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RESUMO

Os microrganismos sdo a causa primaria da deterioracdo de alimentos e das doencas
transmitidas por estes. Anualmente, 1 300 mil milhdes de casos de infecdo originada por Salmonella
surgem a nivel mundial, acarretando grandes encargos para 0s paises desenvolvidos e em
desenvolvimento. Apesar dos grandes desenvolvimentos em tecnologia ocorridos na Ultima década, os
métodos atualmente utilizados na detecao de Salmonella ndo sao suficientemente rapidos e fidedignos.
De modo a solucionar estas questdes, um teste baseado nas propriedades colorimétricas das
nanoparticulas de ouro foi combinado com a técnica de LAMP para a detecdo de Salmonella.

As nanoparticulas de ouro foram sintetizadas e funcionalizadas com oligonucledtidos de DNA
modificados com um grupo tiol (nanossondas de ouro) com a capacidade de reconhecer a sequéncia
alvo — locus ttrRSBCA de Salmonella. Este foi amplificado por LAMP, técnica otimizada ao longo deste
estudo.

Quatro batches de nanossondas de ouro foram sintetizadas a partir de dois batches distintos
de nanoparticulas de ouro sob diferentes condicfes de pH. As nhanossondas resultantes apresentaram
diferencas entre si, nomeadamente na sua estabilidade e capacidade de detecdo. Estas diferencas
foram investigadas e as suas causas relacionadas com as condi¢des de funcionalizagéo,
nomeadamente ultrassons, forca idnica e tamanho das nanoparticulas de ouro. O ultimo fator foi
confirmado por TEM.

As nanossondas de ouro foram utilizadas num método colorimétrico para a dete¢éo de
DNA, seguindo uma abordagem non-cross-linking — ap6s um aumento da forga iénica, as nanossondas
de ouro agregam e a solu¢cdo muda de vermelho para azul devido a deslocacdo para comprimentos de
onda maiores da banda de ressonéancia de plasmadnica superficial (SPR), tipica das nanoparticulas de
ouro; a presenca de um alvo complementar & sequéncia da nanossonda impede a agregacdo das
nanossondas de ouro e a solugdo mantém a sua cor vermelha original.

A capacidade de dete¢do das nanossondas de ouro foi avaliada em produtos de LAMP e
PCR, tendo-se verificado uma melhor discriminagdo em produtos de PCR.

O sistema desenvolvido neste projeto apresenta diversas vantagens, no entanto necessita
de otimizagdo para utlizagBes posteriores na dete¢cdo de agentes patogénicos em produtos

alimentares.

Palavras-chave: Amplificacdo isotérmica de DNA mediada por LOOP (LAMP), nanoparticulas de ouro,
SPR, Salmonella.






ABSTRACT

Microorganisms are the primary cause of food spoilage and foodborne illness. Every year
Salmonella causes 1.3 hillion cases of disease worldwide, representing a considerable burden in both
developing and developed countries. Despite of great advances in technologies in the last decade,
current Salmonella detection methods are not fast and reliable enough. In order to address these issues
a test based in the colorimetric properties of gold nanoparticles was combined with LAMP technique for
the detection of Salmonella.

Gold nanoparticles were synthesized and functionalised with thiol-modified DNA
oligonucleotides (Gold nanoprobes) able to recognize the target sequence - ttrRSBCA locus from
Salmonella. It was amplified by LAMP technique, which was optimized in this study.

Four batches of gold nanoprobe were synthesized from two different batches of gold
nanoparticles and under different pH. The arising gold nanoprobes showed some differences between
them, namely in their stability and their detection capacity. These differences were investigated and it
was verified that their cause was related to the conditions of functionalisation, namely ultrasound, ionic
strength and nanopatrticles size. The last was confirmed with TEM.

Au-nanoprobes were then used in a colorimetric method for DNA detection based on a non-
cross-linking approach - upon increasing ionic strength, Au-nanoprobes aggregate and the solution
changes colour from the original red to blue, due to the red-shift of the typical Surface Plasmon
Resonance (SPR) band of gold nanoparticles; the presence of a complementary target to the probe
sequence, prevents aggregation of the Au-nanoprobes and the solution remains red.

Gold nanoprobes detection capacity was tested with LAMP and PCR products and it was
verified that a better discrimination is achieved with PCR products.

The system developed here presents some advantages but still needs optimisation for further

application in pathogen detection in food.

Keywords: Loop-mediated isothermal amplification (LAMP), gold nanoparticles, SPR, Salmonella.
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file:///C:/Users/ASUS/Desktop/Tese_varias%20versoes/Tese%20LAMP%20e%20deteçao%20de%20salmonella_pb2_co2.docx%23_Toc462317674
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file:///C:/Users/ASUS/Desktop/Tese_varias%20versoes/Tese%20LAMP%20e%20deteçao%20de%20salmonella_pb2_co2.docx%23_Toc462317692
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file:///C:/Users/ASUS/Desktop/Tese_varias%20versoes/Tese%20LAMP%20e%20deteçao%20de%20salmonella_pb2_co2.docx%23_Toc462317704
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1 INTRODUCTION

1.1 Nanotechnology

Nanotechnology can be defined as the ability to understand, control and manipulate
matter at the level of individual atoms and molecules (Bhattacharyya et al.,2009). It was in 1959
that the concepts that seeded this capability were first discussed. The physicist Richard Feynman
described in his talk “There’s Plenty of Room at the Bottom” the possibility of synthesis at the
molecular level via direct manipulation of atoms (Feynman, 1959).

