes in the refractive index after
the attachment of a target molecule to a planar metal sensor. This device can be developed by using a
streptavidin-coated gold surface with biotinylated aptamer immobilised, where an avian influenza
virus H5N1 is recognised and detected>>>3.

Raman spectroscopy is a rapid and non-destructive spectroscopic technique, which relies on
inelastic light scattering by molecules, known as Raman scattering®. The vibrational excitation de-
pends on the environment through the chemical interaction, while the absorption and the re-emission
depends on the availability of photonic states at the positions of the molecules. The re-emission has
different frequencies, which the sum or difference results in anti-Stokes or Stokes Raman scattering,
respectively®. These energy differences between the vibrational states reflects in the modification of
the energy of the photons, resulting in a Raman spectrum that gives the chemical “fingerprint”, identi-
fying the analyte*?. SERS combines the specificity of a biomolecular fingerprint with improved sensi-
tivity brought on by the intensification of the Raman signal of molecules close to a plasmonic
nanostructure. There are two different enhancement mechanisms: electromagnetic and chemical en-
hancement. The first one is associated with plasmon excitation in metal NPs, and chemical enhance-
ment is related to the target molecule adsorbed to metal nanoparticle electron transfer capabilities.
Enhancement factors can achieve up to 10® or even larger, opening the way for single molecule detec-
tion****. By utilising anisotropic NPs, SERS generates an enhanced Raman signal for molecules ad-
sorbed to the surface of NPs, such as 4-mercaptobenzoic acid (MBA). The presence of “hot spots”,
such as spaces between NPs, aggregates, or sharp edges or tips of AuNSs, can also enhanced the Ra-
man signal®*, The “hot spots” present in the AuNSs provide an enhanced Raman signal and if these
AuNSs are functionalised with a molecule, this signal can have a further enhancement that in specific
conditions can detect single molecules®®. In SERS-based immunoassay can be used, for example, a
AuNSs labelled with a Raman reporter conjugated with an antibody, providing selectivity and speci-

l. 57

ficity to detection®. As example, the authors Oliveira et al.>’ developed a SERS immunoassay were in
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a cellulose hydrogel-based platform can detect the presence of a protein, which in this case was horse-

radish peroxidase (Perox)*’.

1.2.2 SERS tag development

SERS tags merge metallic NPs, such as gold or silver, and a Raman reporter molecule absorbed
on the surface of the NPs, which has a known spectrum*-3®, Normally it is used spherical NPs (e.g.,
AuNPs), due to their easy synthesis. Nevertheless, spherical NPs provide a weak enhancement of the
molecules Raman signals which can be further improved by using aggregates of the spherical NPs
(obtained by increasing the ionic strength of the medium, for example), or different using anisotropic
AuNPs, such AuNSs®. The functionalisation of the AuNPs and AuNSs with a Raman reporter mole-
cule or SERS tag, grants the amplification of the unique Raman vibrational fingerprint of a molecule
due to the strong electromagnetic fields at the particle surface that polarise the local volume around
the nanoparticle and ideally, the molecule chosen can simultaneously act as a coating layer, e.g.
MBAY. SERS tags have multiple advantages, such as (i) highly sensitivity to detect molecules that are
in the surface of the NPs; (ii) they can be used for multiple detections and (iii) can be used in a quanti-
tative analysis by a specific binding between the target and the SERS tag®®. Despite their exciting ad-
vantages, SERS tags still have some problems that need to be addressed before their final application

in bioanalysis, such biocompatibility, toxicity and long-term stability*.

1.2.2.1 Synthesis of gold nanoparticles

The synthesis of AuNPs can be accomplished by two approaches, "top-down" and "bottom-up"
methods. Depending on the method, it is possible to control their size, shape, solubility, and
stability®®,

The "top-down" synthesis is based on a physical manipulation whereby a bigger material is bro-

3860 Decomposition techniques as grinding/milling and

ken down into smaller parts, resulting into NPs
physical vapor deposition are examples of this method?*°,

The "bottom-up" approach is a chemical transformation, which starts with simpler substances,
and it is build up until the formation of NPs. Examples of this method include synthesis with reduction
of metal salts and the seeding-mediated growth?*0,

The most common NPs synthesis is based on the reduction of gold with citrate as a reducing
agent acting simultaneously as a capping agent for stabilizing the AuNPs colloidal solution, and a pH

mediator by modifying the reactivity of AuNPs which reflected in their reduction potential, resulting

in lower NPs sizes. Normally, this synthesis results in AuNPs with varying sizes of 8 to 150 nm®'.

12
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This synthesis was developed by Turkevich®? in 1951, and since then many others approaches have
been developed varying parameters including the HAuCls/trisodium citrate ratio, pH control, and tem-
perature which influence NPs size and stability. In 2011, Ojea-Jiménez et al.®' proposed a different
approach, where a change in the order of reagent addition results in an improvement in the size distri-
bution and a uniform spherical shape®®®,

The synthesis by seeding-mediated growth uses small AuNPs as seeds to produce monodisperse
larger particles or NPs with different shapes, such as nanorods, branched gold nanocrystals, nanoplates
and AuNSs®*%. Yuan et al.%®, described a method where it is used silver nitrate to assist the aniso-

tropic growth, AuNPs as seeds to form smaller AuNSs size (< 100 nm diameter) and ascorbic acid,

where ascorbic acid and silver nitrate are added simultaneously®.

1.2.2.2 Functionalisation and bioconjugation of gold nanoparticles

AuNPs and AuNSs can interact with several molecules, i.e., enzymes, proteins, DNA, etc. This
interaction can have many applications, such as photo thermal therapy, targeting, drug delivery, imag-
ing and toxin and microbial agent removal®.

The molecule MBA is a Raman probe molecule with thiol and carboxylic groups that anchor to
the AuNSs through the thiol group functioning as a Raman reporter and as a linker to other molecules
due to the carboxylic group®”. This molecule can preserve the colloidal stability, acting as a stabilising
agent, and binds to AuNPs and AuNSs surface through chemisorption®®. AuNPs synthetised by citrate
reduction have in their surface negative citrate ions, which binds to the thiol group from MBA through
chemisorption, leaving the carboxyl group deprotonated, and so the surface remains negatively

charged at pH 7.5%%%, As seen in Figure 1.3, AuNPs and AuNSs functionalised has a red shift of the
LSPR peak of 3 and 11 nm, respectively.
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Figure 1.3: UV-Vis spectra of AuNPs (a) and AuNSs (b) and both functionalised with MBA. A successful functionalisation
is confirmed with a red shift of the LSPR peak of 3 and 11 nm for AuNSs and AuNPs, respectively.

The AuNPs and AuNSs can be conjugated with a targeting component, such as antibody, and
these conjugations can happen by a covalent or non-covalent bound to the existing capping agent®.

The non-covalent conjugation, i.e., electrostatic interactions, between an antibody and NPs oc-
curs as a spontaneous absorption in the surface of the NPs. This conjugation has some obstacles, for
instance it is necessary high concentrations of antibody to produce NPs-antibody conjugation, the
antibody can have a random orientation on the NPs surface, which can be difficult to capture a protein
of interest, this binding can change the pH and the antibody in the surface of NPs can be replaced by
other molecules®.

The covalent conjugation between the antibody and NPs surface happens with a mediator linker,
as the use of 1-ethyl-3-(3-dimethylamino)propyl)carbodiimide (EDC) and N-hydroxysulfosuccimide
(SNHS) (EDC/SNHS) coupling. The NPs functionalised with MBA have a carboxyl group to covalent
binding, which forms a reactive NHS ester within contact with EDC/SNHS. This ester can form a
covalent bound when in contact with a primary amine group in an antibody. This conjugation has a
stronger bound and a more stable NPs-antibody conjugate than the non-covalent conjugation, although

pH variations can decrease this efficiency®-"°.

1.3 Lateral Flow Assays

LFA is a conventional test strip that is one of the most adopted in commercial formats (e.g.,

pregnancy testing, COVID-19 Rapid Antigen Test). These tests are commonly used in point-of-care
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1.3 LATERAL FLOW ASSAYS

testing, because of their simple, cost-effectiveness and quick response’!. Noble metal NPs, such as
AuNPs, are the most commonly used as a colorimetric indicator because of their ability to form conju-
gates with biomolecules and to their high surface area, stability and intense red colour’.

LFA is composed of two parts: chromatographic system and immunochemical reaction. The
chromatographic system is based on the separation of the basis of the mixture on the differences in
transmembrane migration capacities via capillary forces”. The immunochemical reaction is between
antibody-antigen or nucleic acid-analyte with specific recognition of the target. An LFA device has
four parts: a nitrocellulose membrane (NM), a sample pad, a conjugation pad, and an adsorption pad
(Figure 1.4). The sample is loaded on the sample pad and moves by capillarity through the conjugate
pad, where the target in the sample is specifically captured by the optical tags in the conjugate pad.
These optical tags consist of optical NPs (e.g., AuNPs) functionalised with molecules (e.g., antibodies
and aptamer) that recognize and capture the target. The sample continues moving toward the adsorp-
tion pad, and the complex formed (e.g., AuNPs conjugated with the antibody and the target) can be
immobilised by the capture probes that are fixed on the test line. The control line appears by the cap-
ture of excess optical labels with or without the target is present and is used to test if the LFA are func-
tioning properly, which is necessary to determine if the test is positive or negative (Figure 1.4)%. The

adsorption pad absorbs the excess reagents and prevents the backflow of the sample™.
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Figure 1.4: Representation of an LFA. Is composed by a NM, a sample pad, a conjugation pad, and an adsorption pad. The
sample in the sample pad migrates via capillary forces until it reaches the adsorption pad. The positive and negative tests are
valid when a colour line appears in the control line, which indicates that the LFA is functioning properly. When this colour
does not appear, the test is invalid (designed with BioRender).

There are usually two main sensing strategies: competitive or non-competitive (sandwich) as-
says. In the competitive assay, the target in the sample and the labelled target (in conjugate pad or in
test line) compete for the test-line capture bioreceptor. Usually this class of assay, is used for small
target molecules (<1 kDa), which cannot bind to two antibodies simultaneously, therefore the analyte

blocks the binding sites on the antibody and then block the interactions with the conjugate, resulting in
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a positive test when there is no signal on the test line. The higher target concentration results in a low-
er intensity signal. The sandwich (non-competitive) assay detected mid- and big-size analytes (>1
kDa) (e.g., proteins and antibodies), and the presence of the test line indicates a positive result. The
target molecule is captured by the detection bioreceptor in the conjugate pad, and the test line captures
the target molecule with the bioreceptor, producing a signal that increases with the concentration of
the target in the sample’. The control line has a species-specific anti-immunoglobulin antibody that
binds to the antibody in the conjugate, producing a signal™.

Although AuNPs are the most used as labels, LFAs have significant limitations for applications
demanding highly sensitive detection. Several LFA systems with improved sensitivity were devel-
oped, such as with anisotropic NPs (e.g., AuNSs) and with SERS labels’™. For increased sensitivity,
fluorescence-based, enzyme-amplified signal and magnetic-nanoparticle-based LFA systems have
been proposed, but they involve a complicated preparation and/or experimental process or they present

increased optical interferences’””.

1.4 Surface Enhanced Raman Spectroscopy as an ultra-

sensitive detection technique for Lateral Flow Assay

SERS-based test strips with AuNSs have an increased sensitivity than the conventional colloidal
test strips. Nevertheless, anisotropic NPs have lower colloidal stability than the more commonly used
spherical NPs, which may cause problems in obtaining reproducible assays’.

Several SERS-based LFAs have been developed for single and multi-targets detection, where
this last has several line tests or multiple Raman-labelled SERS probes for different targets. These test
strips can be designed in competitive or sandwich assays, and uses isotropic (e.g., AuNPs, core-shell
NPs of gold core with silver shell, core-shell NPs of silver core with gold shell, etc.) or anisotropic
(e.g., AuNSs, nanoflowers, gold nanorods, etc.) NPs and a Raman reporter (e.g., 5,5'-dithiobis-(2-
nitrobenzoic acid) (DTNB), MBA, 4-aminothiolphenol)’?. As an example, Lin et al.”’, developed a
SERS-LFA with AuNSs as the tags, functionalised with 4-aminothiolphenol and an antibody. This
LFA has a competitive format between the target (bisphenol A) and 4,4-bis(4-hydroxyphenyl) valeric
acid-bovine serum albumin, where the Raman intensity was inversely proportional to the concentra-
tion of bisphenol A”’. The authors Zhang et al.”® developed another example of a competitive assay,
where is possible to detect six major mycotoxins simultaneously, aflatoxin B1, zearalenone, fumonisin
B1, deoxynivalenol, ochratoxin A, and T-2 toxin. In another example, core-shell NPs of gold core
with silver shell were prepared with two Raman reporters, DTNB and MBA, and one single LFA has

three tests lines, whereby each test line had two different capture antigens’®.
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1.4 SURFACE ENHANCED RAMAN SPECTROSCOPY AS AN ULTRASENSITIVE DETECTION
TECNIQUE FOR LATERAL FLOW ASSAY

Sanchez-Purra, et al.”® developed a SERS-based LFA to detect Zika and Dengue biomarkers.
This LFA can detect these biomarkers visually and through Raman spectroscopy, relating the image
analysis with the Raman signal. This assay was performed with AuNSs with two Raman reporters,
MBA and 1,2-bis(4-pyridyl)ethylene. These SERS tags were captured in the test and control line after
incubated with the sample, and the test line was analysed afterwards. The authors obtained a limit of

detection (LOD) of 0.72 ng'mL™" and 7.67 ng-mL"! for Zika and Dengue, respectively’®.

1.5 Objectives and experimental approach

Malaria continues to be a serious and sometimes fatal disease, especially in low-income regions.
WHO recommends the use of microscopy method or RDTs to confirm the diagnosis in case of sus-
pected malaria. There is a great diversity of RDTs approved for malaria detection, mainly for P. falci-
parum detection since it is the most pathogenic®. The protein P/HRPII, produced exclusively by P.
falciparum, is mostly used as biomarker for malaria detection since is highly expressed in the human
host. The RDTs are based on LFA, which have some limitations that can be overcome by improving
the sensitivity. SERS-based LFAs can be a solution for this problem by using a Raman reporter with a
known signal that enhanced the signal. Thus, in this work, a SERS-based LFA in sandwich format for
malaria detection was attempted (Figure 1.5). The expression and purification of recombinant
PHRPII, the development of SERS tags and their characterisation, and the optimisation of LFA were
vital steps to perform before the malaria detection by SERS-based LFA.

The protein PHRPII was used as an analyte since is highly expressed during a malaria infec-
tion, which also can be easily produced at a larger scale in E. coli using a vector that overexpresses the
protein containing an His-tag, allowing its purification using a Ni-NTA column (Figure 1.5b), as de-
scribed in section 1.1.1.1.1. The purity and homogeneity of the purified protein was evaluated by so-
dium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), western blotting, and protein
concentration was determined by the bicinchoninic acid (BCA) assay.

To perform a non-competitive assay, also known as sandwich assay’, the anti-PfHRPII anti-
body was immobilised in the test line and used in the SERS tags. For colorimetric and SERS detec-
tion, SERS tags were developed using AuNSs coated with MBA and conjugated with this specific
antibody. The functionalisation of AuNSs with a Raman reporter such as MBA is important as it al-
lows to amplify the unique Raman vibrational fingerprint from MBA due to the strong electromagnet-
ic fields at the particle surface that polarise the local volume around the NP. Additionally, MBA can
simultaneously act as a coating layer. The AuNSs were synthesised by seeding-mediated growth,
where AuNPs are the seeds used®’. The conjugate pad of the LFA had the SERS tags incorporated
(AuNSs-MBA -antibody), which capture the protein when is present in the sample, and it is captured
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by the test line producing a coloured line (Figure 1.5a). The control line has the anti-IgG immobilised
to capture the antibody present in the SERS tags when the LFA is valid.

Previously, a several LFA optimisations regarding the components and the concentrations of the
reagents were performed with an enzyme Perox, which the system Perox-anti-Perox can correlate to
recombinant PfHRPII-anti-PfHRPII.

In case of a positive sample in a LFA sandwich assay, two coloured lines appears in the test and
control lines”. Conversely, in case of a negative sample, only one coloured line appears, which corre-
sponds to the control line. After the optimisations, the LFA was ran for the detection of P/HRPIIL,

where SERS signals of the test lines of a positive and negative sample were compared (Figure 1.5¢).
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Figure 1.5: Representation of the three main experimental approaches for the development of a SERS-based sandwich LFA
for detection of P/HRPII. (a) Top to bottom: Through a seeding-mediated growth, AuNSs were synthesised by using AuNPs
as seeds. Synthesised AuNSs were functionalised with MBA and conjugated with a specific antibody. (b) Top to bottom: An
E. coli culture overexpressing recombinant PAHRPII containing an His-tag was used, allowing protein purification by a Ni-
NTA column. (c) By using all of components (top) and after the optimisations involved, the LFA was constructed to P/HRPIL
detection, and the Raman spectra of the test lines of a positive and negative sample were compared (designed with BioRen-
der).
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2. MATERIALS AND METHODS

2.1 Materials

The following reagents were used for the expression of recombinant PHRPII: yeast extract,
tryptone, ampicillin sodium salt and magnesium sulphate 7-hydrate (MgSQs), which were purchased
from Panreac AppliChem, Gatersleben, Germany. Protease inhibitors (mini EDTA-free) and DNase 1
were both purchased from Roche, Switzerland. It was also used sodium chloride (NaCl, Scharlau,
Spain), Luria-Bertani agar (Merck, Germany), and isopropyl P-d-1-thiogalactopyranoside (IPTG,
NZYTech, Portugal). The purification of this protein was performed using a nickel-nitrilotriacetic acid
column (Ni-NTA Agarose) from Qiagen, Hilden, Germany. The buffers potassium phosphate buffer
dibasic (= 98%) and monobasic (= 99%), were both purchased from Sigma-Aldrich, St. Louis, MO,
USA. Imidazole (99%) was from Alfa Aesar — Thermo Fisher Scientific, Waltham, USA, sodium hy-
droxide from AkzoNobel, Eka Chemicals, Portugal and ethanol absolute was purchased from Carlo
Erba Reagents, Val de Reuil, France.

The following reagents were used for SDS-PAGE and immunoblot: ammonium persulphate
(APS, = 98%), B-mercaptoethanol (= 99%), glycine (= 99%), brilliant blue R-250, skim milk powder,
phosphate-buffered saline (PBS), tween 20, 3,3',5,5'-tetramethylbenzidine (TMB, > 99%), anti-mouse
IgG (whole molecule) — peroxidase (produced in rabbit), dimethyl sulfoxide (DMSO), sodium phos-
phate dibasic dihydrate and citric acid monohydrate, were all purchased from Sigma-Aldrich, St. Lou-
is, MO, USA. It was also used sodium dodecyl sulphate (SDS), glycerol, bromophenol blue and hy-
drogen peroxide (H,O», 30%), all purchased from Panreac AppliChem, Gatersleben, Germany. The
reagents purchased from NZYTech, Portugal, molecular weight (MW) marker (NZYColour Protein
Marker I) and Ponceau S (0.5% (w/v) Ponceau S in 1% (v/v) acetic acid) were also used. Glacial ace-
tic acid, methanol, and tris (tris(hydroxymethyl)-aminomethane, > 99.5%) were purchased from Carlo
Erba Reagents, Val de Reuil, France, and acrylamide/bis-acrylamide from Bio-Rad, Portugal, tetra-
methylethylenediamine (TEMED, 99%, Amresco, VWR, Radnor, PA, USA). The mouse monoclonal
malaria anti-PfHRPII antibody was from Meridian Life Science, Luckenwalde, Germany. The anti-
Mouse - IgG - peroxidase antibody produced in rabbit was purchased from Sigma-Aldrich, St. Louis,
MO, USA. Isopropyl alcohol (= 99.8%) and hydrochloric acid were both purchased from Honeywell
Fluka — Thermo Fisher Scientific, Waltham, USA.

The protein bovine serum albumin (BSA, > 98%) was used in the BCA assay, with de BCA so-
lution and copper (II) sulphate solution, all purchased from Sigma-Aldrich, St. Louis, MO, USA.

The synthesis of AuNPs and AuNSs, and their functionalisation, were made using the following
reagents: nitric acid (65%, purchased from Panreac AppliChem, Gatersleben, Germany), ascorbic acid

(purchased from Carlo Erba Reagents, Val de Reuil, France), sodium citrate tribasic dihydrate (=
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99%), HAuCl, solution (30 wt. % Au (III) chloride in dilute HCI), silver nitrate (= 99.8%) and MBA
(99%), all purchased from Sigma-Aldrich, St. Louis, MO, USA.

The electrophoresis was prepared with UltraPure™ agarose purchased from Invitrogen, Thermo
Fisher Scientific, Waltham, USA.

The reagents used in the bioconjugate assay 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDC) and N-hydroxysulfosuccinimide (SNHS, = 98%), the buffer 2-ethanesulfonic acid (MES, 99%)
and the enzyme Perox, were all purchased from Sigma-Aldrich, St. Louis, MO, USA. The substrate
2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS, > 98%) was used in the enzymatic as-
say, and was purchased from Roche, Switzerland. The antibody anti-horseradish peroxidase (anti-
Perox) and the secondary antibody anti-IgG (ImmunoPure™ Mouse IgG, Whole Molecule) were pur-
chased from Antibodies-Online, Germany and Thermo Fisher Scientific, Waltham, USA, respectively.

It was also used sucrose for the pre-treatment of the conjugate pad in the LFA assay, purchased
from Sigma-Aldrich, St. Louis, MO, USA.

The equipment used during these experiments it is in a table in the annex I (Table L. 1).

2.2 Methods

2.2.1 Recombinant PfHRPII expression in E. coli

The expression of the recombinant P/HRPII was based on the method described by Ndonwi et
al.'®. E. coli BL 21/DE3 was the host cell, in which PAHRPII was constructed in pET-15b vector.

From a seed stock solution stored in a cryoprotective medium and maintained in a vial at -80°C,
was prepared 10 mL of Luria-Bertani medium (5 g'L! of yeast extract, Panreac AppliChem, Gaters-
leben, Germany, 10 g-L!' of tryptone, Panreac AppliChem, Gatersleben, Germany, and 10 g-L!' of
sodium chloride, NaCl, Scharlau, Spain) with 50 pg-mL" of ampicillin (ampicillin sodium salt, Pan-
reac AppliChem, Gatersleben, Germany). This culture was growth for 16 h at 37°C, 220 rpm in an
incubator (Gallenkamp Orbital Shaker Incubator, Cambridge, United Kingdom). Then, a serial dilu-
tion was performed by transferring 1 mL from this culture to a plate with 9 mL of Luria-Bertani medi-
um, yielding a 107! dilution. It was performed this serial dilution until a 10 dilution solution. A vol-
ume of 100 pL of each dilution solution was inoculated into different Luria-Bertani agar (10 gL’
peptone from casein, 5 g-L! yeast extract, 10 g'L"' sodium chloride, 12 g-L"! agar-agar, Merck, Ger-
many) plates and was incubated at 37°C for 16 h.

An isolated colony was collected from the 10 plate and placed in 20 mL of Luria-Bertani me-
dium with 50 pg-mL" of ampicillin, then was incubated at 37°C, 220 rpm for 16 h. Afterwards, these

20 mL from the overnight culture was transferred to 2 L of Luria-Bertani medium, divided in four
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Erlenmeyer. These flasks were incubated at 37°C, 220 rpm until the measure of the absorbance at 600
nm, was less than 0.6. After lowering the temperature (= 20°C) 0.5 mM of IPTG (NZYTech, Portugal)
was added. Then, these flasks were incubated for 20 h at 180 rpm.

The culture inside in these four Erlenmeyer flasks, were centrifuged for 15 min, 3,951 g at 4°C,
in 0.5 L centrifuge tubes (Beckman Coulter, California, USA) in the Centrifuge Beckman Coulter
Avanti J26-XPI (California, USA) with a JA-10 rotor. The pellets were resuspended in a wash buffer
(50 mM monobasic potassium phosphate buffer (= 99%) and dibasic potassium phosphate buffer (=
98%) at pH 7.5, Sigma-Aldrich, St. Louis, MO, USA, 30 mM NaCl, 30 mM imidazole, 99%, Alfa
Aesar — Thermo Fisher Scientific, Waltham, USA) and stored at -20°C until further use.

After thawing the suspension, 1 tablet per 10 mL of protease inhibitors (Mini EDTA-free,
Roche, Switzerland), 50 uL of DNase I 5 mg-mL"! (Roche, Switzerland) and magnesium sulfate 7-
hydrate (Panreac AppliChem, Gatersleben, Germany) with a final concentration of 50 mM were added
to the solution. Then, this solution was subjected to French Press at 20,000 psi (French pressure cell
press, Thermo Electron Corporation — Thermo Fisher Scientific, Waltham, USA) for three times. Af-
terwards, the solution was centrifuged at 45,000 rpm for 1 h at 4°C, in an ultracentrifuge (Beckman
Optima LE-80K, California, USA). The supernatant was collected, and the pellet was discarded.

2.2.2 Recombinant PfHRPII purification with a Ni-NTA column

For the purification process, 7 mL of Ni-NTA Agarose (Qiagen, Hilden, Germany) was pre-
charged with nickel metal ions (see section A.l1 in appendix A). The first step for purification of a
protein is to equilibrate the column by adding two volumes of column wash buffer (50 mM potassium
phosphate buffer at pH 7.5, 500 mM NaCl, 30 mM imidazole) and mixing the column as it seen in the
Figure 2.1. This step was repeated four times. A solution of 500 mM NaCl was used to remove non-
specific interaction of contaminant proteins with the resin, and 30 mM of imidazole was used to re-
move proteins that bind less strongly to the resin®.

Afterwards, the supernatant from the expression of the recombinant protein (see section 2.2.1 in
Material and Methods) was introduced into the chromatography column, and the column was incubat-
ed for 30 min after mixing. The column was then washed with the wash buffer with two volumes until
the observed absorbance was below than 0.1 at 280 nm. This guaranteed that most of all proteins with
nonspecific interactions had been washed from the resin.

Subsequently, the protein was eluted by adding one volume of column elution buffer (50 mM
potassium phosphate buffer at pH 7.5, 30 mM NaCl, 500 mM imidazole) and incubated for 10 min,
whereby imidazole competes with tagged proteins for binding sites on the Ni-NTA resin. This step

was repeated until the observed absorbance was below than 0.1 at 280 nm.
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All the flow through from the column was collected for further analysis. The elution was con-
centrated using protein concentrators (Amicon Ultra-4 Centrifugal Filter Units, 30k, 4 mL, Merck
Milipore, Cork, Ireland) and resuspended in potassium phosphate buffer pH 7.5, at 1 mM.

The concentrated protein was aliquoted in cryovials and stored in liquid nitrogen until further
use. Later, SDS-PAGE, western blot and the BCA assay were performed to assess the quality of the
purification product, identify the protein, and determine their total concentration.

When the purification process was completed, the column was washed with 500 mL of sodium
hydroxide (AkzoNobel, Eka Chemicals, Portugal) at 0.5 M and stored in 30% ethanol (ethanol abso-
lute, Carlo Erba Reagents, Val de Reuil, France) at 4°C, to remove residuals on the resin and inhibit

microbial growth.

@ Equilibrate resin @ Load sample @ Wash column @ Elute purified protein
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Figure 2.1: Scheme of the typical procedure used for the purification process. 1, in the first step the Ni-NTA column was
equilibrated by adding wash buffer. 2, the supernatant from the expression of the recombinant protein was added to the col-
umn and was incubated for 30 min after mixing. 3, the column was washed with wash buffer until the absorbance was below
0.1 at 280 nm. 4, elution buffer was added to the column and incubated for 10 min, repeatedly until the absorbance was be-
low 0.1 at 280 nm (designed with BioRender).
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2.2.3 Sodium dodecyl sulphate-polyacrylamide gel electrophore-
sis

Before performing this technique, all the material was cleaned with ultrapure water (H,O, 18
MQ-cm at 25°C) and the glass plates were cleaned with ethanol 70% (w/v), so all could be clean and
free of dust.

The two glass plates (1 spacer and 1 short glass plate) were put in position and water was used
for leak check. Then, the water was removed, and the resolving gel solution was added in the space
between the plates. The resolving gel at 12% of acrylamide is prepared by combining a buffer solution
(1.5 M Tris-HCI at pH 8.8, Tris(hydroxymethyl)-aminomethane, > 99.5%, Carlo Erba Reagents, Val
de Reuil, France, hydrochloric acid, Honeywell Fluka — Thermo Fisher Scientific, Waltham, USA), a
solution of acrylamide/bis-acrylamide (37.5:1) (Bio-Rad, Portugal), SDS (10% w/v, Panreac Appli-
Chem, Gatersleben, Germany), ultrapure water, APS (10% w/v, = 98%, Sigma-Aldrich, St. Louis,
MO, USA) and TEMED (99%, Amresco, VWR, Radnor, PA, USA). APS and TEMED were added
right before adding this solution in the glass plates. Immediately, the solution was overlaid with iso-
propyl alcohol (= 99.8%, Honeywell Fluka — Thermo Fisher Scientific, Waltham, USA). After 15-30
min the polymerisation reaction was finished.

Next, the isopropyl alcohol was removed, and the stacking gel solution was added. The stacking
gel solution with 4% of acrylamide was prepare combining a buffer solution (0.5 M Tris-HCI, pH 6.8),
a solution of acrylamide/bis-acrylamide (37.5:1), SDS (10% w/v), ultrapure water, APS (10% w/v)
and TEMED. APS and TEMED were added right before adding this solution in the glass plates. Af-
terwards, the comb was placed between spacers. The polymerisation reaction was finished after 15-30
min.

All the samples were prepared by a mixture of 5 uL. of sample and 5 pL of sample buffer. The
sample buffer is prepared by combining a stacking gel solution, SDS (10% w/v), B-mercaptoethanol
(= 99%, Sigma-Aldrich, St. Louis, MO, USA), glycerol (Panreac AppliChem, Gatersleben, Germany),
bromophenol blue (0.5% w/v, Panreac AppliChem, Gatersleben, Germany) and ultrapure water. After
this preparation, the samples were incubated at 95°C for 5 min.

All the components for the electrophoresis were placed into the electrode assembly and the in-
ner chamber was filled with a running buffer solution (Tris-glycine at pH 8.3 - glycine, = 99%, Sig-
ma-Aldrich, St. Louis, MO, USA). Then, 10 puL of each sample were loaded into the gel and 2 uLL of a
molecular weight (MW) marker (NZY Colour Protein Marker I, NZYtech, Portugal). The electropho-
resis was performed at constant voltage (90 V) for 120 min. After this process, the gel was washed
with ultrapure and placed into the staining solution Coomassie Brilliant Blue R-250 (0.1% Brilliant
Blue R-250, Sigma-Aldrich, St. Louis, MO, USA, 5% glacial acetic acid, Carlo Erba Reagents, Val de
Reuil, France, and 30% methanol, Carlo Erba Reagents, Val de Reuil, France) for at least 1 h in the
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rocking shaker (mini-rocking shaker, Biosan, Latvia). Afterwards, the staining solution was removed
and added the destaining solution (5% glacial acetic acid and 30% methanol). The destaining solution
was changed periodically until the gel background was clear at continuous shake. The results were

analysed using a gel MW analyser from the OriginPro2021 software.

2.2.4 Immunoidentification by western blot

The protein blotting to a polyvinylidene difluoride membrane (PVDF, Sigma-Aldrich, St. Louis,
MO, USA) was done after a complete SDS-PAGE run, as we can see in the Figure 2.2. The gel was
soaked for 15 min in a transfer buffer (Tris 25 mM, glycine 192 mM, methanol 20% v/v) to equili-
brate, so that it removed contaminating electrophoresis buffer salts. The two fibre pads and two blot-
ting papers were also soaked in the transfer buffer for 15 min. The PVDF membrane was wet in 100%
methanol for 1 minute prior to equilibration in the transfer buffer. To prepare the gel and membrane
sandwich, the gel holder cassette was placed with the cathode (black) side at the table and the fibre
pad was placed at the top, followed by the blotting paper. Then, the gel was placed on top of it and the
PVDF membrane was placed squarely at once into the gel, avoiding moving so it could not form air
bubbles. A blotting paper and a wet fibre pad were placed on top of the PVDF membrane. Then, the
gel holder was closed, locked, and inserted into the inner module with the black side of the cassette
facing the black side of the blotting module. The inner module was placed into the electrophoresis
chamber with a magnetic stir with an ice pack and filled with a transfer buffer. The gel and membrane
sandwich were run at 100 V for 60 min in ice with continuous stirring. After the run, the membrane
was removed from the gel holder cassette and washed with ultrapure water.

The PVDF membrane was then stained for 1 minute with Ponceau S (0.5% w/v Ponceau S in
1% v/v acetic acid, NZY Tech, Portugal) to make the protein bands visible. Afterwards, the membrane
was destained in ultrapure water until the background was clear. Then, the membrane was incubated
for 60 min in skim milk powder (5% w/v, Sigma-Aldrich, St. Louis, MO, USA) in phosphate-buffered
saline 1x (PBS, Sigma-Aldrich, St. Louis, MO, USA) and tween 20 0.1% (w/v) (Sigma-Aldrich, St.
Louis, MO, USA) to block the membrane. The membrane was then washed three times with PBS-T
(phosphate-buffered saline 1x and tween 20 0.1% w/v) for 5 min followed by washing with PBS at pH
7.4, 5 mM to remove the tween 20 from the membrane surface prior to blot development and imaging.
The PVDF membrane was incubated overnight in primary antibody solution (from 1:2,000 to
1:100,000 with PBS-T with 1% skim milk powder) with gentle agitation at 4°C. Subsequently, the
membrane was again washed three times with PBS-T followed by one wash with PBS, 5 min per
wash. The secondary antibody solution (anti-mouse IgG (whole molecule) — peroxidase (produced in

rabbit), Sigma-Aldrich, St. Louis, MO, USA, 1:80,000 with PBS-T with 1% skim milk powder) was
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added to the membrane for at least 3 h with gentle agitation. Afterwards, the membrane was washed
three times with PBS-T for 5 min per wash and followed by PBS at pH 7.4, 5 mM wash.

If the purified protein present in the PVDF membrane is the intended, the antibody binds to the
protein in the membrane, and the secondary antibody with a peroxidase coupled will bind to the pri-
mary antibody. This can be revealed with a colorimetric substrate such as TMB (= 99%, Sigma-
Aldrich, St. Louis, MO, USA). Based in the Sigma-Aldrich Protocol”, the TMB solution was prepared
with DMSO (Sigma-Aldrich, St. Louis, MO, USA) at 1 mg-ml"'. This solution was diluted with 9 mL
of phosphate citrate buffer (sodium phosphate dibasic dihydrate at 0.102 M, Sigma-Aldrich, St. Louis,
MO, USA, and citric acid monohydrate at 0.05 M, Sigma-Aldrich, St. Louis, MO, USA) at 0.15 M,
pH 5. Then, was added 2 pL of fresh hydrogen peroxide (30%, Panreac AppliChem, Gatersleben,
Germany) immediately prior to use. The combination of Perox and H,O, causes the oxidation of TMB,

resulting the formation of a blue colour.