Nanoscience and nanotechnology have faced an exponential progress in the last decade
(Chandra et al., 2013).The production and characterization of new materials consisting of
particles with dimensions in the order of a few nanometres allowed the development of a wide
range of fields, such as electronics, mechanics and, especially, biomedicine (Chandra et al., 2013;
Eustis & el-Sayed, 2006; Ghosh & Chattopadhyay, 2013) Carbon nanotubes, quantum dots,
nanorods and noble metal nanoparticles are examples of these materials(Chandra et al., 2013;
Eustis & el-Sayed, 2006).

1.1.1 Gold Nanoparticles and their properties

Gold nanoparticles (AuNPs) are among the most extensively studied nanomaterials
(Ghosh & Chattopadhyay, 2013). AuNPs’ popularity is attributed to their ease of synthesis,
chemical stability and unique physical and optical properties dependent of their interesting size
(Khlebtsov & Dykman, 2010; Baptista et al., 2011). The incomparable characteristics of gold
nanoparticles are making them responsible for a revolution occurring in biomedicine (Eustis & el-
Sayed, 2006). AuNPs nanoscale properties make them very suitable for molecular imaging,
phototermal treatment of diseases (Ghosh & Chattopadhyay, 2013) and molecular diagnostics
(Baptista et al. 2006). Their high-surface-area-to-volume ratio make them great vectors for drug
delivery (Dreaden et al., 2012; Veigas et al., 2012).

Among the remarkable properties of gold nanoparticles (AuNPs), their intense colours
associated with their interesting optical properties are of great importance (Liz-Marzan, 2006). A
solution of monodisperse gold nanoparticles appears red and exhibits a 520 nm centred band in
the UV-visible spectrum, characteristic of LSPR — Localised Surface Plasmon Resonance (Doria
et al., 2007).This phenomenon is related with nanoparticles size. According to Gustav Mie, for a
spherical particle much smaller than the wavelength of light, an electromagnetic field at a certain
frequency causes the induction of a resonant, coherent oscillation of the metal free electrons
across the nanoparticle (LSPR) (Louis & Plucherry, 2012). This effect is responsible for the strong
enhancement of absorption and scattering of electromagnetic radiation that allow for higher
sensitivity in optical detection methods(Jain et al., 2006).

LSPR is strongly affected by changes in shape and inter-particle distance (Baptista et al.

2008; Rai & Kon 2015). The last can be influenced by NaCl addition, which may cause surface



charge shielding, leading to a concomitant inter-particle distance decrease. Thus, a solution
containing aggregated gold nanoparticles shows a blue colour, which is a consequence of a
redshift in the surface plasmon resonance to higher wavelength (Doria et al., 2007). A plethora of
colorimetric detection schemes is based on this condition, taking advantage of the optical
properties of disperse against aggregated gold particles for biodetection assays (Baptista et al.,
2011; Rai & Kon, 2015).

Modulation of these properties of AUNPs can be easily achieved by adequate synthetic

strategies.

1.1.2 Synthesis and functionalisation

Gold nanoparticles are associated colloids, which can be synthesised with dimensions
ranging from 0.8 to 250 nm (Doria et al., 2007). Several physical and chemical techniques have
been described for gold nanoparticles synthesis. These methods generate nanoparticles with high
homogeneity and adequate morphology, size dispersion and surface functionalities (Yeh et al.,
2012).

The most commonly used method for preparation of spherical AUNPs is Turkevich
Method (Turkevich et al.,1951). It starts with the dissolution of chlorohauric acid (HAuCla4) in water.
Then a reducing agent (sodium citrate) is added, causing the reduction of Au3*ions to Au®, and
consequently, the nucleation of neutral charged NPs (Ji et al., 2007). These nanoparticles grow
in diameter until they get saturated of sodium citrate. Therefore, higher concentrations of sodium
citrate promote the formation of smaller nanoparticles. Besides controlling size, this reagent
prevents nanoparticles from aggregation due to electrostatic repulsion between citrate-capped
AuNPs. Thus, sodium citrate acts also as a capping agent since it confers stability to nanoparticles
(Wilcoxon & Abrams, 2006). As a result, this method produces monodisperse gold nanoparticles,
forming an homogeneous colloid that does not suffer from precipitation nor aggregation (Ji et al.,
2007). The use of citrate is very advantageous, since it can be easily replaced by other capping
agents. It allows the functionalisation of gold nanoparticles surface with ligands, making them
very suitable for use in biodetection assays. Thiol-linking of DNA and chemical functionalisation
of gold nanoparticles for specific protein/antibody binding are the most common approaches
(Baptista et al. 2008).

Functionalisation of AUNPs with biomolecules occurs generally through thiolmetal quasi-
covalent bonds. It takes advantage of the strong affinity between the metal and sulfur that either
exist in the biomolecule (e.g., proteins) or can be easily added (e.g., oligonucleotides) (Zhao et
al., 2013). The use of thiol-linked oligonucleotide modified gold nanoparticles (Au nanoprobes)
for the colorimetric detection of DNA targets was described for the first time by Mirkin et al in 1996
(Doria et al. 2007). A cross-linking approach was developed with the use of single-stranded
oligonucleotides targets which could be detected using two species of Au-nanoprobes (Rai & Kon,
2015). Each nanoprobe was functionalized with a DNA-oligonucleotide complementary to one

half of the given target (Doria et al. 2007). If sequence complementarity occurred between the



target and the two probes, NP aggregation would be observed and, consequently, a visual change

from red to blue would take place (Mirkin et al., 1996).

1.1.3 Non-cross-linking approach

Baptista et al described a new strategy for the detection of nucleic acids— the non-cross-
linking approach. This method only needs one Au-nanoprobe for molecular detection, which
aggregates by the increase of ionic strength of the media (salt addition). In the presence of a
specific complementary target, Au-nanoprobe stabilise and the solution remains red (Baptista et
al., 2006). This occurs, possibly, due to the existence of electrostatic interactions between the
negatively charged phosphate groups of the nucleic acid and the high polarisable gold
nanoparticles (Doria et al., 2007). On the other hand, as a result of aggregation, the solution
becomes blue in the absence of a specific complementary target (Baptista et al., 2006).

The development of this approach was only possible due to gold NPs extraordinary
properties. Since LSPR confers them bright intense colours in solution, these nanoparticles
present particular relevance for use in colorimetric tests to characterize and identify pathogens,
such as Salmonella (Kalidasan et al., 2013).

1.2 Salmonella spp.

1.2.1 Taxonomy

Salmonella are facultative, anaerobic gram-negative bacilli belonging to the
Enterobacteriaceae family (Kokkinos et al., 2014). The genus Salmonella contains two species:
S. bongori, which is commonly associated with reptiles and S. enterica, which includes serotypes
usually associated with the majority of food-related infections(Baylis et al., 2011). Six subspecies
are differentiated within S. enterica based on their biochemical and genomic characteristics
(Meneses et al.,, 2010). Belonging to these species there have been identified over 2500
serotypes. Based on Kauffmann-White method they are distinguished by their flagellar,
carbohydrate and lipopolysaccharide (LPS) antigenic structures (Coburn, Grassl, & Finlay, 2007,
Meneses, 2010). The serotypes of most concern with regard to food safety belong to S.enterica
subsp. enterica, causing 99% of Salmonella infections(Coburn et al., 2007). S. Typhimurium and
S. Enteritidis represent two of the more prominent Salmonella serotypes associated with human
infections (Park et al., 2014).

1.2.2 Epidemiology

Foodborne illnesses continue to be a serious concern as a public health issue for the food
industry. Viruses are major causative agents for foodborne illnesses (59%), followed by bacteria
(39%). Each year, roughly 1 in 6 people in the US gets sick from eating contaminated food.
Salmonella species were considered as the leading cause for the more severe cases resulting in



35% of the hospitalisations and 28% of the deaths(Park et al., 2014). Salmonella infection
represents a considerable burden in both developing and developed countries, causing 1.3 billion
cases of disease annually worldwide (Coburn et al., 2007) with costs of billions of dollars in
medical services and incalculable losses to the reputations of implicated agricultural products and
producers regardless of the true source of contamination(Kokkinos et al., 2014).

The majority of the infections are associated with ingestion of contaminated foods such
as eggs, chicken, beef, pork, milk products, fruits, and vegetables (Kokkinos et al., 2014; Martelli
& Davies, 2012). The epidemiology of Salmonella spp. associated infections varies widely
depending on the type of Salmonella spp. involved (Sanchez-Vargas et al., 2011). While enteric
fever, caused by S. Typhi and S. Paratyphi, generally leads to a severe and life-threatening
disease, Non-Typhoid Salmonellosis (NTS) infections tend to be self-limiting, causing intestinal/
diarrheal disease (Baylis et al., 2012).

High portion of these infections take place in Africa, Asia, Latin America, with 80% of
cases in Bangladesh, China, India, Indonesia, Nepal or Vietham (Ao et al., 2015; Chau et al.,
2007) (Figure 1.1).
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Figure 1.1. Geographical distribution of enteric fever and Non-Typhoid Salmonellosis (iINTS)
disease. High disease burden is defined as greater than 100 cases per 100,000 population per year, and
medium disease burden as 10—100 cases per 100,000 population per year (Gilchrist et al., 2015).



1.2.2.1 Typhoid Fever

Once ingested the bacteria pass through the stomach and enter the intestine where
multiplication occurs. Transportation of the bacteria from the small intestine to the mesenteric
lymph nodes is via microfold cells (also termed M cells) of the Peyer’s patches (aggregations of
lymphoid tissue usually found in the lowest portion of the ileum) (D’Aoust et al., 1991). The
bacteria perforate and enter through the intestinal wall and are phagocytosed by macrophages,
where they can exist and avoid destruction by neutrophils, complement and the immune
response. While inside the macrophages, the bacteria spread via the lymphatic system and blood

stream. This gives them access to the different organs throughout the body (Baylis et al., 2011).

1.2.2.2 Non-Typhoid Salmonellosis (NTS)

Salmonella generally cause illness by localised infection of the gastrointestinal tract
(Morgan et al., 2004), leading to the development of nausea, vomiting, fever and diarrhoea
(Andino & Hanning, 2015). Colonisation and attachment to epithelial cells with subsequent
invasion of the intestinal tissue characterise Salmonella infection (C. Baylis, M. Uyttendaele, Han
Joosten & Davies, 2011). During this invasive process, the bacterium secrets a heat labile
enterotoxin that precipitates a net efflux of water and electrolytes into the intestinal lumen resulting
in diarrhoea (Coburn et al.,, 2007). During infection by Salmonella a strong innate

immune/inflammatory response is induced in the host (Hur et al., 2012).

1.2.3 Pathogenicity

Significant inflammatory disease is a common feature of typhoid and enterocolitis
(Meneses et al., 2010). The various virulence programs employed by Salmonella species interact
with host defence mechanisms at various tissues in different stages of infection resulting in
significant host immunopathology, morbidity and mortality(Coburn et al., 2007). The severity of
illness in individuals with salmonellosis is determined not only by host properties but also by the
virulence factors of the infecting strain( Baylis et al., 2011).