: . . Protein suspension SDS-PAGE
@ Protein purification with sample buffer @

@ Secondary antibody
probing

Perox

Rabbit Anti-Mouse - 1gG -

: —y anti-PHRPII Peroxidase
ma \\ anti-PHRPI| \N

| — PHRPII —
N

u PAHRPI|

PVDF membrane

Figure 2.2: Procedure used for western blot analysis. The step 1 represents the purification described before. 2, a sample of
the protein purified was suspended with sample before and placed in wells of a gel for performing an SGS-PAGE (3). 4,
afterwards, the gel and PVDF membrane was run to perform an electrotransferase. 5, the antibody (anti-PfHRPII) was incu-
bated in the PVDF membrane to be captured by the antigen (PfHRPII) present in this membrane. 6, a secondary antibody
with a Perox accoupled was then incubated with the same membrane to be captured by the antibody (anti-PfHRPII) (designed
with BioRender).
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2.2.5 Bicinchoninic acid assay for total protein determination

The BCA assay was based on the method described by Smith et al.*°, and is a biochemical assay
for the colorimetric detection and quantification. This method is a combination of the reduction of
Cu?" to Cu" by a protein in an alkaline environment (biuret reaction) and a colorimetric detection of
the cuprous cation (Cu®) using a reagent containing BCA. The total protein concentration is revealed
by a colour change of the solution from green to an intense purple in proportion to protein concentra-
tion, which can provide a standard curve with reading the absorbance at 562 nm and quantification of
an unknown protein®!.

For the standard curve was used a protein standard BSA (= 98%, Sigma-Aldrich, St. Louis,
MO, USA) with a series of dilutions of known concentrations (0 to 17.5 pg-mL™"! range in 2.5 pg-mL"!
intervals). The working reagent was prepared by mixing 50 parts of BCA solution (Sigma-Aldrich, St.
Louis, MO, USA) with 1 part of copper (II) sulphate solution (Sigma-Aldrich, St. Louis, MO, USA).
The unknown concentration samples were prepared with different dilutions (1:10 and 1:20).

A volume of 50 uL of each solution (standard and unknown) were added in each tube with 950
uL of working reagent and vortex. These solutions were then incubated accordingly with enhanced
protocol at 60°C for 30 min (working range of 5 to 250 ug-mL") or with the standard protocol at 37°C
for 30 min (working range of 20 to 2,000 pg-mL")*!. The samples were cool down to room tempera-
ture for 10 min. Afterwards, absorbance at 562 nm was measured of all the solutions. Through the
plotting BSA standard vs its concentration in pg-mL! it was determined the protein concentration of

each unknown sample.

2.2.6 Spherical gold nanoparticle synthesis

Throughout the experiments, all glassware and magnetic stirrer used were previously washed
with aqua regia, a 1:3 mixture of concentrated nitric acid (65%, Panreac AppliChem, Gatersleben,
Germany) and hydrochloric acid (Honeywell Fluka — Thermo Fisher Scientific, Waltham, USA). This
mixture allows dissolution of noble metals and other inert metals contained, that avoid the occurrence
of aggregation or contamination®. Then, these materials were vigorously washed with ultrapure water.
The pH was monitored and a pH 7 was established.

The method used is an alternative to the conventional synthesis process by Turkevich®}, pro-
posed by Ojea-Jiménez et al.®' that allows an improved size distribution and an uniform spherical
shape of AuNPs. A volume of 98 mL of ultrapure water was added to an Erlenmeyer flask and put
under heating and stirring (= 700 rpm) using a magnetic stirrer under reflux to maintain total reaction
volume and concentration. The volume of 2 mL of trisodium citrate (= 99%, 343 mM, Sigma-Aldrich,

St. Louis, MO, USA) was added to the flask and kept away from sunlight with aluminium foil. After
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bringing this solution to boiling, 69.2 uL of a 1.445 M HAuCl4 solution (30 wt. % Au (III) chloride in
dilute HCI, Sigma-Aldrich, St. Louis, MO, USA) were added to start the gold reduction reaction. After
5 min, the heating, reflux and stirring were stopped so that the reaction could stop, and then was
cooled to room temperature. Afterwards, the AuNPs solution was filtered by a 0.20 um syringe filter

(GVS North America, Sandford, USA) and store at 4°C kept away from sunlight.

2.2.6.1 AuNPs UV-Vis spectroscopy characterisation

The characterisation of AuNPs was through ultraviolet-visible spectra (UV-Vis spectrophotom-
eter Cary 50 Bio, Varian®, San Francisco, CA, USA), which were performed using quartz cells with 1
cm length (Hellma®, Miillheim, Germany), in a range 200 to 800 nm in a UV-Vis spectrophotometer.
According to the correlation between the AuNPs diameter and the extinction coefficient (€450 11m)
established by Haiss e/ al.?, the diameter and concentration of the NPs were determined. This charac-
terisation allows us to analyse the LSPR band of AuNPs, the colloidal stability, degree of monodisper-
sivity and average size and concentration of AuNPs®*,

For NPs with 5 to 100 nm diameter, it is possible to determine their diameter with the ratio be-
tween the absorbance of the maximum LSPR (A;spr) and the absorbance at 450 nm (A4,45,) (Equation

2.1):

ALSPR_ x)

diameter(y) = 0.112e2'998X( Aas0 Equation 2.1

With the average diameter of the AuNPs, extinction molar coefficient is determined according
to the function between the logarithms of diameter values and the logarithms of extinction molar coef-
ficient (Equation 2.2):

In 450 nm (¥) = 3.0869 X Indiameter(x) + 10.869 Equation 2.2

Through the Lambert-Beer law®, the final concentration of the NPs solution (C) can be calcu-

lated (Equation 2.3):

__ Ays0 nmX1xDilution Factor

C

Equation 2.3

€450 nm

After the characterisation of the colloidal solution, the AuNPs solution was transferred to a flask

covered with aluminium foil and stored in the dark at 4°C until further use.
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2.2.7 Star-shaped gold nanoparticles synthesis

A seed-mediated growth method adapted from Yuan et al.®® was used to synthesised AuNSs,
where the suspension of AuNPs was used as seeds. At this seed suspension of AuNPs in the volume of
7.5 mL at 2 nM and 15.5 uL of HAuCly at 1.455 mM were added. Quickly, 450 uL of a 4 mM silver
nitrate (= 99.8%, Sigma-Aldrich, St. Louis, MO, USA) and 450 pL of a 100 mM ascorbic acid (Carlo
Erba Reagents, Val de Reuil, France) were simultaneously added. The solution was stirred for 30 sec-
onds, and the colour rapidly turned from light red to greenish-black. Then, the solution was centri-
fuged at 2,500 g for 25 min at 10°C (Centurion Scientific K3 Series centrifuge, North America by
Core Life Sciences, USA). Immediately, the LSRP peak was observed by UV-Vis spectroscopy

and the concentration of AuNSs was determined through the molar extinction coefficient®.

2.2.8 Gold nanoparticles functionalisation

The NPs need to be functionalised with a capping agent, which functions as a capping agent and
an intermediate for protein bioconjugation. In this case, MBA (99%, Sigma-Aldrich, St. Louis, MO,
USA) was used since adsorbs strongly on Au substrates®.

A suitable volume of the ethanolic solution of the capping agent at 10 mM was added to the
AuNPs suspension to yield a molar ratio of 2,500 under vigorous stirring at 700 g for 15 min. After an
overnight reaction to ensure a complete self-assembly monolayer formation, the excess of MBA was
removed through centrifugation for 10 min at 11,200 g. To confirm a successful functionalisation and
identify possible aggregation effects, a red shift of the LSPR peak was observed by UV-Vis spectros-
copy. The functionalisation of AuNSs was performed similarly to the functionalisation of AuNPs ex-

cept that the molar ratio used was 50,000. Both suspensions were stored at 4°C until further use.

2.2.9 Colloidal stability of synthesized nanoparticles

Several AuNPs and AuNSs suspensions were prepared with different concentrations of NaCl,
namely, 10 to 100 mM range in 10 mM intervals and 100 to 500 mM range in 100 mM intervals for
both NPs types. For AuNSs, a smaller interval was included from 2 to 10 mM range in 0.2 mM inter-
vals. These concentration ranges allowed to study the influence of ionic strength on the stability of
NPs. The concentration of the AuNPs and AuNSs were kept constant at 2 nM and 0.2 nM, respective-
ly. The UV-Vis spectrum of each sample was observed in a scan window of 300 to 800 nm, and this

experiment was performed in three independent batches.
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2.2.10 Star-shaped gold nanoparticles conjugation

2.2.10.1 Conjugation through physisorption
The AuNSs were bioconjugated with BSA or anti-Perox, and incubated overnight at 4°C on ali-
quots of functionalised AuNSs at 0.2 nM. Afterwards, the samples were centrifuged at 1,000 g for 10
min, and the supernatant was removed, and the pellets were resuspended in potassium phosphate buff-
er at 1 mM. After this preparation, the electrophoretic mobility of the samples was verified and per-

formed in an electrophoretic assay (see section 2.2.13 in Material and Methods).

2.2.10.1.1 With BSA and effect by varying the pH value
This study can show the influence of the pH and the maximum concentration of BSA on this
conjugation. Several AuNSs-BSA bioconjugates were prepared with different pH values (5.5, 6.5 and
7.5) with potassium phosphate buffer at 1| mM and different final concentrations of BSA (from 0 to

1,500 molar ratio) and incubated overnight.

2.2.10.1.2 With anti-Perox
The AuNSs were bioconjugated with anti-Perox (Antibodies-Online, Germany) on aliquots of
functionalised AuNSs at 0.2 nM. This antibody was used since it represents a generic IgG antibody.
This study allows to determine the concentration present in the sample necessary to form a full corona
at AuNSs-MBA surface. Several AuNSs-anti-Perox solutions were prepared with different final con-

centrations of anti-Perox (from 0 to 1,150 molar ratio).

2.2.10.2 Covalent conjugation

To simulate the sandwich immunoassay, the following samples were tested: anti-Perox, Perox
(Sigma-Aldrich, St. Louis, MO, USA) and BSA, all conjugated with AuNSs functionalised with MBA
and to what was added EDC (Sigma-Aldrich, St. Louis, MO, USA) and SNHS (= 98%, Sigma-
Aldrich, St. Louis, MO, USA) at 1 mM with a molar ratio [EDC]:[SNHS] of 1:2, diluted in ultrapure
water and MES (99%, Sigma-Aldrich, St. Louis, MO, USA), respectively. All the proteins were added
with a molar ratio of 1:422 and incubated in an orbital shaker (Biosan TS-100, Latvia) for 90 min at
250 rpm and 25°C. Then, the samples were centrifuged for 10 min at 4°C and 2,500 g in all the conju-
gation steps to remove the excess of protein and the bioconjugates were resuspended in 5 mM potassi-

um phosphate at pH 7.5.
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2.2.11 Enzymatic activity assay of peroxidase

This enzymatic assay is used to determine if the anti-Perox antibodies binds to Perox antigens.
Perox enzyme catalyse the oxidoreduction reaction between ABTS (Roche, Switzerland) and hydro-
gen peroxide (H20-, 30%). The principle of this reaction is represented in the next equation (Equation
2.4):

Peroxidase

H,0, + ABTS —— 2H,0 + oxidised ABTS Equation 2.4

This protocol is based on the Sigma-Aldrich Protocol®’. The conditions of this reaction were at
25°C and pH 5. The oxidation of ABTS was measured with the absorbance at 405 nm with a light path
length of 1 cm.

For bioconjugates assay (see section 2.2.10.2 in Materials and Methods), it was prepared fresh 1
mL of 9.1 mM ABTS in 10 mM potassium phosphate buffer (monobasic, = 99%, Sigma-Aldrich, St.
Louis, MO, USA), pH 5 at 25°C. A volume of 17 uL of sample and 34 pL of H>O, (0.3% v/v) were
added. Quickly, the absorbance was measured at 405 nm in every 10 s during 10 min.

The Perox activity was calculated with the next equation (Equation 2.5):

. (AA4o5 nm/min (test)—AAygs nm/min (blank))-V finqr DF .
Units/mgsoiia = = — [ina Equation 2.5
&VBlank/Enzyme

AA4os nm/min were calculated from the slope of the curve obtained using the maximum linear
rate for both test and blank. The final volume (Vfinq;) is in mL of the reaction and DF is the dilution
factor of the enzyme. The millimolar extinction coefficient (€) of oxidized ABTS at A,gspm 1S

36.8 mM~" - cm™! ¥". The volume of blank/enzyme (Vgqnk/Enzyme) Was 17 pL, as mentioned before.

2.2.12 Dynamic light scattering

The dynamic light scattering (DLS) is a technique that can determine the polydispersity and hy-
drodynamic diameter in colloidal suspension®. DLS measurements were performed in a SZ-100 Na-
nopartica series (Horiba, Japan) with a 4 mW He—Ne laser (532 nm) fixed at 90° scattering angle. Each
sample had 60 pL from the bioconjugates that were transferred to a quartz cell with 3 mm pathlength
(Hellma®, Miillheim, Germany) with a scattering angle of 90°. Each sample was measured three times

at 25°C.

31



2. MATERIALS AND METHODS

2.2.13 Agarose Gel Electrophoresis

In all experiments, UltraPure™ Agarose (Invitrogen, Thermo Fisher Scientific, Waltham, USA)
was used at 0.3% (w/v) in 1:8X Tris-acetate-EDTA (TAE) buffer (pH 8). This suspension was heated
to = 85°C in constant stirring until the liquid became translucid. The liquid agarose was put in a gel
tray (mini-sub cell GT or wide mini-sub cell GT, Bio-Rad, Portugal), with a tooth comb. Then, the gel
was cool down until it solidifies, for 30 min at 4°C. Afterwards, the solid agarose gel was placed in the
chamber and immersed in the 1:8X TAE buffer.

The samples were incubated overnight at 4°C and centrifuged at =~ 9,500 g at 10°C for 10 min.
The supernatant was discarded and 10 pL of each sample was poured in the gel. The agarose gel elec-
trophoresis (AGE) with a mini-sub cell GT was performed with a voltage of 150 V for at least 20 min.
The AGE with a wide mini-sub cell GT had an execution with a voltage of 150 V for at least 40 min.
The analysis was made using eReuss, a gel analysis application currently under development (freely

available at https://github.com/Ikrippahl/eReuss).

2.2.14 Lateral flow assay

A started kit from Advanced Microdevices, Ambala Cantt, India, was used for this assay. The
kit offers two types of cellulose fibre absorbent pads with different thickness (AP-045 with 0.4 mm
and AP-080 with 0.9 mm), three types of NMs with different protein binding capacities, two glass
fibre sample pads (GFB-R4 without any specific pre-treatment and GFB-R7L pre-treated with buffers
and detergents to prevent non-specific binding of sample components to the pad), and two conjugate
pads (PT-RS, a polyester matrix without any specific pre-treatment, and PT-R7, pre-treated with buff-
ers for uniform movement of gold nanoparticle conjugates). The type CNPF of NM is a low protein
binding membrane with pore sizes of 8 (CNPF8) and 10 pm (CNPF10), the type CNPC is a high pro-
tein binding membrane with pore sizes of 12 (CNPC12) and 15 pm (CNPC15), and the type CNPH is
the highest protein binding membrane with wicking times of 70 (CNPH70), 90 (CNPH90), 150
(CNPH150), and 200 s (CNPH200) (Figure 2.3). All the components were cut manually, namely ab-
sorbent pads into 3 x 0.5 cm, NM into 6 x 0.5 cm, sample pads into 3 x 0.5 cm and conjugate pad into
1 x 0.5 cm. The sample pad GFB-R7L and the conjugate pad PT-R7 was pre-selected because of the
pre-treatment given previously by the supplier. The absorbent pad and the NM were tested and select-
ed by visual inspection and with the use of analysis image software (ImagelJ). An additional blocking
step and the concentration of the AuNSs-MBA-EDC/SNHS-anti-Perox-BSA (hereafter referred as
"SERS tags") (0.2 nM or 1 nM) were also tested. Several dilutions in the test (anti-Perox, 1:10 to
1:10,000) and control line (anti-IgG, 1:10 to 1:100) was also tested and selected.
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Figure 2.3: The started kit from Advanced Microdevices had three types of NM: low, high, and highest protein binding
membrane. (a) The low protein binding membrane, CNPF, has two types of pore sizes (8 and 10 um), (b) the high protein
binding membrane, CNPC, with two types of pore sizes (12 and 15 um), and the highest protein binding, CNPH, with four
different wicking times (70, 90, 150, and 200 s).

2.2.14.1 Nitrocellulose membrane selection and blocking process

The control and test line were spotted manually by depositing 1 uL of 5 mg-mL™"! of anti-IgG
(ImmunoPure™ Mouse IgG, Whole Molecule, Thermo Fisher Scientific, Waltham, USA) and 1 pL of
90 mg'mL"! of anti-Perox (the same antibody present in the SERS tags) in the NM, respectively, both
diluted 1:10 in Tris buffer (10 mM Tris-HCI, pH 7). The NM was then dried for at least 15 min at
room temperature. A blocking process of the NM was performed by incubation with skim milk pow-
der (2% w/v) with PBS-T (PBS 1:10, tween 20 at 0.05% w/v) for 30 min with gentle agitation, fol-
lowed by three washes with PBS-T (PBS 1:10, tween 20 at 0.05% w/v) and one wash with PBS (1:10),
5 min per wash. Afterwards, the NM was incubated for at least 1 h with 400 pL of positive sample, in
this case Perox at 10 mg-mL"! diluted 1:100 in potassium phosphate buffer at 5 mM, pH 7.5. Then, the
NM was incubated for 30 min with 400 uL of SERS tags at 1 nM. The AuNSs were synthesised as
described before (see section 2.2.7 in Materials and Methods) and then the covalent conjugation (see
section 2.2.10.2 in Materials and Methods) with the antibody, in this case anti-Perox, and with BSA
was made prior of these simulations. In this experiment was used only the NM without any other vari-
ables. A simulation with the eight types of NM was performed similarly as described before.