The chromosomes of enteric bacteria are mosaics, composed of collinear regions
interspersed with 'loops' or 'islands' unique to certain species (McClelland et al., 2001). Virulence
genes often cluster on large plasmids or in the localised regions of the chromosome, termed
Salmonella pathogenicity islands (SPI) (Hur et al., 2012). These islands are of critical importance
for in vivo virulence, in particular SPI-1 and -2 (Andino & Hanning, 2015).Both SPIs encode a
molecular apparatus called a type lll secretion system (T3SS) capable of injecting bacterial
proteins known as ‘effectors’ through bacterial and host membranes into host cells (translocation)
or the extracellular milieu (secretion) to directly influence host biochemistry and cell
physiology(Coburn et al., 2007).Salmonella pathogenicity island 1 (SPI-1) encodes genes
necessary for invasion of intestinal epithelial cells and induction of intestinal secretory and

inflammatory responses (Watson et al., 1995). Salmonella pathogenicity island 2 (SPI-2) encodes



genes essential for intracellular replication, and is necessary for establishment of systemic

infection beyond the intestinal epithelium (Coburn et al., 2007).

1.3 Challenges and current needs

The incidence of Salmonella infections has not declined over the past 16 years,
underscoring the critical need for prevention and control (Q. Yang et al., 2015). The large number
of outbreaks produced by this bacterium worldwide indicates its importance and impact (Majowicz
et al., 2010; Tirado & Schmidt, 2001).

Interventions, which demonstrate effective reductions in the occurrence and levels of
pathogenic bacteria at different processing steps, have been included in production lines to keep
critical points under control (Meneses et al.,, 2010). Despite the existence of high regulated
government monitoring programs, such as the Hazard Analysis and Critical Control Point
(HACCP) plans for food industry, preventing Salmonella remains challenging (Mead et al., 1999).
The difficulty in controlling Salmonella lies in its ability to survive extreme environmental
conditions (Meneses et al., 2010). Its existence in many different types of foods and the possibility
of contamination occurrence anywhere from production and manufacturing to distribution and
consumption also difficult its control.

Detecting microbial pathogens and toxins in foods faces many inherent challenges
associated with food analysis. The complexity of food matrices and compositions presents a major
obstacle to developing effective sampling, sample preparation, and testing strategies, mainly in
solid food. Food matrices frequently harbour inhibitors for key reagents used in detection assays,
such as PCR enzymes. Furthermore, raw foods naturally contain high levels of normal flora, which
may interfere with the performance of a wide array of pathogen detection technologies. On the
other hand, the attributes of target analytes in foods also significantly impact the detection
efficiency. For example, pathogens in foods are generally present at a much lower level and are
frequently injured during food processing, which demands improved detection sensitivity and pre-
enrichment to resuscitate the injured cells. Additionally, the heterogeneous distribution of
pathogens and toxins in foods presents a challenge for effective and statistically sound sampling
procedures, particularly when detecting pathogens that cause severe illness in humans with very
low infectious doses (Ge & Meng 2009).

In order to overcome these difficulties, enrichment, concentration and extraction
techniques are strategies commonly applied to food samples before they are actually subjected
to the detection assay. However, these methods may be labour intensive, increase the total
analysis time and inhibit certain detection assays, reducing their sensitivity and efficiency (Ge &
Meng 2009).

Increased public awareness related to health and economic impacts of food-borne
contamination and illness has resulted in greater efforts to develop more sensitive, rapid, and

inexpensive method of pathogenic microbe detection and identification (Deguo et al., 2008).



1.4 Classical and Molecular Methods for Salmonella Detection

1.4.1 Culture Methods — The “gold standards” in food detection

Reference methods for bacterial detection or identification rely mainly on culture based
approaches (Francois et al., 2011). Generally regarded as the “gold standard” for food detection,
conventional culture technique for Salmonella standardised by the International Organization for
Standardisation (1ISO6579:2002) and the United States Food and Drug Administration includes
pre-enrichment, selective enrichments, and plating on selective agar media followed by
biochemical and serological tests(Ge & Meng, 2009; Lee et al., 2015).

Despite the great development of these methods, they are time consuming, requiring 4
to 5 days to obtain presumptive or negative results; and can take up to 7 days depending on the
realization of biochemical and serological confirmations (Park et al., 2014). Antibiotic treatment,
inadequate sampling, presence of other competing organisms during enrichment step and small
number of viable microorganisms in samples can affect cultures sensitivity(Lee et al., 2015;
Zadernowska & Chajecka, 2012). Moreover, these tests demand large volumes usage of liquid
and solid media and reagents (Odumeru & Ledn-Velarde, 2012).

Although traditional culture based methods detect “viable” bacterial cells, they do not
detect potentially infectious non-culturable cells, and these techniques are not specific enough to
detect and characterize Salmonella at the strain level, particularly when a large number of
samples are involved (Maciorowski et al., 2006).

For public health and the food industry, rapid, sensitive and specific methods to detect
Salmonella are required.

1.4.2 Rapid Methods

Recent advances on technology have made the detection of this pathogen more rapid
and convenient, while achieving improved sensitivity and specificity in comparison to conventional
methods(Ge & Meng, 2009). Rapid methods include convenience-based, antibody-based,
Fluorescent in situ hybridisation (FISH) and nucleic acid-base assays (Lee et al., 2015; Park et
al., 2014) (Table 1.1).