With the NM selected, absorbent pad, conjugate pad, and sample pad were assembled as seen in
the Figure 2.4. 15 puL of the SERS tags were deposited in the conjugate pad and dried for 2 h at room
temperature or 60 min at 37°C inside a desiccator (Vacuo-Temp, JP Selecta, Barcelona, Spain). An
additional step of conjugate pad pre-treatment was tested, with PBS (1:10) containing 5% sucrose

(Sigma-Aldrich, St. Louis, MO, USA), 1% BSA and 0.5% tween 20 and dried as described before.
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Then, the sample pad was immersed into 200 pL of a positive sample, Perox, at 10 mg:mL™"! diluted
1:100 in potassium phosphate buffer at 5 mM, pH 7.5.

All the tests of LFA were selected by visually inspection and with the use of an image analysis

software (ImagelJ, National Institutes of Health, https://imagej.nih.gov/ij/), the images were taken after

30 min the addition of the sample.

2.2.14.2 Concentration of SERS tags selection

After selecting the NM and with or without a blocking process, a simulation was performed
with the SERS tags at 0.2 and 1 nM. In both simulations, the covalent conjugation was made at 0.2
nM, and to use at 1 nM the SERS tags were concentrated five times. The control and test line were
spotted manually with 1 pL in opposite sides in the NM, and after the LFA assembled with the NM
selected with or without blocking process, 15 pL of the SERS tags at 0.2 and 1 nM were deposited in
the conjugate pad and dried, as described before. Afterwards, the sample pad was immersed into 200
uL of a positive sample, Perox, at 10 mg-mL"! diluted 1:100 in potassium phosphate buffer at 5 mM,
pH 7.5. This incubation was taken place for 30 min and then the selection was performed as described

before.

2.2.14.3 Absorbent pad selection

As described before in section 2.2.14.1 of Materials and Methods, this assay had a control and
test line, Perox at 1:10, and 200 uL of the sample was incubated at 1:100 for 30 min. The absorbent
pad selection (AP-045 and AP-080) was executed similarly to describe before in section 2.2.14.2 of
Materials and Methods.

2.2.14.4 Control and test line dilution selection and sample dilution selection
Different dilutions in Tris buffer for the control line (anti-IgG at 5 mg'-mL™"), 1:10 to 1:100, and
for the test line (anti-Perox at 90 mg-mL™), 1:10 to 1:10,000, were tested. As described before, the
sample pad was immersed into 200 pL of the sample, Perox at 1:100 for 30 min at room temperature.
After analysis of the images, the lowest dilutions that were visually at naked eye were used from now
on. Then was tested several dilutions of the sample from 1:100 to 1:1,000,000 in 1:10 intervals. These

analyses were made at naked eye and with the use of an image analysis software (Imagel).
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Figure 2.4: Representation of an LFA assembled, where the conjugate pad is in contact with the NM and the sample pad is in
contact with the conjugate pad. The absorbent pad is in the other side in contact with the NM. The test line is placed next to
the conjugate pad and the control line is placed on the other side (created in Blender).

2.2.15 Raman and SERS measurements

Raman measurements were performed using a Renishaw inVia Qontor micro-Raman spectrom-
eter equipped with an air-cooled CCD as detector and a He—Ne laser operating at 32 mW of 632.81
nm laser excitation. In all different days, it was equilibrated using a Si wafer at 520.7 cm™'. The sam-
ples were focused with a 50x Leica objective lens (N Plan EPI) of numerical aperture 0.12. A mapping
was performed with 441 spectra with 0.1 s each, with limits of -10 um per 10 um and step of 1 um.
All the spectra were taken in triplicates at room temperature. All data were collected with Wire 5.0
software and later processing, such as noise reduction, subtract baseline and elimination of possible

COSIMIC rays.

2.2.16 Statistical analysis

When it was possible, the experiments were run at triplicates. The results are present as mean +
standard deviation, except for the results from LFA experiments which are median + standard devia-
tion. For AGE and LFA results, was performed normality tests by Kolmogorov-Smirnov® test and
Shapiro-Wilk™ test and Grubbs®! test for identification of outliers. For AGE, all the conjugations were
compared by two-sample Student t-test, which gives the value of p-value, accordingly with Welch
correction®. Afterwards, one-way analysis of variance (ANOVA)® and Turkey's multiple compari-
son’ test were performed. For the LFA results, was applied two-sample Student t-test for comparison

of the pixel at background and test line or control line.
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3.1 Recombinant PfHRPII expression, purification, and

characterisation

PHRPII was chosen as analyte for malaria detection in the SERS-based LFA system. P/HRPII
is a sensitive biomarker and its concentration can be correlated to disease severity, and prognosis.
Thus, this protein was produced and characterised in the laboratory with the objective of using for
subsequent assays. The recombinant protein was produced in E. coli BL 21/DE3 as the host cell, con-
taining the pET-15b vector, in which the PHRPII sequence had been cloned, with a His-tag added to
its N-terminus'®. The recombinant PAHRPII was then purified from the bacterial extract, using a chro-
matography column loaded with Ni-NTA agarose. This resin is very stable and has a very high affinity

t>>. Because of

with His-tags located at either the amino or carboxyl terminal of the protein of interes
this affinity, contaminants can be easily washed away under harsh conditions, not affecting the bind-
ing of PHRPII, which can be successfully purified even if the protein is expressed at low levels®. The
bounded protein in the Ni-NTA resin was eluted by competition with imidazole?.

To verify if the protein expressed was in fact P/HRPII, and if the concentration obtained was
enough for the subsequent assays, BCA assay, SDS-PAGE and western blot were performed. Previ-
ously to perform western blot with the sample derived from expression and purification of recombi-

nant PHRPII, a model protein, horseradish peroxidase (Perox) was used to optimise the conditions

required for this protocol.

3.1.1 Western blot optimisation with Horseradish peroxidase

Horseradish peroxidase (Perox) is an enzyme widely used in biochemistry since it catalyses the
conversion of several substrates into coloured products and thus, was chosen to optimise the condi-
tions of the western blot”>. An SDS-PAGE was completed to confirm the purity and molecular weight
(MW) of purchased enzyme.

The SDS-PAGE stained with Coomassie Brilliante Blue R-250 analysis gives the MW of the
Perox through a calibration curve that correlates the MW of the marker with the relative migration of
the proteins inside the gel. From the obtained results, it was determined that Perox has a MW of 43.4
kDa (Figure 3.1). It has been reported that the MW of Perox is between 40 and 45 kDa®, and 40 kDa
by the supplier (Sigma-Aldrich, St. Louis, MO, USA), which confirms the SDS-PAGE results.
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Figure 3.1: Analysis of the Perox enzyme. (a) SDS-PAGE, 4-12% gradient gels. Lane 1, MW marker. Lane 2, Perox. (b)
Calibration curve of logarithm of MW - log (MW) - vs relative migration in the SDS-PAGE.

The western blot is a procedure that transfers proteins from an SDS-PAGE gel to a protein-
adsorbent membrane, such as PVDF membrane, which is used to identify the proteins®’. This mem-
brane is incubated with labelled secondary antibodies to bind to the protein of interest, which is bound
to the membrane. One of the most common strategies of labelling of the secondary antibody is using a
peroxidase enzyme and a substrate, which their oxidation results in a change of colour revealing the
protein bounded to the antibody. Only the bands that the primary antibody recognises are visible in the
end, proving the identification of the protein of interest. Among of multiples advantages, the accessi-
bility of different ligands to the protein immobilised and high protein binding capacity are the most
important for this analysis®®. Thus, a similar SDS-PAGE without any staining was performed and
transferred to a PVDF membrane. After the transfer, the PVDF membrane was blocked with skim
milk powder to prevent non-specific binding of contaminating proteins®®. Then, the membrane was
incubated with the primary antibody, in this case anti-Perox, followed by the secondary antibody cou-
pled with a Perox (anti-mouse [gG-Peroxidase antibody), both diluted with PBS-T with 1% (w/v) skim
milk to prevent further non-specific binding”’. Between these incubations, the PVDF membrane was
washed with PBS-T and PBS to remove the electrostatically bound and the unbound antibody mole-
cules allowing to minimise the background®”’. Perox substrate (TMB) then added with H,O» and al-
lowed to react. The presence of the Perox from the secondary antibody catalyses the reaction resulting
in the formation of a blue colour line. The blue line in the PVDF membrane is indicative that the pro-
tein in the SDS-PAGE gel was indeed the Perox enzyme. Several of optimisations regarding the Perox
and primary antibody concentrations were made to determine the amount needed for a reliable detec-
tion in the PVDF membrane (Figure 3.2b and c). For all these conditions, the secondary antibody con-

centration used was 0.125 pg-mL" .
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As seen in the Figure 3.2b, a concentration range of Perox from 2 to 2,000 pg-mL"! was incu-
bated with a solution of anti-Perox at 45 ug-mL" in a PVDF membrane. Perox with concentrations
lower than 20 pg-mL™"! did not exhibit colour indicating that the oxidation of TMB by Perox from the
secondary antibody did not occur. For this reason, 20 pg-mL"! was selected as the minimum concen-
tration for a reliable detection. Several dilutions of anti-Perox (18 to 0.09 pg-mL"') in a PVDF mem-
brane were tested using Perox at 20 pg-mL. The concentrations 18 and 6 pg-mL"! produced a blue
colour in the PVDF membrane, which proofs that these dilutions were suitable for Perox detection, as

seen in the Figure 3.2c.
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Figure 3.2: Analysis of the Perox. (a) SDS-PAGE. Lane 1, MW marker. Lane 2, Perox. (b) Western blot, varying concentra-
tions of Perox, between 2 pg'mL"! and 2,000 ug-mL’!, in a PVDF membrane, all incubated with anti-Perox solution at 45
pug-mL!. (¢) Western blot, several dilutions of primary antibody, anti-Perox (18 to 0.09 pug-mL™"), used to incubate a PVDF
membrane with Perox at 20 pg-mL". In all tests anti-IgG coupled with Perox enzyme were used at 0.125 pg-mL".

As a result of these optimisations, Perox at 20 pg'mL"' conjugated with the respective primary
antibody at 6 pg'-mL"', and the secondary antibody at 0.125 pg-mL"!, were considered ideal for Perox

detection. These concentrations were then used for recombinant P/HRPII detection by western blot.

3.1.2 Recombinant PfHRPII characterisation

After the expression of the recombinant PAHRPII in E. coli (DE3), the supernatant from this
production was purified with a Ni-NTA column. All the fractions from column washing and elution of
the protein, were collected and analysed.

As we can see in the Figure 3.3 in lane 2, the flow through of the supernatant of the recombi-
nant P/HRPII expression has proteins and products resultant of the expression by E. coli that did not

interact with the Ni-NTA column. Most of the contaminants were washed away in the first step using
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3.1 RECOMBINANT P/HRPII EXPRESSION, PURIFICATION, AND CHARACTERISATION

a washing buffer, containing low concentration of imidazole which can be later increased to elute the
protein from the column?® (Figure 3.3, lane 3). The washing process was monitored by measuring the
absorbance at 280 nm and continued, since proteins absorb light at this wavelength, until was below

0.1 (Figure 3.3, lanes 4 and 5).
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Figure 3.3: Analysis of the fractions collected from the Ni-NTA column. SDS-PAGE. Lane 1, MW marker. Lane 2, flow
through of the supernatant of recombinant PfHRPII expression. Lane 3, first step of washing the column. Lane 4 and 5, last
steps of washing. The washing step continued until absorbance at 280 nm was below 0.1.

As it can be concluded from the calibration curve on Figure 3.4b, a MW of 67 and 22 kDa was
obtained. A similar value to the MW value (around 50 kDa) described by the author which supplied us
the overexpression vector (Professor Daniel E. Goldberg (Washington University, USA))'®. Some
authors have reported different MW values, between 60 and 105 kDa, with different possible explana-

tions. Rock et al.”

show this difference with several samples from parasites with different geographic
origins”. Post-translational changes can also explain this difference, wherein galactose attached to the
protein during or just before their release from infected erythrocytes, might change their apparent
MW Some anomalous migration during the SDS-PAGE can also explain this difference, a prob-
lem observed in other malaric proteins with tandem repeats, due to low binding between SDS and the
protein!®. Ndonwi et al.'® gives the possibility of the unusual amino acid content in the protein'®. Sub-
stitution of glutamine for histidine may occur during an overexpression in E. coli, which does not in-

crease greatly the MW, but can explain some differences obtained by other authors!'®".
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Figure 3.4: Analysis of the protein recombinant PHRPIIL. (a) SDS-PAGE. Lane 1, MW marker. Lane 2, recombinant
PfHRPII. (b) Calibration curve of logarithm of MW — log (MW) — vs relative migration in SDS-PAGE gel.

A western blot protocol similar to the one described previous section 3.1.1 was followed: an
SDS-PAGE was performed to transfer the protein to a PVDF membrane, followed by incubation with
the antibody against recombinant P/HRPII, incubation with the secondary antibody with a coupled
Perox. TMB was used as the substrate and H>O, was added.

As it is shown in Figure 3.5, the recombinant PAHRPII with a MW of 67 kDa was bound by the
respective antibody, as anti-P/HRPII at 0.6 ug'mL"! conjugated with the secondary antibody at 0.125
pg'mL! recognised the latter. The blue stain that appears in the PVDF membrane, proved that the
expressed and purified protein is indeed recombinant P/HRPII. A second band appears in the SDS-
PAGE with a MW of 22 kDa. This band could not be detected in the western blot, which allows to
conclude that the antibody did not recognise this band as PHRPII. This is an indication that this band
is a possible contaminant coeluted that have some affinity to the Ni-NTA resin from the E. coli ex-

pression?*102

and is not a proteolysis product of the recombinant P/HRPII. These optimisations had the
purpose to reduce the costs of the western blot, although other authors has been used PHRPII and

anti-PfHRPII with higher concentrations'*.
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Figure 3.5: Analysis of the recombinant PfHRPII protein. (a) SDS-PAGE. Lane 1, MW marker, where the values are present
on the left. Lane 2, recombinant PHRPII. (b) Western blot, recombinant PfHRPII transferred to a PVDF membrane and
conjugated with anti-P/HRPII at 0.6 pg-mL™" and anti-IgG with Perox enzyme coupled at 0.125 pg-mL".

3.1.2.1 Protein quantification

As described in section 2.2.5 in Material and Methods, a standard curve was used to determine
the recombinant P/HRPII concentration by the BCA method®!. Each time this colorimetric method is
used, a new standard curve should be performed by using a protein standard (BSA) with several
known concentrations. By measuring absorbances at 562 nm of the samples described before in sec-
tion 3.1.2 and the equation obtained by the standard curve (Figure 3.6), the total protein concentration

was determined as 0.44 +0.11 mg-mL™.
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Figure 3.6: Standard curve with a protein standard BSA, with several known concentrations (0 to 17.5 pg'mL-! range in 2.5
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The BCA method is useful to quantify total protein, nevertheless, it cannot differentiate distinct
proteins that might be present in a sample. Hence, to obtain the approximate amount of P/HRPII with-
out the contribution of the contaminants, analysis of the SDS-PAGE gel can be used. Quantification is
based in the intensity of the pixels in each band dyed with Coomassie Brilliant Blue. The bands pixel
intensities from PHRPII and contaminants, were compared to the total protein concentration. There-
fore, it was measured that 27% and 73% of the recombinant PHRPII and the contaminants, respec-
tively, contained 0.12 + 0.03 mg-mL"! of recombinant P/HRPII concentration in the solution purified.

Other expressions and purifications were performed, and several different batches were ob-
tained during this Thesis (Table 3.1). The determination of the protein concentration and the MW was
performed as described before (see sections 2.2.3 and 2.2.5 in Material and Methods). The homoge-
nous batches had small and not significant differences on the MW, between 59 and 67 kDa, and con-
centration of total protein, that can be explained by the expressions by the E. coli. Other authors have
reported similar protocols that obtain 10-50 mg of protein per liter culture volume®? and other works
with the same protocol was obtained 2.5 mg of recombinant PHRPII per liter of culture!®®, however in
this work was obtained between 3.6 = 0.9 and 36.1 + 2.1 mg per liter of culture (Table 3.1). This indi-

cates that the purification might need some optimisations with varying reagents and their quantity??.
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Table 3.1: Purification batches of recombinant PHRPII performed during this Thesis, with a Ni-NTA column. ¥*DC — Diego
Carvalho

gﬁs—(ggf;c)en 0.2 22+0.6 67 27 3.6+09
%733{'2‘ " 0.6 0.7+(3.7x 107 65 23 36.1£2.1
OGsr/ggztg " 0.05  02+(7.5x 107 59 95 3.7+0.1
Crowih at 0.1  04+(7.8x10% 5395 152£(3.0% 109

3.2 Synthesis and characterisation of gold nanoparticles

3.2.1 Spherical gold nanoparticles

To synthetise seed-mediated AuNSs, AuNPs were firstly produced by a an alternative method to
the Turkevich® protocol, described by Ojea-Jiménez et al.%. In this protocol the reagent addition order
is inverted, i.e., citrate is added before the chloroauric acid. This method improves size distribution
and a uniform spherical shape of AuNPs®'. Through UV-Vis spectroscopy, it is possible to observe a
LSPR band at approximately 520 nm indicative of AuNPs ~ 15 nm with no significant absorbance in
the 600 nm region which is characteristic of aggregated NPs (Figure 3.7a). The UV-Vis spectrum ob-
tained for the two synthesis were identical (see section A.2 in Appendices), meaning that this protocol
was reproducible, similar to the study of the authors Ojea-Jiménez et al.%'.

The average diameter and concentration of the synthetised AuNPs were calculated, using the
methodology described by Haiss et al.3* and through the Lambert-Beer law®® (see Equation 2.1 to
Equation 2.3, section 2.2.6.1 in Materials and Methods). An average diameter of 11.8 £ 0.3 nm and
concentration of 17.0 + 2.0 nM was determined, with a standard-deviation of 11.6%. This procedure
was performed every time the AuNPs were used as seeds for the AuNSs synthesis to assure a success-
ful synthesis.

As can be seen in the Figure 3.7b, the LSPR band of the AuNPs has a slight red shift (= 5 nm)
and a small increase in scattering between 600 and 700 nm which was confirmed by the aggregation
index increase from 0.183 to 0.202 (see section 3.4 for AuNPs aggregation index). This suggest a very
small aggregation and thus one month (0.203 of aggregation index) were accepted as the storage limit
of the batch. Nevertheless, the relative standard deviation was 3%, confirming that AuNPs have re-

mained stable for at least 4 months.

45



3. RESULTS AND DISCUSSION

(a) (b)

ALspr= 518 nm

A spr= 518 nm

ALspr= 519 nm

o

e

ot

™
—

AL spr= 520 Nnm

ALspr= 521 nm

o
o
o
o

A spr= 523 nm

Extinction
o
-b T

Extinction

0.4
0.2 0.2+
0.0 L L L L 0.0p L L L L ]
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

Figure 3.7: UV-Vis characterisation of AuNPs. (a) Normalised UV-Vis spectrum taken immediately after AuNPs synthesis,
with a LSPR band at 518 nm. (b) Several normalised UV-Vis spectra of the same AuNPs synthesis taken over time, where
the LSPR band varies between 518 and 523 nm.

3.2.2 Star-shaped gold nanoparticles

To improve the Raman signal enhancement provided by the SERS tags, AuNSs were produced.
The AuNSs synthesis protocol described by Yuan er al.% was chosen since no surfactants are used,
avoiding potential toxicity and problems related to replace the capping agent during further modifica-
tions®, Therefore, this method produces surfactant-free AuNSs which need to be functionalised with a
capping agent immediately after the synthesis, to avoid AuNSs aggregation.

In contrast to spherical NPs, non-spherical NPs, such as AuNSs, have frequently several plas-
monic modes originated from the core and the branches, which also depends on the NPs size and
shape formed**!*. The LSPR bands obtained from several batches were between 588 to 775 nm, and
the same was reporter for other authors®® (see section A.2 in Appendices).

As we can see in the Figure 3.8 an example of a UV-Vis spectrum of AuNSs, the LSPR ob-
tained was 671 nm and a small band approximately at 520 nm. The latter is thought to correspond to
the core or ungrown seeds'®. The AuNSs concentration was calculated through the molar extinction

coefficient®®, which in this case was 0.80 = 0.01 nM with 1.86% of standard-deviation.

46



3.2 SYNTHESIS AND CHARACTERISATION OF GOLD NANOPARTICLES

o
e

ALspr = 671 nm

Extinction
o o o
N S

o
o

400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3.8: Example of an UV-Vis spectrum normalised of AuNSs taken immediately after the synthesis. The LSPR band
obtained was centred at 671 nm.

3.2.3 Functionalisation of AuNPs and AuNSs

In this work, MBA was used as a Raman reporter, doubling as capping agent and intermediate
layer, appropriate for protein bioconjugation. AuNPs and AuNSs were functionalised with this mole-
cule, where the functionalised AuNPs are used as model for comparison with functionalised AuNSs.
MBA was chosen since it binds to negatively charged AuNPs and AuNSs, through chemisorption with
thiol group leaving a carboxyl group deprotonated to bind with other molecules, such as proteins®’.
When this molecule binds to the surface of the NPs, the local refractive index change, which cause a
measurable shift in the LSPR band**.

To functionalise AuNPs a 10 mM of ethanolic solution of MBA was incubated to achieve a mo-
lar ratio of 2500 as previously optimised by other authors'®. The UV-Vis spectrum proved a success-
ful functionalisation through the red shift of 3 nm of the LSPR band (Figure 3.9a).

To cover a full MBA layer, AuNSs were incubated overnight with MBA at 10 mM, with a mo-
lar ratio of 50,000%. As seen in the Figure 3.9b, AuNSs before functionalisation had a LSPR band
centred at 654 nm, and after the incubation a shift to 669 nm was observed. AuNSs present larger
change in the refractive index than AuNPs, this phenomenon is due to the hot spots of the AuNSs, tips

or dips, that conducts enhanced electromagnetic field!%.
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Figure 3.9: UV-Vis spectra of AuNPs (a) and AuNSs (b), and both functionalised with MBA. (a) AuNPs successful function-
alisation was confirmed by a 3 nm red shift of the LSPR peak. (b) AuNSs successful functionalisation was confirmed by an
11 nm red shift of the LSPR.

3.3 Star-shaped gold nanoparticles conjugation

3.3.1 Conjugation through physisorption

3.3.1.1 Conjugation with BSA and effect by varying the pH value

BSA is a protein that is commonly used to block non-specific interactions'”’, and in this case
was used to bind to the NPs to understand how pH affects the bioconjugation. Thus, BSA was conju-
gated with AuNSs-MBA at different pH.

The BSA has a isoelectric point around 4.7'%, thus at pH 7, BSA is negatively charged. The
AuNSs-MBA surface is also negatively charged at a physiological environment. Thus, if one introduc-
es a biomolecule with opposite charge, electrostatic interactions will occur spontaneously and the elec-
trostatic protein-protein repulsions are minimised'*!''?. Although BSA at pH 7 is mainly negatively
charged, BSA adsorbs preferentially on the negatively charged of surfaces (e.g., AuNSs-MBA) as
reported by Dominguez-Medina et al.''.

In this work, AuNSs-MBA at 0.2 nM were incubated with several BSA concentrations from 0
to 286 nM and at different pH values to compare influence of the pH in the binding capacity. After the
incubation was performed, an AGE was used to characterise the binding between AuNSs-MBA and

BSA at different pH values. As shown in Figure 3.10, the incubations at pH 6.5 and 7.5 have identical
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results, and at pH 5.5 the AuNSs solution with BSA show some aggregation. At pH 5.5, the electro-
phoretic mobility of the samples revealed high variability between the triplicates whereby as seen in
Figure 3.10. The first samples with BSA (from 0 to 59 nM) did not migrate in the gel, remaining in the
well, unlike the other samples (from 79 to 286 nM) that could migrate. A trend could not be observed
relating migration distance and BSA concentration. Nonetheless, for higher molar ratios of BSA (175,
194 and 286), the samples fully migrate in the sample, but these three samples were not enough to
conclude about the formation of a full corona in AuNSs-MBA surface (for more information see sec-
tion A.3 in Appendices).

As observed on Figure 3.10, for AGE from samples incubated at pH 6.5 and 7.5, the sample
without BSA migrates more than the rest of the samples. As more protein is added to the sample and it
is adsorbed by the AuNSs-MBA surface, its mass increases, AuNSs-MBA loses negative charge at the
surface, and their electrophoretic mobility decreases, resulting in less migration. At concentrations
higher than 98 nM BSA at pH 6.5 and 7.5, the mobility remains the same, which corresponds to the
saturation of BSA in the conjugate. Thus, the most suitable BSA concentration to form a full corona

was between 79 and 98 nM.
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Figure 3.10: Digital images of AGE with samples of AuNSs-MBA incubated with several BSA final concentrations (from 0
to 286 nM) at different pH values (5.5, 6.5 and 7.5).

The migration of each band was measured through the eReuss software, by fitting Gaussian
curves to the image intensity profiles, which was used to calculate the electrophoretic mobility of each
sample. Electrophoretic mobility is defined as the ratio of a component migration velocity (v) to the
strength of the driving field (E). This velocity was calculated by the migration given by the software
divided by the AGE running time. The energy field is defined by the ratio between the voltage used
and the distance between the electrodes. The results of AGE are represented by the variation of mo-
bilities, which are the variations relative to the maximum mobility band (Ap), this equation is repre-

sented bellow and have m>V-!'s! as units (Equation 3.1):

49



3. RESULTS AND DISCUSSION

Ap = Equation 3.1

v
E
This data was plotted with BSA final concentration and fitted to a Hill-type adsorption iso-

therm, represented in the next equation (Equation 3.2):

AM _ Aptgxx™
KD +x™

Equation 3.2

where Ap is the difference in electrophoretic mobility between the data point and the AuNSs be-
fore any antibody or protein is conjugated, x is the concentration of the antibody or protein added to
the sample, K}, is the dissociation constant (in M) correlating to the value of the x concentration for
one-half of Ay, 4y, and n is the cooperativity parameter. In the Hill model, the cooperativity parame-
ter defines a positive (n > 1), or negative (n < 1), or non-existent (n = 1) cooperativity, which the bind-
ing of the next component (antibody or protein) is favoured, or unfavoured, or no cooperativity is pre-

sent, respectively.
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Figure 3.11: Variation of electrophoretic mobilities of different samples of AuNSs with varying BSA concentrations (from 0
to 286 nM). Electrophoretic mobility values were calculated through the mobility obtained by eReuss software analysis of
digital images. The results of the samples at pH 6.5 are represented by red spheres with a corresponding red box, and the
samples at pH 7.5 are represented by blue triangles with a corresponding blue box. The error bars represent the standard

deviation of triplicate measurements.
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Figure 3.11 represents electrophoretic mobilities obtained for the bioconjugation made with the
two pH values at which it was possible to obtain robust bioconjugates, i.e., pH 6.5 and 7.5. At basic
buffer, AuNSs-MBA had the necessary electrostatic repulsion to avoid AuNSs aggregation®®. Thus, at
lower pH values, AuNSs-MBA are unstable. At basic buffer, the negatively charged groups of BSA
dissociated and the repelling forces overcomes the attracting forces''?. Although BSA prefers binding
at lower pH, at pH 5.5 AuNSs-MBA are unstable, and adding BSA at this pH the instability is in-
creased, leading to aggregation. Therefore, the samples at pH 5.5 did not migrate into the gel, and the
AGE results for these samples had larger errors when compared with the other samples with more
basic pH. The Hill model did not fit in these results, due to the great variation of aggregation in tripli-
cates samples. At pH 6.5 and 7.5, the electrophoretic mobilities obtained were similar having only a
different dissociation constant (Kj). For the samples at pH 6.5 the dissociation constant was lower
(22.0 + 2.4 nM™") than the samples at pH 7.5 (96.4 + 22.7 nM™!), which means that half of the AuNSs-
MBA binding sites are occupied. The pH influences the binding through physisorption and at pH 7.5,
which has a more than three-times higher K}, than at pH 6.5, the binding of BSA has low-affinity to
the AuNSs-MBA surface. At pH 6.5, it is possible to have more BSA adsorbed to the AuNSs surface,
since the Aty is higher ((3.2 £ 0.5) x 10° m*V-!-s™) than at pH 7.5 ((2.2 = 0.8) x 10° m*> Vs,

meaning that at pH 6.5 the binding seems more favourable!"?

, choosing this pH for future work.

Other authors obtained a higher K, (256 = 50 uM) for 51 nm citrate-capped spherical AuNPs
with a pH solution of 7-7.5!!!, which cannot be directly compared due to the different morphologies,
concentrations and the analysis was through a modified Langmuir model. Nevertheless, another study
of 40 nm citrate-capped spherical AuNPs, with a same range of pH solution, had the same order of
magnitude of dissociation constant!'*. However, these two studies had a negative cooperativity param-
eter, indicating an unfavoured binding where the affinity for other ligands decreases once the binding
sites are filled'!"!'"*, For the samples at pH 6.5 and 7.5 the cooperativity parameter was higher than 1,

indicative for a positive cooperativity between AuNSs and BSA. This difference might be explained

due to anisotropic NPs that can increase the affinity of BSA to AuNSs-MBA surface''!.

3.3.1.2 Conjugation with anti-Perox

Several aliquots with AuNSs-MBA at 0.2 nM were incubated with different final concentrations
of anti-Perox antibodies (from 0 to 221.51 nM). This experiment was performed in a similar way to
the conjugation of BSA to AuNSs-MBA (see section 3.3.1.1 in Results and Discussion). As we can
observe in AGEs presented in Figure 3.12a, all the samples migrate from the negative to the positive
electrode, which indicates a negative global charge. The higher the amount of anti-Perox surrounding

the AuNSs-MBA, the lower is the electrophoretic mobility, which can indicate that the AuNSs-MBA
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are not only becoming larger and heavier, but also were losing the negative charged surface due to the
interaction with positive groups of anti-Perox from the conjugation process. It is possible to observe a
stable migration in the samples with high anti-Perox final concentrations, suggesting the saturation of
anti-Perox in the AuNSs-MBA surface. The concentration 81 nM was considered a suitable concentra-

tion to form stable bioconjugates.
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Figure 3.12: AuNSs-MBA were incubated with several concentrations of anti-Perox (from 0 to 221.51 nM). (a) Digital image
of AGE with samples of AuNSs-MBA incubated with anti-Perox. (b) Variation of electrophoretic mobilities of different
samples. The values of electrophoretic mobility were calculated through the mobility obtained by eReuss software analysis of
digital images and fitted to Equation 3.2. Fitting parameters are represented in a blue box. Error bars represent the standard
deviation of triplicate measurements.

Electrophoretic mobilities were calculated through the equations 3.1 and 3.2 (see section 3.3.1.1
in Results and Discussion), with the mobilities obtained by eReuss software analysis of digital images.
The data was plotted with BSA final concentration and fitted to a Hill model, seen in the Figure 3.12b.
This fitting has dissociation constant of K, = (38 + 8) nM! of anti-Perox, and a cooperativity parame-
ter higher than 1, which indicated a favoured binding to the next antibody. In comparison, the disso-
ciation constant for anti-Perox had the same order of magnitude that the dissociation constant for
BSA. The value of K, was congruent with the obtained by Cui et al.!'* for citrate-AuNPs with a 39
nm of diameter, despite the fact that some authors had obtained lower values of K, for 51 nm citrate-

AuNPs'!!,

3.3.2 Covalent conjugation

To ensure a stable bound between the AuNS-MBA and the antibody, a covalent conjugation

was promoted. This procedure ensures that the antibody is linked to the AuNS-MBA and is not
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washed during successive washes’!'>. Seven different samples were prepared, which had the AuNSs
functionalised with MBA with different conjugations. AuNSs-MBA and AuNSs-MBA conjugated
with anti-Perox were used has comparison, since the first has no conjugate, and second has the anti-
body conjugated through physisorption. AuNSs-MBA conjugated with anti-Perox and with a mediator
zero length cross-linker EDC/SNHS, was also prepared. The EDC/SNHS coupling functions as media-
tor linker to produce the covalent conjugation between amine groups of proteins (in this case antibod-
ies) and carboxylic groups from AuNSs-MBA, producing a stronger bound than physisorption conju-
gation,

To simulate and test the sandwich immunoassay, AuNSs-MBA was conjugated with anti-Perox
for detection and BSA for blocking. This SERS tags (AuNSs-MBA-EDC/SNHS-anti-Perox-BSA)
were then prepared and conjugated with the antigen (Perox) and anti-Perox to complete de sandwich
for the immunoassay. Additionally, the anti-Perox was conjugated in the SERS tags, i.e., without
Perox, to be used as negative control. After the incubation, all these samples were tested through UV-
Vis spectroscopy and by AGE. All the proteins and antibodies were conjugated with a concentration
of 84 nM to the AuNSs-MBA surface, to guarantee the full corona conjugation and removing the ex-
cess by centrifugation®’.

The conjugation of proteins and antibodies on the AuNSs-MBA surface change the local refrac-
tive index, causing a red shift of the plasmon resonance band*’, as we can see in the Figure 3.13. The
LSPR of these samples continue to red shift by adding more macromolecules, except in the last sam-
ple, which is SERS tags-anti-Perox. The absent LSPR red shift from SERS tags-anti-Perox sample is a
consequence of the lack of Perox. The anti-Perox cannot form the immunocomplex in absence of the
antigen, i.e., the Perox thus, the final sample is similar to the SERS tags itself without addition of the
anti-Perox.

Interestingly, the LSPR band of AuNSs-MBA conjugated with anti-Perox with or without
EDC/SNHS do not have a great difference due to the cross-linking event, which has a covalent conju-

gation or physisorption conjugation, respectively®.
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Figure 3.13: UV-Vis spectra normalised of seven different samples, such as AuNSs-MBA, AuNSs-MBA-anti-Perox, AuNSs-
MBA-EDC/SNHS-anti-Perox, SERS tags (AuNSs-MBA-EDC/SNHS-anti-Perox-BSA), SERS tags-Perox, SERS tags-Perox-
anti-Perox, and SERS tags-anti-Perox. Each sample is represented with a colour, which as LSPR maximum in the same
colour. The conjugation of anti-Perox to the AuNSs-MBA surface was accomplished through physisorption and covalent
with EDC/SNHS as mediator linker.

An AGE was performed with all these bioconjugates samples, as we can see in the Figure 3.14,
resulted in different electrophoretic mobilities. Similar to UV-Vis spectra, when more proteins and/or
antibodies are adsorbed by the AuNSs-MBA surface, the conjugates starts to reducing the global nega-
tive charge at the surface, and their mass increases, resulting in less electrophoretic mobility”. The
sample SERS tags-anti-Perox was an exception, since it is a negative control because the Perox is
absent, consequently the anti-Perox added has not Perox to recognise and bound, and it does not inter-
act with the BSA and anti-Perox that are already conjugated to the AuNSs-MBA surface (Figure 3.14
represented by a red bar). The simulated immunocomplex has proven that the sample SERS tags-
Perox-anti-Perox® is working, since anti-Perox in the AuNSs-MBA surface recognised the respective
protein (Perox) and an equal antibody added to these complex, recognised the same antigen forming a
sandwich that is indicative of the presence of the Perox antigen (Figure 3.14 represented by a green

bar).
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*%

Figure 3.14: Electrophoretic mobility determined by AGE for the different seven samples. The green bar corresponds to the
positive control, i.e., the immunocomplex formed to detect Perox. The red bar is a negative control, since the Perox is not
present. The error bars represent triplicate experiments with three different sets of bioconjugates. * p-value < 0.01. ** p-value
<0.05.