Convenience-based assays are used in food industry for sanitation control. They include
hydratable gel cards and portable device for testing ATP activities. It provides immediate feedback
on the sanitation conditions of food contact surfaces and the environment, while not being a direct
indicator of microbial contamination of food products(Ge & Meng, 2009).

Immunological based methods, which employ specific mono- or polyclonal antibodies
binding with somatic or flagella antigens, contain diverse assays, including ELISA (Lee et al.,
2015; Odumeru & Leodn-Velarde, 2012). Enzyme-linked immunosorbent assay (ELISA) is a
biochemical technique used to detect the presence of an antibody or an antigen in a sample (Lee
et al., 2015). In the ELISA assay, an antigen specific to Salmonella spp. is bound to the

appropriate antibody linked to a solid matrix. After forming the antigen-antibody complex, the



concentration of the antigen and the presence of Salmonella spp. can be measured through the
change in colour caused by the enzymatic cleavage of a chromogenic substrate(Park et al., 2014).

FISH (Fluorescent in situ hybridisation) technique consists in hybridisation of the rRNA
sequence of immobilised cells by a fluorescently-labelled 16S rRNA oligonucleotide probe
(Zwirglmaier et al., 2005), which is a short fragment of deoxyribonucleic acid that hybridizes or is
paired with complementary sequences of DNA or RNA extracted from the analysed
microorganisms. Probes are most often marked on one or on both ends with a fluorescent dye,
binding only with the DNA of the identified organism (Zadernowska & Chajecka, 2012). This
method includes preparation and permeabilisation of cells, hybridisation, washing off the excess
unbound probe and detecting the signal with the application of fluorescence microscopy (Jasson
et al., 2010).

Next Generation Sequencing (NGS) came as a response to the ultimate goal in foodborne
detection — the ability to distinguish subtle strain genetic differences of a pathogen. It has led to
the rapid assembly of microbial sequences encoding complete genome within a day. NGS
technologies allow an extensive parallel sequencing approach of a large number of template
fragments(Park et al., 2014).

In the last decade nucleic acid-based assays have suffered an exponential development
since they offer great sensitivity and specificity over other methods, being able to identify rapidly
Salmonella in the absence of pure cultures (Glynn et al. 2006). These techniques consist of two
main types, hybridisation using probes and amplification by PCR and related technigues (Ge &
Meng, 2009). The nucleic acid-based assays are Salmonella detection tests that use a specific
nucleic acid target sequence within the organism (Lee et al., 2015) and have been successfully
used for the detection of food-borne pathogens, including Salmonella (Kokkinos et al., 2014).
DNA microarrays involve the use of selected single stranded oligonucleotide probes attached to
a solid surface of glass slides or fluorescently encoded beads. Subsequently, the probe hybridises
with target DNA isolated from samples that are labelled with a fluorophore (Park et al., 2014).
Probes directed to specific gene regions of the Salmonella genome have proven to be more
specific than culture and immunological assays (Manzano et al., 1998).

Even though these molecular methods have the potential to reduce detection time to less
than 3 days (Zhang et al., 2011), they present several drawbacks (Table 1.1). Therefore, in order
to prevent and control the spread of Salmonella, the development and validation of faster

screening and robust diagnostic assays for this pathogen are crucial (Yang et al., 2010).



Table 1.1. Advantages and Disadvantages of rapid detection methods (adapted from Park et al. 2014).

Method Advantages Disadvantages
* More rapid than culture-based methods (2 « Low sensitivity
d vs 5-7d) « Limited multiplexing ability
» Can be automated to reduce assay time « False negative results
and manual labor input « Difficulty in detecting damaged or stresses
ELISA « Able to handle large number of samples cells
» More specific than cultural methods * Pre-enrichment for production of cell

surface antigens
« Cross-reactivity with antigens of closely
related bacteria

« Determines only the number of « False positive results
physiologically active cells « Specificity of probe affected by the food
« Sensitive (able to detect viable but not matrix
culturable cells)
FISH « Specific (information available concerning

RNA sequences from organisms very
closed genetically)
« Fast and cheap

« Sensitive, specific and accurate « Data storage and data release

» Sequencing without electrophoresis * Need skill person for data analysis

* Rapid (7-10h) « High cost

NGS « No detection of viable cells without pre-
enrichment
« Samples need to be prepared and
amplified

« Rapid than culture-based methods (2 d vs « Difficulty in distinguishing live and dead
5-7d) cells

« Multiplex analysis (Up to 100 different « High cost

: beads commercially available) » Need skill person and support
Microarray « High sensitive and specific (probe design

to genome)

« Labor effective (can be applied to 96-well
format)

« Rapid than culture-based methods (4-24h « Difficulty in distinguishing live and dead
vs 5-7d) cells

« High specific and sensitive « Prone to PCR inhibitors, non-target DNA

» Automated and physicochemical parameter

Conventional  Multiplex potential modifications

* Requirement of thermal cycler and gel

PCR documentation system
« Post-PCR handling leading to carry over
contaminations
« Less sensitive, thereby missing borderline
cases with low gene copy numbers
« Simultaneous amplification and detection « Difficulty in multiplex assay
during exponential amplification « Expensive detection equipments and
Real-Time + Increased sensitivity due to fluorescent consumables
PCR chemistry o * Need skilled person
* Lower carry over contamination due to « Prone to PCR inhibitors, non-target DNA
closed tube operation and physicochemical parameter
modifications
« Isothermal field-based gene ampilification » Complicated primer design
without requiring thermal cycler « Laboratory based
» Amplification can be accomplished with « Limitations for multiplexing
water bath/ heating block
LAMP « Real-time as well as quantitative

* Requirement of fewer operation steps
compared to PCR assays




1.4.2.1 Loop-mediated isothermal technique (LAMP) technique

Developed by Notomi et al. in 2000, LAMP has become a promising alternative to PCR
for pathogen detection (Notomi et al., 2000), due to its high specificity and sensibility, simple
operation and low cost (Shao et al., 2011). Its mechanism is described in Figure 1.2.