3.4 Colloidal stability of gold nanoparticles and SERS
tags

Since the final aim of this work involves the incubation of SERS tags with a blood sample that
contains salt, the colloidal stability of the SERS tags was studied!!®. Therefore, this study had the pur-
pose to determine the stability of AuNPs with increased concentrations of sodium chloride (NaCl).
Electrostatic repulsive forces can maintain NPs with negative charges on the surface stable, and the
addition of salt in the solution reduces these electrostatic repulsive forces. At a certain ionic strength,

17 This concentration is referred as the critical

the NPs become very unstable and start to aggregate
coagulation concentration (CCC). The coagulation of the NPs can be examined by UV-Vis spectros-

copy or visually, since the colour of the NPs solution change due to the shift of the LSPR band. So, the
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CCC is defined by the highest concentration of salt which the colloid is unchanged and the lowest
concentration that causes aggregation''s,

Several aliquots were prepared with AuNPs-MBA at 2 nM and varying concentrations of NaCl
from 0 to 500 mM, added immediately before reading in UV-Vis spectroscopy. At lower concentra-
tion of NaCl the LSPR band is approximately at 525 nm. From the concentration of 30 mM of NaCl,
the LSPR band red shifts to about 630 nm, which is congruent with aggregation of AuNPs. The col-
ours in some aliquots at higher ionic strength changed to blue as soon as the start of the reading. As
seen in the Figure 3.15a, the UV-Vis spectrum at 20 mM and 30 mM concentration of NaCl has a
significant difference, which indicates that with 30 mM of salt the AuNPs are aggregated.

Similarly, the same study was conducted with AuNSs-MBA to understand how the morphology
might influence the stability of the particles. In this experiment a smaller interval of NaCl concentra-
tions within the range 2 to 10 mM was included. The Figure 3.15b represents the UV-Vis spectra with
AuNSs with increasing NaCl concentration, whereby a slightly difference of LSPR band is observed
between 6 and 8 mM of NaCl. This difference was also observed visually, where the solution changed
colour from strong to light blue. At lower concentration of NaCl, the LSPR band was around 600 nm.
From 8 mM concentration of NaCl, the LSPR band red shifts to about 800 nm, which agrees with
aggregation of AuNSs.

Afterwards, the colloidal stability was tested with the samples AuNSs-MBA-EDC/SNHS-anti-
Perox and SERS tags to compare with AuNSs-MBA and to see the effect of blocking with BSA
(Figure 3.15¢ and d). AuNSs-MBA-EDC/SNHS-anti-Perox showed higher stability than AuNSs-
MBA, as can be verified by the red shift in the LSPR band at 40 mM of NaCl concentration whereas
for the AuNSs-MBA the red shift was observed at only 8 mM (Figure 3.15c). This red shift of 28 nm
was followed by a change in colour from strong to light blue. Adding the BSA completes the biocon-
jugation process originating the SERS tag. This sample had a LSPR band red shifted at 200 mM, sim-

ultaneously it was seen visually the change of colour of the sample (Figure 3.15d).
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Figure 3.15: UV-Vis spectra normalised of gold NPs with NaCl at several concentrations (0-500 mM). (a) AuNPs-MBA,
where the LSPR band red shifted with 30 mM concentration of NaCl, (b) AuNSs-MBA, whereupon the LSPR band red shifts
to about 800 nm with only 8 mM concentration of NaCl, (¢) AuNSs-MBA-EDC/SNHS-anti-Perox, where at 40 mM of NaCl
concentration the LSPR band shifted, (d) SERS tags, which had a LSPR band red shift with 200 mM concentration of NaCl.

The aggregation index for AuNPs-MBA was calculated through dividing the value of absorb-
ance at 600 nm and LSPR (Figure 3.16). A considerable difference is seen between the concentrations
20 and 30 mM of NaCl, corresponding the difference seen visually and by UV-Vis spectra. Other au-
thors have been described different values of CCC, such as 50 mM of NaCl with AuNPs coated with
poly(acrylic acid)*, 50 mM of NaCl with ethyl cellulose NPs!!'”, 70 mM of NaCl with citrate-coated
AuNPs'"? and 200 mM of NaCl with AuNPs coated with 11-mercaptoundecanoic acid''®. Thus, the
capping agent influences the CCC of the NPs, and a lower value was obtained in this work when com-
pared to other reports, which can be explained by the higher dimensions of these capping agents that
promote steric repulsion stabilising the NPs'!,

The aggregation index for AuNSs-MBA samples were calculated through dividing the value of
the area under the curve and LSPR® (Figure 3.16). The AuNSs solution with § mM concentration of
NaCl has a higher aggregation index than at 6 mM of NaCl, which confirms the CCC seen visually

and by UV-Vis spectra. This electrostatic coagulation is mediated by the anions present, at higher

concentration of NaCl the CI" anions binds electrostatically to the positively charged AuNSs, resulting
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in the aggregation of the AuNSs!?’, In comparison, the AuNSs aggregates with lower concentrations
of NaCl than the AuNPs, which can be explained by the anisotropic shape or the surface potential of
the AuNSs!!®,

The antibody added and binding in the AuNSs-MBA surface creates a higher stability, in which
between the concentrations 30 and 40 mM of NaCl the aggregation index has a slight increase, con-
gruent with the UV-Vis spectra and visual observation (Figure 3.16). Thus, the CCC determined for
the AuNSs-MBA-EDC/SNHS-anti-Perox was between 30 and 40 mM of NaCl concentration. Adding
another protein in this surface, such as BSA, improves the stability greatly until reaching 200 mM
concentration of NaCl in the sample (Figure 3.16), which is also visible in the UV-Vis spectra. This
confirms the CCC value for SERS tags between 100 and 200 mM of NaCl concentration.

The stability study revealed a CCC between 100 and 200 mM of NaCl, which was much higher
than the CCC values observed for AuNSs-MBA (between 6 and 8 mM) and AuNSs-MBA-
EDC/SNHS-anti-Perox (between 30 and 40 mM). Thus, is possible to conclude that the BSA in this
sample can block the ligands sites and stabilise more the colloidal solution. Although are lack of stud-
ies of AuNSs in saline environment, Afrooz et al.* reporter a similar CCC value of = 250 mM NaCl
for the anisotropic nanorods coated with poly-acrylic acid*, which is very difficult to compare since
nanorods have a different behaviour. Since that a blood sample may contain 154 mM of NaCl concen-

tration in a healthy patient, the SERS tags can be used for the LFA test.
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3.4 COLLOIDAL STABILITY OF GOLD NANOPARTICLES AND SERS TAGS

through dividing the value of the area under the curve and the LSPR (black yy axis). The AuNSs-MBA are represented by
blue triangles, the AuNSs-MBA-EDC/SNHS-anti-Perox by green rhombus and the SERS tags by orange stars. The error bars
represent the standard deviation of triplicate measurements.

3.5 Enzymatic activity assay of peroxidase

The enzymatic activity assay was performed to prove the recognition of Perox by the respective
antibody conjugated in the SERS tags. The samples SERS tags-Perox, SERS tags-Perox-anti-Perox,
and SERS tags-anti-Perox, were tested in this assay after washing. The peroxidase activity was calcu-
lated has described in section 2.2.11 through the measurement of absorbances at 405 nm during 10
min, and in the Figure 3.17 the peroxidase activity of each sample are represented. The sample SERS
tags-anti-Perox does not show any enzyme activity, due to lack of antigen, which was used as the
blank sample. In comparison, SERS tags-Perox-anti-Perox (0.56 Units/mgs.iq) has higher enzymatic
activity than the SERS tags-Perox (0.53 Units/mgsia), since the anti-Perox conjugated afterwards
leads to higher captured amount of Perox. This experiment proves the recognition of Perox by the anti-

l 121

Perox, similar Tripathi ef al.'*' made a successful study with the same behaviour but for the recogni-

tion of an antibody'2!.
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Figure 3.17: Peroxidase activity (Units/mgsolid) of the samples SERS tags-Perox (red), SERS tags-Perox-anti-Perox (blue),
and SERS tags-anti-Perox (green). The SERS tags-anti-Perox showed no enzymatic activity, since was not added Perox. The
error bars represent the standard deviation of triplicate measurements.
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3.6 Dynamic light scattering

DLS is a technique used to determine the polydispersity and the hydrodynamic diameter of NPs.
For the AuNSs, the diameter obtained is an approximation due to their inherent anisotropy morpholo-
gy with tips of varying size contrary to spherical forms®. For this work, the samples AuNSs-MBA,
AuNSs-MBA-EDC/SNHS-anti-Perox, and SERS tags were evaluated. As shown in the Figure 3.18a,
the hydrodynamic diameter was obtained to each sample. The colloidal solution AuNSs-MBA had a
hydrodynamic diameter of 77.2 = 0.9 nm. The anti-Perox bound on the AuNSs-MBA surface, with
EDC/SNHS as mediator cross-linker, caused an increase in diameter of 19.9 £ 0.5 nm (Figure 3.18b).
The BSA protein in this conjugate can prevent the non-specific binding and has a hydrodynamic di-
ameter approximately of 5 nm!!!. Thus, the addition of BSA to AuNSs-MBA surface causes an in-
crease in the hydrodynamic diameter. In the case of AuNSs-MBA-EDC/SNHS-anti-Perox, when BSA
(= 5 nm)"" is added, it will block between the interstices that lack anti-Perox molecules. As a result,
the difference between AuNSs-MBA-EDC/SNHS-anti-Perox and the entire SERS tags (i.e., AuNSs-
MBA-EDC/SNHS-anti-Perox-BSA) is smaller than the resolution needed for DLS to identifying as
two different populations®®. Hence, no appreciable difference is observed, since it was obtained a hy-
drodynamic diameter of 91.9 + 1.5 nm, as seen in the Figure 3.18b. This can be explained with some
changes in the structure of the protein after conjugation or the rearrange of the antibodies when BSA
was added'?*!%, The hydrodynamic diameter of AuNSs-MBA-EDC/SNHS and the SERS tags can
prove the binding of the molecules (anti-Perox and BSA) to the AuNSs-MBA surface and not the for-
mation of aggregates, due to the three samples that had identical results. A close analysis regarding the
standard deviation of AuNSs-MBA-EDC/SNHS-anti-Perox (97.1 £ 1.6 nm) and SERS tags (91.9 + 1.5

nm), shows that this difference is not significant.
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Figure 3.18: Results obtained for DLS measurements of AuNSs-MBA, AuNSs-MBA-EDC/SNHS-anti-Perox and SERS tags.
(a) Percentage intensity obtained for the hydrodynamic diameter (nm) measured for these samples. (b) Hydrodynamic diame-
ter (nm) obtained for each bioconjugate. The error bars represent the standard deviation of triplicate measurements.

Other parameter evaluated was the polydispersity index (PDI). The sample is considered highly
monodisperse, moderately and highly polydisperse, when the PDI value is < 0.1, 0.1-0.4, and > 0.4,
respectively®®. For AuNSs-MBA, AuNSs-MBA-EDC/SNHS-anti-Perox, and SERS tags, the PDI val-
ues obtained were 0.25 + 0.06, 0.17 = 0.05, and 0.18 £ 0.08, respectively. This means that all these
samples were moderately polydisperse, which is common in AuNSs since there are differences in

shape, length, and sharpness of their tips®!24,

3.7 Lateral flow assay

To extend the sensitivity of the current LFAs, SERS tags were used to simultaneously function
as colorimetric and SERS labels. Having the SERS tags and the recombinant malaria antigen pro-
duced, several optimisation studies of the LFA were performed and are described below.

A starter kit from Advanced Microdevices was used as described at 2.2.14 in Materials and
Methods. Initially, several optimisations regarding the components of this kit were tested, namely (i)
the nitrocellulose membrane (NM), (ii) an additional blocking NM step, (iii) the concentration of

SERS tags, (iv) the absorbent pad and (v) antibodies. All the dimensions of the components were
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based on previous work by Tomas et al.”'. Afterwards, several dilutions of anti-Perox and anti-IgG in
the test and control line respectively, were also tested to determine the minimum concentration re-
quired for reliable colorimetric detection, evaluated by the Image] software. Image] software was used
to analyse the photographs, whereby three regions (the background, control, and the test line) were
evaluated by selecting three squares of each region. From each square, a histogram was generated (for
further information see annex 1.2). This histogram has a grey scale, between 0 and 255 pixels, which
corresponds to black and white, respectively'?. This means that for every square selected, lower visi-
bility of the colour line translates into high values of pixel intensity. Consequently, the difference be-
tween the background and test line must be high to provide a reliable positive result. All these optimi-
sations had the objective to evaluate and select the LFA with better performance, i.e., with higher dif-
ference of intensity between the background and test line. Using Perox and the respective antibody
reduces the costs of these studies, and the developed system can be used as model system for our ob-
jective target antigen, P/HRPIL. In this LFA, the antigen is captured by the SERS tags, and an immu-
nocomplex in the sandwich format is formed in the test line, which has anti-Perox immobilised. The
anti-Perox recognises the antigen bound in the SERS tags and a coloured line is produced in the test
line. In a case of a negative sample, the SERS tags do not capture the Perox, and consequently, do not
bind in the test line producing any visible colour. The remaining SERS tags continue to flow by capil-
lary forces, passing through the control line that has anti-IgG able to recognise the anti-Perox from the
SERS tags. The bond between the SERS tags and the anti-IgG is revealed by a AuNSs blue colour
from the SERS tags that appears and confirms that the LFA is valid. If anti-IgG fails to recognise the

SERS tags, then, no colour appears in the control line and the LFA test is considered invalid.

3.7.1 Nitrocellulose membrane selection

Initially in all the NM types blocked with skim milk powder and PBS-T a control and test line
were spotted manually, as described in 2.2.14.1. Afterwards, a positive sample (Perox in potassium
phosphate buffer) was incubated in the NM, followed by an incubation with SERS tags at 1 nM. In
total, eight types of NM were tested, namely: a low protein binding membrane (i) CNPFS8 and (ii)
CNPF10; a high protein binding membrane (iii)) CNPC12 and (iv) CNPCI15; and a highest protein
binding membrane (v) CNPH70, (vi) CNPHO90, (vii) CNPH150, and (viii) CNPH200. This study had
the objective of evaluating which membrane generated the best signal, i.e., the higher contrast when
the SERS tags bind to the lines. To ensure the maximum signal, the membrane should exhibit some
desirable features such as facilitating a homogenous flow, a strong functionalisation for capturing the
receptor, and exhibit low non-specific binding’. After the assay, digital pictures were taken and ana-

lysed with ImagelJ to compare colour intensities obtained in test line and background of NM.
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The selection of the most suited NM was based on the difference between the background and
the test line intensity, which means that the test line must have a distinguishable colour in comparison
to the background, since the control line in all the NMs were highly visible at naked eye. Figure 3.19
shows that the CNPC15, the CNPH70 and the CNPH90, were the tests with least difference between
the background and the test line colour giving 5, 6 and 5 pixels, respectively, which is congruent with
what was seen in the naked eye. The CNPH150, the CNPF10, and the CNPC12, had a slightly higher
difference than between the background and the test line colour giving 11, 16 and 9 pixels, respective-
ly. The remaining NMs, CNPF8, and the CNPH200, had the largest difference between the back-
ground and the test line colour when compared to the others NMs, giving 49 and 23 pixels, respective-
ly. A two-sample Student t-test was performed between the test line and background of all the NMs to
see if they are significantly different. Although NMs did not provide any visual difference in the test
line and background, the pixel analysis allowed to conclude that NMs had in fact a difference between
the test line and the background with a p-value < 0.05, thus are statistical different.

A small pore size in the NM causes a higher capillary flow time, which reduces the wicking
time in the NM!%¢, This lower wicking time allows a longer interaction between the protein target in
the SERS tags and the antibody immobilised in the test line. This group of variables improves the
sensitivity of the NM but can also increase the non-specific binding”. Accordingly to the supplier!?,
to detect malaria, AuNPs in LFA are normally used with a membrane with a pore size of 15 um, and a
wicking time between 90 and 110 s. These parameters are usually employed when the sensitivity is not
an issue and the antibody affinity towards the antigen high. Although the pore size usually used by the
supplier is 15 um, the CNPF with pore size 8 um had the bigger difference of intensity between the
background and the test line (49 pixels). The CNPF8 has a wicking time of 180 s and was selected for
the remaining optimisations tests, which is a wicking time higher that normally used with AuNPs to
detect malaria'*. Nonetheless, in this assay was used an anisotropic NPs, which can explain the dif-

ference when compared with the more isotropic AuNPs.
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Figure 3.19: Intensity (pixel) of three selected squares in the background, test, and control line for three independent tests for
the eight NMs, namely: (a) CNPFS8, (b) CNPF10, (c) CNPC12, (d) CNPC15, () CNPH70, (f) CNPH90, (g) CNPH150, and
(h) CNPH200. The digital pictures of spotted tests in NM are next to the respective graph, where C and T represent the con-
trol and test line, respectively. All the analysis of the squares in the test line are represented by blue dots, the background is
represented by salmon dots, and the control line are represented by green dots. The box charts correspond to a confidence
interval between 25-75%, the line is the median, and the inside box is the mean. The scale of pixels is between 0 (black) and
255 (white). A two-sample Student t-test was performed between all the test lines and the background for each type of NM.
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3.7.2 Blocking process in nitrocellulose membrane selection

Simultaneously, the blocking of the NM with skim milk and PBS-T was tested and analysed as
described for the selection of NM type, i.e., a higher contrast was our objective. These NMs provided
by Advanced Microdevices can be used without any blocking treatment, and it is advised to block the
NM when is necessary achieve some requirements, such as stabilising antibodies, and reduce nonspe-

cific interactions, for the assay!'?°

. The blocking process of the NM can decrease non-specific signals,
which depends on the type of NM, the sample, and the antigen captured”. Yet, blocking NM require
additional reagents, incubations, and drying steps, and can affect the flow of the sample and the repro-
ducibility of the LFA™.