This method is based on the use of a specially designed set of four target-specific primers
(F3, B3, FIP and BIP), which are able to recognise six distinct sites flanking the amplified DNA
sequence (F1c, F2c, F3c sites on the 3’ side and B1, B2, B3 sites on the 5’ side) (Figure 1.2 a).
One pair of primers, F3 and B3, represents the ordinary, single-domain primers (they each
recognise one of the six sites and so amplify the entire target region), and these are supplemented
by an additional pair of composite, double-domain primers, FIP and BIP, which recognise two of
the six sites each and play the major role in the LAMP reactions (FIP and BIP primers are used
in excess, compared to F3 and B3 primers). The LAMP reaction is considered to progress through
two steps by DNA polymerase with strand displacement activity: starting structure producing step
(Figure 1.2 b) and cycling amplification step (Figure 1.2 ¢) (Tomita et al., 2008).

The final amplification products are mixtures of many different sizes of stem-loop DNAs
with several inverted repeats on the target sequence and cauliflower-like structures with multiple
loops (Notomi et al., 2000; J. L. Yang et al., 2010). At the end of the reaction, the presence or
absence of the target DNA is judged visually by the appearance of a white magnesium
pyrophosphate precipitate, by a colorimetric change on addition of SYBR Green | to the mixture
or agarose gel (Kokkinos et al., 2014).

LAMP assays have been developed for the detection of Salmonella in different food
matrices, including liquid egg (Hara-Kudo et al., 2005), meat products (Y. Wang et al., 2009), milk
(Shao et al., 2011), chicken, yogurt, omelet, hamburger, beef, and apple juice (Chen et al.,2011).

Recently, this technique has also been used to overcome a major limitation of DNA-based
molecular detection assays — the inability to differentiate live versus dead cells (Ge & Meng,
2009). Incorporation of propidium monoazide during the sample preparation steps, allowed the
chemicals to intercalate into free DNA (dead cells) but not in intact live cells, preventing
amplification of dead cell DNAs (S. Chen et al., 2011).

10



1.
a b F3c F2c Flc B1 B2 B3
3 L ————0 .

= 5
o
/s
== FIP
AP l
Fic
§, F2 2
=
 — = 5
o _an -
F3 s l
=
F3c Fc Fic B1 2 B3 3
L e———— N
- e e 3 Sem == . - ¥
F3 F2 F1  TargetDNA Blc B2cB3c Fic F2 F1 B1ic B2c B3c
B3
a.
= — v ¥
B2 s = X
Bic 5
|
5.
Fic B1
i g
Fi -’
F2c B¢
c
i
22y 10.
- = ==
R =, |
‘:\ 1.
=
/’ ° = 5
& Fic B1
*\’ F2c-—"> o
/ ~£| Bic g5
- F2 £1c
7 L
6. 5
T = = — l
=1 N ..
A
o = o s — -mg ———
T % 3 = ¥ ’
T \ / =7
E1 Bic Qv ‘f/
\F1 g
— B2c
] <+— -
. s’ Flc 3Bl = >"
. 7 B1c 22 €
L ——
L — = \)
27_5 ‘E/‘

Figure 1.2 Principle of loop-mediated isothermal amplification (LAMP) method. (a) Primer design of the
LAMP reaction. Six distinct regions are designated on the target DNA, labelled F3, F2, F1, Blc, B2c and B3
from the 5’ end. As ¢ represents a complementary sequence, the F1c sequence is complementary to the F1
sequence. Two inner primers (FIP and BIP) and outer primers (F3 and B3) are used in the LAMP method. FIP
(BIP) is a hybrid primer consisting of F1c (B1c) sequence and the F2 (B2) sequence. (b) Starting structure
producing step. DNA synthesis initiated from FIP proceeds as follows. The F2 region anneals to the F2c region
on the target DNA and initiates the elongation. DNA amplification proceeds with BIP in a similar manner. The
F3 primer anneals to the F3c region on the target DNA, and strand displacement DNA synthesis takes place.
The DNA strand elongated from FIP is replaced and released. The released single strand forms a loop structure
atits 3’ end (structure 3). DNA synthesis proceeds with the single-strand DNA as the template, and BIP and B3
primer, in the same manner as described earlier, to generate structure 5, which possesses the loop structure
at both ends (dumbbell-like structure). (c) Cycling amplification step. Using self-structure as the template,
self-primed DNA synthesis is initiated from the 3’ end F1 region, and the elongation starts from FIP annealing
to the single strand of the F2c region in the loop structure. Passing through several steps, structure 7 is
generated, which is complementary to structure 5, and structure 5 is produced from structure 8 in a reaction
similar to that which led from structures 5—7. Structures 9 and 10 are produced from structures 6 and 8,
respectively, and more elongated structures (11, 12) are also produced (Tomita et al. 2008).
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1.4.21.1 LAMP Salmonella amplification allied to a gold nanoprobe based colorimetric
test

An ideal detection system should include high specificity and sensitivity; fast response
time; capability for mass production; elimination or simplification of sample preparation steps;
minimal perturbation of sample and providing continuous data analysis (Ge & Meng, 2009).