To perform this selection, all the components (sample pad, conjugate pad, NM, and absorbent
pad) were assembled after the anti-Perox and anti-IgG were spotted in the test and control line, respec-
tively. The SERS tags at 1 nM were incubated in the conjugate pad and dried at room temperature for
2 h or at 37°C inside a desiccator for 1 h. In both cases, the result was the same, the SERS tags seem
uncapable to migrate from the conjugate pad, even after an overnight incubation with the sample, as
seen in the Figure 3.20. An additional pre-treatment with PBS containing 5% sucrose, 1% BSA and
0.5% tween 20 in the conjugate pad was added to test if the SERS tags could be eluted from the con-
jugated pad, but the SERS tags remained in the conjugate pad. These results might be related to drying
the AuNSs, which may not be functional after replacing the liquid with the sample diluted in potassi-
um phosphate buffer.

In fact, several references describing similar operating systems, do not use the conjugate pad,
instead, they mix the sample with the SERS tags, and incubate the complex directly in the sample pad,
which is in direct contact with the NM’%1?7, Thus, the conjugate pad was excluded, and the sample was
mixed directly into the SERS tags, followed by direct deposition in the sample pad. From this change,
the LFA started working correctly, where the SERS tags conjugated with the protein in the sample
flow through all the NM, and were immobilised in the test and control line, and so the conjugate pad

was eliminated from the LFA assembly.

65



3. RESULTS AND DISCUSSION

——> Absorbent pad

Cl 4> v

1 N Conjugate pad

—> Sample pad

Figure 3.20: Digital pictures LFA with NM of type CNPF8, where C and T represents the control and test line, respectively.
The SERS tags in the conjugate pad did not migrate in the NM and did not conjugate in the test and control line.

A CNPF8 membrane was used to evaluate the blocking process. As seen in the Figure 3.21,
both the control and test lines have weak intensities in the NM with the blocking process, but in spite
of that, the lines are a little distinguished from the background visually. On the other hand, the non-
blocked NM resulted in more distinguishable control and test line compared to the blocked NM.

The data of these tests were plotted and compared through the difference in colour intensity of
the background and the test line. The blocking process was performed to decrease the non-specific
signals and to diminish the colour in the background’. For the NM blocked, the difference of intensity
between the background and the test line was 8 pixels (Figure 3.21a), and for the NM not blocked was
39 pixels (Figure 3.21b). Thus, the non-blocked NM was chosen since it had higher difference be-
tween the test line and background, and no blocking requires less reagents, steps, and consequently

less time to perform. This result is in agreement with the results obtained by Tomas et al.”".
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Figure 3.21: Intensity (pixel) of three selected squares in the background, test, and control line for three independent tests for
NM type CNPF8. (a) NM blocked with skim milk and PBS-T and dried for 1 h at 37°C prior deposition of the sample and
SERS tags. (b) NM without any blocking treatment. The digital pictures of spotted tests are represented next to the respective
graph, with C and T representing the control and test line, respectively. All the analysis of the squares in the test line are
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represented by blue dots, the background is represented by salmon dots, and the control line are represented by green dots.
The box charts correspond to a confidence interval between 25-75%, the line is the median, and the inside box is the mean.
The scale of the pixels is between 0 and 255, corresponding to black and white, respectively. A two-sample Student t-test was
performed between the test lines and the background for the NM blocked and NM not blocked.

3.7.3 Selection of an appropriate concentration of SERS tags

To determine which concentration of the SERS tags was enough to ensure detection of a visual
signal, two different concentrations of SERS tags were tested, 0.2 and 1 nM. These two SERS tags
concentrations were evaluated to verify if was possible to lower the cost of the LFA, since the produc-
tion of the SERS tags at 1 nM could be a limiting factor. For both concentrations, the test and control
line appear in the visual inspection, as shown in the Figure 3.22. The lower concentration used has less
colour in the test line than at higher concentrations but can be used as detection and distinction be-
tween the background and test lines is still possible.

After plotting the data, a closer analysis regarding the difference between the background and
the test line colour was made (Figure 3.22). The most significant difference between the two concen-
trations of SERS tags was the intensity of the test line. For the highest SERS tags concentration (1
nM), the test line has less intensity, i.e., has a darker colour (Figure 3.22b), with a median of 148 pix-
els, while at the lowest concentration the test line had a median intensity of 181 pixels (Figure 3.22a).
Although with SERS tags at 0.2 nM the colour is noticeably light in the test line, it remains a possibil-
ity to use in case of detection of malaria to diminish the cost of LFA. In the remaining optimisations

SERS tags at 1 nM was used for better analysis.
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Figure 3.22: Intensity (pixel) of three selected squares in the background, test, and control line for three independent tests.
The LFA was assembled with NM (type CNPF8), sample pad (GFB-R7L) and absorbent pad (AP-045). (a) LFA incubated
with the sample mixed in 0.2 nM of SERS tags. (b) LFA incubated with a mixing of the sample and the SERS tags at 1 nM.
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The digital pictures of LFA are next to the respective graph, with C and T representing the control and test line, respectively.
The capillary forces of LFA are represented by a blue arrow. All the analysis of the squares in the test line are represented by
blue dots, the background is represented by salmon dots, and the control line are represented by green dots. The box charts
correspond to a confidence interval between 25-75%, the line is the median, and the inside box is the mean. The scale of the
pixels is between 0 and 255, corresponding to black and white, respectively. A two-sample Student t-test was performed
between the test lines and the background for the LFA incubated with SERS tags at 0.2 nM and 1 nM.

3.7.4 Absorbent pad selection

The absorbent pad is used to accumulate the liquid that has crossed the membrane, decreasing
the background noise, controlling the volume that goes through the assay and ensuring that the solu-
tion flows through the entire strip”. In this study, all the LFA components were assembled with two
different absorbent pads (AP-045 and AP-080). The LFA test with the absorbent pad AP-080 demon-
strate more background noise than AP-045 by visual inspection, as shown in the Figure 3.23.

By analysing the plots, the background in the LFA test with the absorbent pad AP-080 has low-
er intensity (darker colour) (Figure 3.23b) than with the AP-045 (Figure 3.23a). The intensity differ-
ence between the background and the test line was slightly lower when AP-045 (39 pixels) was used,
than AP-080 (43 pixels). For a better analysis, the background must have a light colour, i.e., high in-
tensity nearly white, to thereby have a more distinguishable test line. The absorption pad AP-045 with
0.4 mm of thickness cannot absorb liquid as much as the absorption pad AP-080 (with 0.9 mm of
thickness). For this amount of sample, the absorbent pad AP-045 was chosen, due to the lighter back-

ground and for having a more easily visually distinguishable test line.
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Figure 3.23: Intensity (pixel) of three selected squares in the background, test, and control line for three independent tests.
The LFA was assembled with NM (type CNPF8) and sample pad (GFB-R7L). (a) LFA assembled with the absorbent pad
AP-045. (b) LFA assembled with the absorbent pad AP-080. The digital pictures of LFA are represented next the respective
graph, with C and T representing the control and test line, respectively. The capillary forces of LFA are represented by a blue
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arrow. All the analysis of the squares in the test line are represented by blue dots, the background is represented by salmon
dots, and the control line are represented by green dots. The box charts correspond to a confidence interval between 25-75%,
the line is the median, and the inside box is the mean. The scale of the pixels is between 0 and 255, corresponding to black
and white, respectively. A two-sample Student t-test was performed between the test lines and the background for the LFA
assembled with AP-045 and AP-080.

3.7.5 Control and test line dilution selection

Several concentrations of anti-IgG and anti-Perox were tested, for the control and test line, re-
spectively, to determine the lowest concentration that can be used for reducing costs of LFA. For the
test line, the colour of the test line with anti-Perox, was evaluated by ImageJ software. The darker
colour, i.e., lower intensity of the zone analysed, indicates that a higher amount of SERS tags with the
antigen are immobilised in the test line. For the control line, the analysis was similar but the SERS
tags without protein are immobilised in the control line.

In the control line, four different dilutions were tested from 0.5 to 0.005 mg-mL™"! of anti-IgG
with Tris buffer while maintaining the test line with anti-Perox at 9 mg-mL'. In Figure 3.24b, the con-
trol line is visible only in the lower dilution, i.e., 0.5 mg-mL"! of anti-IgG. Although the remaining
tests have high background noise and high intensity in the test line colour (i.e., light colour), the objec-
tive was to detect the conjugation in the control line of these LFA tests. The data obtained by Imagel
through these digital pictures were plotted to compare the difference of intensity between the back-
ground and the control line (Figure 3.24). The control line, anti-IgG at 0.5 mg-mL"!, was the only con-
dition to provide a difference from the background (27 pixels). Therefore, lower concentrations cannot
be used, although the intensity of backgrounds of LFA tests varies between the several concentrations
of anti-IgG tested, the control line dilution chosen anti-IgG at 0.5 mg-mL! (Figure 3.24b). Other au-
thors'?1% have reported a higher concentration of anti-IgG (I mg:mL™"), which the host are the same
used in this Thesis, i.e., mouse host.

Different dilutions, from 9 to 0.009 mg-mL"!, of anti-Perox in the test line were assessed, using
a control line with anti-IgG at 0.5 mg-mL™". In four different LFA, a visual inspection was carried out,
as it seen in the Figure 3.24a, and all LFA tests except one has a spot colour in the test line. The dif-
ference of intensity between the background and the test line is not significant at the lowest anti-Perox
concentration tested (0.009 mg-mL™! of anti-Perox), 6 pixels, in comparison with the concentration
0.09 mg'mL™"! of anti-Perox (19 pixels). With increasing anti-Perox concentration the difference of
intensity of background and test line increases (Figure 3.24a). The lowest concentration that can be

l. 75

used and seen visually in the test line is 0.09 mg:mL!. Parolo ef al.”®, recommended higher, optimised

concentrations of antibody immobilised in the test line to maximise the chances of the sandwich for-
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mation. For this reason, a concentration of 0.9 mg-mL™! of anti-Perox was chosen to immobilise in the

test line for further testing.
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Figure 3.24: Intensity (pixel) of three selected squares in the background, test, and control line for three independent tests.
The LFA was assembled with NM (type CNPFS8), sample pad (GFB-R7L), and absorbent pad (AP-045). (a) Comparison of
intensities between the test line and background, with several concentrations of anti-Perox immobilised in the test line. The
dilutions tested were from 9 to 0.009 mg-mL-'. (b) Several concentrations of anti-IgG tested, from 0.5 to 0.005 mg-mL-!, in
the control line. Each graph compares the intensity of the background to the control line, where is immobilised the corre-
sponding anti-IgG concentration. The digital pictures of LFA are represented next to the respective graph, with C and T
representing the control and test line, respectively. The capillary forces of LFA are represented by a blue arrow. All the anal-
ysis of the squares in the test line are represented by blue dots, the control line is represented by green dots, and the back-
ground is represented by lighter colours that correspond to control and test line. The box charts correspond to a confidence
interval between 25-75%, the line is the median, and the inside box is the mean. The scale of the pixels is between 0 and 255,
corresponding to black and white, respectively. A two-sample Student t-test was performed between the test lines and the
corresponding background for the anti-Perox dilutions tested and between the control lines and the corresponding back-
ground for the different anti-IgG dilutions.

70



3.7 LATERAL FLOW ASSAY

3.7.6 Sensitivity tests

All LFA tests were assembled with the NM type CNPF8 not blocked, the sample pad GFB-R7L
and the absorbent pad AP-045, excluding the conjugate pad, which the sample was mixed with the
SERS tags at 1 nM. Several concentrations, from 0.01 to 100 pg-mL, of Perox were tested where
anti-Perox at 0.9 mg-mL™"! and anti-IgG at 0.5 mg-mL"! were immobilised in the test and control line,
respectively. As can be seen in Figure 3.25, all the LFA tests had a similar colour in the control line,
and the background intensity varies randomly with the concentration of Perox in the sample. Due to
this darker background in the LFA tests, no significant difference was observed for decreasing concen-

trations of Perox (Figure 3.25).
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Figure 3.25: Digital pictures of LFA, where the C and T represents the control and test line, respectively. The absorbent pad,
NM, and sample pad used were AP-045, CNPF8, and GFB-R7L, respectively. In the control and test line anti-IgG at 0.5
mg'mL and anti-Perox at 0.9 mg-mL"! were immobilised. Several concentrations of Perox from 0.01 pg'mL" to 100 pg-mL-
! were tested. The digital pictures are shown in decreasing concentrations, from the left to the right.

The median peak intensity of the background obtained through the Imagel software was sub-
tracted to the intensity of the test line, to all the LFA tests. These data were plotted versus the target
analyte (Perox) concentration used, as represented in the Figure 3.26. Accordingly to Parolo et al.”,
the signal in the test line of a non-competitive assay increases proportionally with the concentration of
the protein in the sample, i.e., the darker colour in the test line more protein is present in the sample”.
Thus, there are an initial part of concentration dependence that is linear. For this reason, more samples
with lower concentrations of Perox is needed to test, since with these chosen points it cannot see this
linearity. Similar to other authors’, the data was fitted to a Langmuir isotherm model, where it is pre-

ferred to competitive assays, but can be used in sandwich assays since at lower concentrations is line-

ar’,
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Figure 3.26: Intensity obtained by subtracting the peak intensity of the test line from the background intensity versus the
Perox concentration used. Langmuir isotherm model fitting to the data. The error bars represent the standard deviation of
triplicate measurements (median = SD).

As seen in the Figure 3.26, at lower concentration of Perox in LFA, the intensity of difference
between the background and the test line is higher than 0 pixels and it is possible to see at naked eye
the test line, as well as at 0 pg'-mL! the intensity is higher than 0 pixels. Although LFA has high inten-
sity between the background and the test line at low Perox concentration, these results are promising
for using this LFA with PfHRPII-anti-P/HRPII. This fitting allowed the determination of the LOD,
calculated through the difference between the intensity of the background and the test line of the blank
sample sum three times its standard deviation, and the limit of quantification (LOQ), calculated
through the same intensity of the blank sample sum ten times its standard deviation. Thereby, the LOD
and LOQ was determined as 5.24 and 7.28 pg-mL!, respectively. In comparison, Sanchez-Purra et
al.’® had obtained a much lower LOD value by using similar SERS tags for Zika (0.72 ng'mL™") and
Dengue (7.67 ng'mL™"). More optimisations are necessary to obtain a more reliable LFA and with low-

er LOD and LOQ values.

3.7.7 Raman and SERS measurements

To prove if this LFA was reliable to use for detection of malaria, the recombinant PfHRPII pre-
viously purified as described in section 3.1.2 was used. For that, nine LFA tests with varying concen-
trations of PHRPII (from 0 ng'mL™" to 50 ng'mL"') were prepared. The Raman spectrum of NM and
the SERS spectrum of the SERS tags were analysed and used as standards. As observed in Figure
3.27, MBA conjugated in the SERS tags has two main vibrational lines at 1079 ¢m™ and 1587 cm!

(Table 3.2), these values are shifted to lower energy in relation to the Raman spectrum (1099 ¢cm™ and
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1595 cm™) as some authors observed. A possible explanation for the observed shifts can be related to
the fact that these molecules are not bound through a thiol group in the SERS tags'*°. As described by
other authors'3!'*2, NM has several strong bands at 1121 cm™, 1290 cm™ and 1376 ¢cm™!, which is sim-

ilar to what was detected in the Raman spectrum obtained (Table 3.2) (Figure 3.27).

Table 3.2: Vibrational lines assignment for SERS spectrum of MBA and for Raman spectra of nitrocellulose'3'=133,

MBA
1079 Strong Aromatic ring vibrations SERS (SERS tags-MBA) 133
1587 Strong Aromatic ring vibrations SERS (SERS tags-MBA) 133
Cellulose
1122 Weak Stretching Raman (NM) 131,132
1283 - HCC and HCO bending Raman (NM) 131,132
1369 Strong HCC, HCO, and HOC Raman (NM) 131,132
bending
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Figure 3.27: (Blue line) SERS spectrum of the SERS tags, possessing the Raman probe MBA. Two main vibrational lines
can be detected at 1079 cm™! and 1587 cm™!, assigned to aromatic ring vibrations (see Table 3.2). (Orange line) Raman spec-
trum of NM, which has a particular intense vibrational line at 1283 cm!, assigned to HCC and HCO bending of cellulose

molecules (see Table 3.2).

73



3. RESULTS AND DISCUSSION

Two LFAs were prepared with anti-PfHRPII immobilised in three different spots in NM. Two
samples with 0 and 50 ng'mL"! of recombinant P/HRPII mixed with SERS tags at 0.2 nM were incu-
bated in each LFA, as seen in the Figure 3.28b and c¢. A SERS map was performed in the test line and
background, in triplicate for each sample. During this analysis, the direct classical least squares
(DCLS) method was used, which can isolate each component signal from each pixel present in a com-
plex mixture with overlapped peaks. Individual SERS tag and NM spectra were used as references to a
DCLS analysis which resulted in a SERS map that identified the contributions of SERS tag and NM in
each pixel'**!%, For this analysis, a Raman map of the background after the incubation without the
recombinant PHRPII was performed and analysed to be possible to identify the positive signal of
MBA in the surface of AuNSs in the test lines, i.e., a threshold was determined. A threshold value of
1.317 component coefficient was established, where above this value 95% confidence is considered a
positive sample, which had the purpose of determine the recombinant PAHRPII immobilised in the test
line, as seen in the Figure 3.28a. In the test line, SERS tags were identified through DCLS method,
which at higher DCLS score, more intense is the blue colour. In the LFA tests, incubated without and
with 50 ng'mL"! of recombinant P/HRPII, was identified SERS tags and NM (Figure 3.28b and c,

orange map).
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Figure 3.28: Data treatment of the results of both LFA incubated with 0 and 50 ng'mL"! of recombinant P/HRPII mixed with
SERS tags at 0.2 nM. (a) Histogram of component coefficient frequencies for the background of LFA. The dashed line repre-
sents the 1.317 component coefficient, which is the threshold for the positive detection of LFA. (b) Pixelated SERS tags map
(blue) and Raman map NM (orange) of LFA incubated without recombinant PHRPII. (c) Pixelated SERS tags map (blue)
and Raman map NM (orange) of LFA incubated with 50 ng'-mL! of recombinant P/HRPII.

The LFA test incubated with 50 ng'mL" of recombinant P/HRPII must have more SERS tags
identified than a LFA test without recombinant PfHRPIIL, i.e., higher DLCS counts. However, this
analysis demonstrated that the control had identical intense colour in SERS map than with higher con-
centration of recombinant PfHRPII, i.e., in the test line of the LFA without recombinant P/HRPII a
higher concentration of this protein was identified that in the LFA test incubated with 50 ng'mL"!. As
seen in Figure 3.29, the DCLS score between the LFA incubated with 50 ng'mL"' (1.16 = 0.12 DCLS
score) and without recombinant P/HRPII (1.14 + 0.13 DCLS score) have a small, but significant dif-
ference (p-value < 0.01), since this difference is within the standard deviation. Supposedly, the LFA
incubated with the protein should have a higher DCLS score than the LFA without protein.

75



3. RESULTS AND DISCUSSION

1.6} -

148 @ |
e .
O
O12F 3.
m o
2 1.0}
O
Dot % |

0"0
o6f °
Test (0 ng'mL™") | Test (50 ng-mL™)

Figure 3.29: The DCLS score of two LFA tests, incubated with 50 ng'mL"! of recombinant P/HRPII and a negative control
(without P/HRPII). The negative test, i.e., without recombinant PfHRPII is represented by red dots and the positive test (50
ng-mL"! of recombinant P/HRPII) is represented by green dots. The box charts correspond to a confidence interval between
25-75%, the line is the median, and the inside box is the mean. A two-sample Student t-test was performed between these
two LFA, * p-value <0.01.

A good LFA must have repeatability, replicability and reproducibility, and an automated dispos-
ing of the lines tests into the NM are fundamental to the reproducibility of the LFA, due to the control
in the flow rate and speed”. During the analysis of LFA tests, differences of background colour be-
tween tests were noticeable. Besides, a LFA test without any protein was supposed to not have any
signal visual, and lowest SERS signal, which was not seen due to unspecified interactions in the test
line. This conjugation between the test line and the SERS tags can possibly be avoided by washing the
LFA with washing buffers, such as phosphate buffer or PBS with 0.1% (v/v) of tween 20, after the
SERS tags incubation as some authors reported to eliminate unbound conjugates and can decrease the
background’’®13¢, This could be an explanation why the DCLS scores were higher with no recombi-
nant PfHRPII. More optimisation is needed to construct a working SERS-based LFA for malaria anti-

gen detection.
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4.1 Conclusion

A SERS-based LFA was developed to detect a biomarker of malaria, PAHRPII, which is highly
expressed during malaria blood stage infection. A recombinant form of this biomarker was easily pro-
duced in E. coli BL21/DE3 containing a pET-15b vector overexpressing the protein containing a His-
tag, allowing its purification using a Ni-NTA column. Protein quality was assessed by SDS-PAGE,
and western blot was performed to confirm the protein identity. Several optimisations of the western
blot protocol were performed with a Perox-anti-Perox complex to infer the primary and secondary
antibody minimal concentration needed for an observable detection of the colour by the oxidation of
the peroxidase substrate (TMB), thus reducing the western blot costs. The optimised concentrations
were: Perox at 20 ug'mL'; primary antibody at 6 pg'-mL"'; and secondary antibody at 0.125 pg-mL".
An SDS-PAGE of the purified solution had two main bands, at 67 and 22 kDa. The western blot con-
firmed that the band at 67 kDa of MW, was in fact the recombinant P/HRPII. The band at 22 kDa of
MW did not reveal any colour, which was indicative of a contaminant that has some affinity to the Ni-
NTA resin®®. This western blot was performed using anti-P/HRPII at 0.6 pg-mL™! as primary antibody,
and the secondary antibody at 0.125 pugmL. The pixel bands intensities of the SDS-PAGE were
measured corresponding 27% to the recombinant PAHRPII and 73% to the contaminants. Considering
the 27% from the SDS-PAGE, the final concentration of recombinant PHRPII was determined as
0.12 £ 0.03 mg-mL"! by applying the BCA method to whole protein determination.

The other components that comprise the SERS-based LFA in the sandwich format were devel-
oped. Namely, SERS tags (i.e., AuNSs-MBA-EDC/SNHS-anti-Perox-BSA) were developed, where
anti-Perox and Perox were used to reduce costs. Gold nanostars, synthesised from spherical gold na-
noparticles, using a protocol described in the literature®®. These gold nanostars were functionalised
with MBA, conjugated with a specific antibody to detect an antigen, and blocked with BSA to avoid
non-specific interactions. A series of tests, such as DLS, UV-Vis, agarose gel electrophoresis (AGE),
and enzymatic activity assay of peroxidase, were performed to construct a stable SERS tags, where the
covalent conjugation, which provides a stronger bond between the AuNSs-MBA and the antibodies™,
was chosen using a linker, EDC/SNHS, for coupling. The confirmation of SERS tag formation was
assessed by DLS whereby the addition of anti-Perox antibodies to AuNSs-MBA resulted in an in-
crease of the hydrodynamic diameter. Nevertheless, further addition of BSA for blocking did not re-
sult in an increased hydrodynamic diameter. Such observation might be explained by BSA blocking
the interstices that lack anti-Perox molecules. Furthermore, SERS tag development was followed by
UV-Vis, where the addition of antibodies and proteins to AuNSs-MBA resulted in a LSPR red shift,

confirming the bioconjugation.
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A simulation of the sandwich immunoassay was performed by using these SERS tags, the
Perox antigen and the anti-Perox to “close the sandwich”. AGE assays, showed that SERS tags-Perox-
anti-Perox had all the molecules bound, proving that the simulated immunocomplex works and can be
used in the LFA, since the anti-Perox in the SERS tags surface recognised the Perox added, forming a
sandwich with the anti-Perox added lastly. SERS tags-anti-Perox do not bound the anti-Perox at the
SERS tags surface, since the Perox is absent and the anti-Perox in the SERS tags cannot be bound,
making this the negative control. The AGE technique also proved that this conjugation was successful
by less electrophoretic mobility of this sample in comparison with the negative control. An enzymatic
activity assay of Perox was also performed with these samples, which confirm if the anti-Perox could
recognise the antigen properly by measuring the activity of peroxidase bounded, which was con-
firmed. Since this Thesis was focused on the incubation of SERS tags with a blood sample, which
contains salt (154 mM NacCl in a healthy person), the CCC value of the SERS tags was determined as
~ 200 mM. Hence, the SERS tags can be used in an LFA test. Successful conjugation was also con-
firmed by the CCC value observed for each stage of the bioconjugation being higher than the one who
proceeded it, i.e.,, the CCC value of the AuNSs-MBA-EDC/SNHS-anti-Perox-BSA (SERS tag) was
higher than the CCC value obtained for AuNSs-MBA-EDC/SNHS-anti-Perox which was higher than
the CCC for AuNSs-MBA. Thus, the increase value of CCC results from the addition of antibodies
and proteins to the AuNSs-MBA surface, which creates a higher stability.

Regarding the SERS-based LFA several optimisations of the components were made to select
the LFA with the best performance, i.e., allowing a higher reliable colour detection. In these optimisa-
tions, Perox was used as the model antigen to be detected by the respective antibody, thus reducing
optimisation costs. The Perox-optimised LFA, can then serve as a starting point for a LFA based on
the recombinant P/HRPII and its respective antibody. The selection process of every optimisation was
based on the difference of intensity between the background and the test line, as analysed by Image].
The conjugate pad was excluded due to the inability to release the SERS tags to migrate into the NM
after introducing the sample. Thus, the sample was mixed into the SERS tags and deposited directly in
the sample pad. The sample pad GFB-R7L was chosen in the prior work of Tomas ef al.”' and the NM
type CNPF8 not blocked and blocked, since this last is only recommended to achieve assay require-
ments, were compared and the not blocking process was selected through Imagel. The absorbent pad
AP-045, and a concentration of 0.9 mg-mL™! in the test line and 0.5 mg-mL"! in the control line, for the
anti-Perox and anti-IgG, respectively, were also selected. Followed the LFA optimisation, the sensitiv-
ity of the LFA was tested using Perox with a concentration range of 0.01 to 100 pg-mL-!. Since this is
a non-competitive assay, the signal in the test line increases proportionally with the concentration of

the protein in the sample’, and the data were fitted to a Langmuir isotherm model. At lower concen-
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tration of Perox (0.01 pg-mL™), the visual signal in the test line was higher than expected (21.5 pix-
els). The LOD and LOQ were also determined as 5.24 and 7.28 ug-mL"!, respectively.

Afterwards, two SERS-based LFA to detect malaria were performed, with a concentration of
50 ng'mL"! of recombinant P/HRPII and compared with a control (0 ng'mL"' of recombinant
P/HRPII). The analysis of the SERS maps revealed that the LFA test with 50 ng'mL"" had an identical
DCLS score in the SERS map and less colour at naked eye when compared to the assay without re-
combinant PHRPIIL. Supposedly, LFA test without any protein would not have any visual signal, and
low DCLS scores, which did not happen due to non-specific interactions in the test line. Hence, more
optimisations tests are needed, but the work presented in this Thesis proves that this SERS-based LFA
has the possibility to detect malaria through the biomarker PHRPIL.

4.2 Future perspectives

To have a more reliable LFA, more optimisations are needed regarding the purification of the
recombinant PfHRPII, where it is necessary to obtain a constant amount of recombinant P/HRPII per
liter of culture, as compared to other works??. The contaminants in the solution purified were much
higher than the protein, whereupon some optimisations could be achieved by varying reagents and
their quantity during the purification process to obtain more recombinant P/HRPII concentration per
liter of culture and with less contaminants®.

The NMs used in the LFA can be blocked to achieve goals such as stabilising antibodies and re-
ducing nonspecific interactions'?6. The blocking process performed could be tested in Raman and
compared to the NM without any blocking treatment for further knowledge regarding nonspecific
interactions in the background of the LFA, or even try different blocking treatments, such as BSA (1-
2% wiv), 1gG (1-2% w/v), gelatine (0.1-0.5% w/v), casein (1-2% w/v), polyvinylpyrrolidone (0.5-1%
w/v) or polyvinyl alcohol (0.1-1% w/v), whereupon the choice depends on the type of NM, the sample
and the antibody bioreceptor’.

The sensitivity tests performed fitted in a Langmuir model, but at lower concentrations of
Perox, are supposed to be linear due to the dependence in this sandwich assay’”. Although a linear
trend was obtained at low Perox concentrations (from 0.01 to 100 pg-mL™'), this linear trend can be
improved by performing more samples with low Perox concentrations between 0 and 10 ug'-mL"'. The
values of LOD and LOQ can also be improved with the optimisations described.

The sensitivity of this LFA assay is limited by the dissociation constant of the equilibrium be-
tween recombinant PAHRPII and the conjugated anti-P/HRPII’*. The recombinant PfHRPII purified in
this Thesis had a high percentage of contaminant proteins (73%). Due to this, an AGE should have
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been ran to determine the dissociation constant by using this recombinant P/HRPII fraction, which has
high percentage of contaminants.

The various LFA tests performed exhibited some differences, especially, the background colour
was not always consistent between the triplicates. An additional optimisation is needed to construct a
more reproducible LFA, such as a washing step with phosphate buffer or PBS with 0.1% (v/v) of
tween 20 after the addition of the SERS tags mixed with the sample, that could eliminate nonspecific

interactions in the test line”>76:13¢

, which was observed by a positive signal in a test line of a LFA
without antigen (negative control). This optimisation can result in a more reliable LFA with fewer
non-specific interactions and lower background colour. Additionally, another absorbent pad optimisa-
tion is required because more liquid will be added to the LFA. Furthermore, using automated dispens-
ers in the test and control line immobilisation allows to control the flow rate and the speed of deposi-

tion, which could lead to a more reproducible LFA™.
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A

APPENDICES

A.1 Ni-NTA column regeneration

The column was regenerated with 0.1 M ethylenediamine tetraacetic acid (EDTA, >
98%, Honeywell Fluka — Thermo Fisher Scientific, Waltham, USA) and 0.5 M NaCl at pH
7.5, this allows to remove all metal ions in the solid phase and remove any bound materials
such as proteins. Then, the resin was washed thoroughly with ultrapure water (H20, 18
MQ-cm at 25°C). To restore the column, a solution of 0.1 M of nickel chloride hexahydrate
(Sigma-Aldrich, St. Louis, MO, USA) was circulated in the column for 10 min followed by

washing with ultrapure water immediately before using the column.

T
:

b d

Figure A.1: Ni-NTA column after regeneration and restored with nickel chloride hexahydrate.
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A.2 Synthesis of spherical and star-shaped gold nanopar-

ticles

During this Thesis, two batches of AuNPs were synthesised, and as seen in the Figure
A.2 the UV-Vis spectrum obtained were identical with the same LSPR band. For AuNSs,
several batches were synthesised, and as seen in the Figure A.3 are represented a few of these
batches.

Batch A
——Batch B
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Figure A.2: UV-Vis characterisation of the two batches AuNPs synthetised. Normalised UV-Vis spectrum taken immediately
after both AuNPs synthesis, with a LSPR band at 518 nm.
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A.2 SYNTHESIS OF SPHERICAL AND STAR-SHAPED GOLD NANOPARTICLES
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Figure A.3: UV-Vis characterisation of several batches AuNSs synthetised. The batches A-K had LSPR bands between 651
and 739 nm.

A.3 Star-shaped gold nanoparticles conjugation with BSA
at pH 5.5

The samples with AuNSs-MBA at varying molar concentrations of BSA at pH 5.5
demonstrated a high variability in electrophoretic mobilities even between triplicates of the
same condition as can be seen in Figure A.4. For higher molar concentrations of BSA, the
samples had more electrophoretic mobility, which may be explained by the coating of
AuNSs-MBA with more BSA. However, the electrophoretic mobility varies between the trip-
licates, which indicates that at this pH, the AGE was not reproductible. Is possible that this

phenomenon is related to the stochastic behaviour of NP aggregation'*” induced at pH 5.5.
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Figure A.4: Digital image of triplicates AGE with sample of AuNSs-MBA incubated with several BSA final concentrations
(from 0 to 286 nM) at pH 5.5.
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I.1 Equipment

ANNEXES

The equipment used during this Thesis is listed below.

Table 1.1: Table of equipment used.

Equipment
Gallenkamp Orbital Shaker Incubator
Centrifuge Beckman Coulter Avanti J26-
XPI with a JA-10 rotor
Centrifuge tubes

French pressure cell press

Ultracentrifuge
Amicon Ultra-4 Centrifugal Filter Units,
30k, 4 mL

Mini-rocking shaker

Polyvinylidene  difluoride = membrane
(PVDF)
0.20 pm syringe filter

UV-Vis spectrophotometer

Quartz cells witch 1 cm and 3 mm of path-
length

Centurion Scientific K3 Series centrifuge
Orbital shaker
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Supplier
Cambridge, United Kingdom
California, USA

Beckman Coulter , California, USA

Thermo Electron Corporation — Thermo
Fisher Scientific, Waltham, USA

Beckman Optima LE-80K , California, USA
Merck Millipore, Cork, Ireland

Biosan, Latvia
Sigma-Aldrich, St. Louis, MO, USA

GVS North America, Sandford, USA

Cary 50 Bio, Varian®, San Francisco, CA,
USA

Hellma®, Miillheim, Germany

North America by Core Life Sciences, USA
Biosan TS-100, Latvia



I. ANNEXES

LFA started kit
Mini-sub cell GT and Mini-sub cell GT
SZ-100 Nanopartica series

Advanced Microdevices, Ambala Cantt, India
Bio-Rad, Portugal
Horiba, Japan

Desiccator Vacuo-Temp, JP Selecta, Barcelona, Spain
Renishaw inVia Qontor micro-Raman Renishaw Iberica S.A.U., Barcelona, Spain
spectrometer

I.2 ImageJ analysis

A digital picture was taken of all the LFA tests 30 min after every test. These digital
pictures were analysed by image analysis software (Image J, National Institutes of Health,

https://imagej.nih.gov/ij/) by selecting three squares with the same size of the test and control

line, and background. As seen an example in the Figure I.1a, a total nine squares were select-
ed in the digital picture of LFA, and from each square was obtained the mean, median, stand-
ard deviation, among others, of intensity of each pixel (Figure I.1b). More importantly, a his-
togram from each square was obtained (Figure I.1c), which values were used to compare the

intensity (pixel) of background and test and control lines.
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Figure I.1: Analysis of LFA digital pictures by ImagelJ software. (a) Three squares from the background, test and control line
of the same size were selected to the analysis. (b) From each square was obtained the mean, median, mode, minimum, maxi-
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1.2 IMAGEJ ANALYSIS

mum and standard deviation of intensity of each pixel. (c) Histogram of each square was obtained, as example for the first
square selected, which in a scale from 0 to 255 pixel (black to white) the intensity was analysed and compared (background,
test, and control line).
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