When used for the detection of pathogens and toxins in foods, the rapid methods
described above are used primarily as a screening tool (Ge & Meng, 2009). Negative results are
definitive, while positive are regarded as presumptive, requiring further confirmation by traditional
culture-based methods(Park et al., 2014). Moreover, the majority of antibody-based and nucleic
acid-based assays, require enrichment to achieve the necessary sensitivity require of food
testing, which results in a great increase of time analysis (Ge & Meng, 2009).

Therefore, in this thesis LAMP amplification method was joined to gold nanoprobes. Even
though these two methods have already been used individually for Salmonella detection (Prasad,
Shankaracharya, & Vidyarthi, 2011; Zhuang et al., 2014), their combination make easier the
achievement of the required test specificity and sensitivity allied to some degree of rapid
detection.
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Figure 1.3. Au-nanoprobes non-cross-linking method applied to Salmonella LAMP amplified detection.
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1.5 Thesis Scope

Salmonella has been recognised as a major and important foodborne pathogen for
humans and animals over more than a century, causing human foodborne iliness as well as high
medical and economical cost.

Despite the advances made in technology in the past decades, the detection of microbial
pathogens and their toxins in foods remains a challenging task. Rapid methods have been
developed but limitations still exist.

Considering this issue, this thesis aims to develop a colorimetric test for the detection of
Salmonella allied to LAMP technique. In order to attain this milestone, the project proposed
intends to:

e Design probes in silico with the ideal characteristics to detect ttrRSBCA locus from

Salmonella;

e Design and optimise LAMP reaction;

e Synthesize, functionalise and characterise gold nanoparticles for non-cross linking

method;

e Study the underlying mechanisms involved in the non-cross-linking detection, towards

the optimisation of the method;

e Couple LAMP with Au-nanoprobes;

e Compare LAMP products detection with PCR gold-standard.
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Equipment

Balance Sartorius BP 610 (DWS, USA)

— Gel Doc XR * Molecular Imager system (Bio-Rad, USA)

— Microplate reader Infinite M200 with Absorbance module (Tecan, Switzerland)

— pH meter Basic 20 with combined glass electrode 5209 (Crison, Spain)

— Sigma 1-14 Microfuge (SciQuip, UK)

— Thermal Cycler MyCycler (Bio-Rad, USA)

— Thermal Cycler Tgradient (Biometra, Germany)

— Ultrasonic bath Elmasonic S10H (Elma, Germany)

— UV-Vis Spectrophotometer Nanodrop ND-1000 (Nanodrop Technologies, USA)

— UV-Vis Spectrophotometer UV Mini-1240 (Shimadzu, Germany)

— Wide Mini-Sub Cell GT electrophoresis cell with PowerPac Basic power supply (Bio-Rad,
USA)

— 384 well small volume, LoBase Polystyrene microplates, black (Greiner Bio-One, Germany)

— NAP-5 columns (GE Healthcare, Sweden)

— Quartz Absorption Cell — 105.202-QS (Hellma, Germany)

2.1.2 Chemical Reagents

Table 2.1. Chemical Reagents

Reagents CAS number Distributor
Agarose 9012-36-6 VWR
Betaine 107-43-7 Sigma-Aldrich
Bromophenol Blue 115-39-9 Merck
Dithiothreitol (DTT) 3483-12-3 Sigma-Aldrich
Ethylenediaminetetraacetic acid (EDTA) 25102-12-9 Merck
Glycerol 56-81-5 Sigma-Aldrich
Gold (1) chloride trihydrate 16961-25-4 Sigma-Aldrich
Hydrochloric acid 7647-01-0 Sigma-Aldrich
Magnesium chloride hexahydrate 7791-18-6 Merck
Nitric acid 7697-37-2 Sigma-Aldrich
Sodium Chloride 7647-14-5 Merck
Sodium phosphate dibasic 10028-24-7 Sigma-Aldrich
Sodium phosphate monobasic monohydrate 10049-21-5 Sigma-Aldrich
Trisodium Citrate 03-04-6132 Merck
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2.1.3 Solutions and buffers

Ultrapure sterile water (> 16.2 MQ.cm) from Merck Millipore Milli-Q system was used to

prepare all needed solutions and dilutions.
AGE |
2% SDS
10 mM phosphate buffer (pH 8)
Sterilised by filtration (0.22 ym) and stored at 4 °C. Warm up to 37 °C before used.
AGE Il
0.01% (w/v) SDS
1.5 M NacCl
10 mM phosphate buffer (pH 8)
Sterilised by filtration (0.22 uym) and stored at 4°C. Warm up to 37°C before used.
Agua Regia
One volume of HNOs to three volumes of HCI
Phosphate buffer
According to the desired pH and concentration (from Sambrook and Russel 2001).

Table 2.2. Phosphate buffer (10mM) at different pH values.

pH Na;HPO4 (mL) NaH2PO4 (mL)
7 57.7 42.3
8 93.2 6.8

Sterilised by autoclaving and stored at 4°C.

TAE Buffer (50x)
2 M Tris-Acetate
0.05 M EDTA

Tris-acetate was made with Tris-Base and Glacial Acetic Acid. The solution was sterilised

by autoclaving and stored at room temperature until further use.
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2.1.4 Biological Material

2.1.41 Biological Reagents

Table 2.3. Biological Reagents
Reagents
Betaine (5M)
Bst DNA polymerase large fragment (8000U/uL)
dNTP mix (10 mM)
GelRed ® (10000X)
GeneRuler™ DNA Ladder Mix, ready-to-use
Magnesium chloride (25mM)
Oligonucleotides

Thermo Buffer Termopol reaction buffer (10X)

2.1.4.2 Molecular Biology Kits

Distributor

Sigma-Aldrich

New England Biolabs

Thermoscientific
Fermentas
Fermentas
Sigma-Aldrich
STAB VIDA, Lda

New England Biolabs

GenElute™ Bacterial Genomic DNA Kit (Sigma-Aldrich, Germany)

2.1.4.3 Salmonella strains

Salmonella enterica serovar Typhimurium 14208 was provided by Prof. Luis Jaime Mota,

Assitant professor and Member of the Molecular Biology Research group at DCV Department,

FCT, UNL.

2.1.4.4 DNA oligonucleotides

All oligonucleotides were acquired from STAB VIDA (Portugal).

Non-modified

oligonucleotides (LAMP primers and synthetic ssDNA target) were resuspended in sterile milli-Q

H20 to achieve a final concentration of 100 yM and stored at -20°C. Modified oligonucleotide
(ttrRSBCA probe) was resuspended in 100 uL of 1 M Dithiothreitol (DTT) and 900 uL of sterile

milli-Q H20 and stored at -20°C. Sequences and specifications are displayed below.

Table 2.4. DNA oligonucleotides

Designation Sequence (5'to 3') Tm
(°C)
FIP (Flc) ttrRSBCA AGTCCGTTCAGCGTTTCACGAA 59.2
FIP (F2) ttrRSBCA GCTGGCTGGCTATTCTCG 56.0
BIP (B2) ttrRSBCA ACCCGTCGTCAGTGGCTAAAAG 59.4
BIP (Blc) ttrRSBCA CATCACGGTAGCTCAGACCA 56.5
F3 ttrRSBCA CTTACTCGTTACCAGGCGG 55.2
B3 ttrRSBCA ACAGGCCATCAATTGCGC 56.8
ttrRSBCA target GCTCAGACCAAAAGTGACCATCCCACCGACGGCGAGACCG -
ttrRSBCA probe Thiol - GGTCTCGCCGTCGGTGG -

%GC

50.0
61.0
54.5
55.0
57.9
55.6

62.5
76.5

Comments

Primer
Primer
Primer
Primer
Primer
Primer

Synthetic
Probe
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2.2 Methods

2.2.1 Molecular Biology
2211 Genomic DNA extraction from Salmonella

Genomic DNA was extracted at Prof. Luis Jaime Mota Laboratory, Assitant professor
and Member of the Molecular Biology Research group at DCV Department, FCT, UNL, who gently
provided Salmonella enterica serovar Typhimurium 14208 strain and a Genomic DNA extraction
kit. Firstly, a liquid culture of the provided strain was let to grow overnight at 25 °C, then genomic
DNA was extracted using GenElute ™ Bacterial Genomic DNA Kit from Sigma-Aldrich as

described below.

1. Bacterial cells were harvested in a microcentrifuge in tubes of 1.5 mL by centrifugation at
14,000 x g for 2 minutes. The supernatant was discarded.

2. Cell pellets were re-suspended thoroughly in 180 pl Lysis Solution T and 20 yL of RNase A
solution were added. Then all components were mixed and incubated for 2 minutes at room
temperature.

3. Proteinase K solution (20uL) was added and mixed by vortexing. After 30 minutes’ incubation
at 55 °C, 200 pL of Lysis Solution C were added, followed by thorough vortexing and
incubation for 10 minutes at 55 °C.

4. In order to prepare the GenElute Miniprep binding Column, 500 pL of the Column Preparation
Solution were added to the column and centrifuged at 12,000xg for 1 minute. The eluate was
discarded.

5. In order to prepare the lysate for binding, 200 uL of ethanol (95-100%) were added to the
lysate and mixed thoroughly by vortex for 10 seconds. A homogeneous mixture was
obtained.

6. Using a wide bore pipette, the entire contents of the tube were transferred into the binding
column and centrifuged at 6,500 x g for 1 minute. The collection tube containing the eluate
was discarded and the column was placed in a new 2 mL collection tube.

7. After addition of Wash solution 1 to the column, a centrifugation ate 6,500 x g was carried out
for 1 minute. The collection tube containing the eluate was discarded again and the column
was placed in a new 2 mL collection tube.

8. The column was filled with 500 pL of Wash Solution and followed by centrifugation for 3
minutes at maximum speed to dry the column. The collection tube containing the eluate was
discarded and the column was placed in a new 2 mL collection tube. Note: In order to
execute step 9 (DNA elution), the column must be free of ethanol. After the centrifugation
there was still residual ethanol in the column, thus an additional centrifugation of 20 minutes
was carried out.

9. Centrifugation was carried out for 1 minute at 6,500 x g after pipetting 200 pL of the Elution

Solution onto the centre of the column and incubation for 5 minutes at room temperature.
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10. In order to improve the DNA vyield, a second elution was performed by repeating step 9 with
an additional 200 uL of Elution Solution and eluting into a new 2mL collection tube.

11.The obtained DNA was quantified by UV-Vis spectroscopy with help of NanoDrop and stored
at -20°C.

2.21.2 Target amplification by Loop-mediated isothermal amplification (LAMP)

2.2.1.2.1 Reaction mixture

LAMP amplification was carried out in a total 25 pL reaction mixture containing two inner
primers (0.8 uM FIP and 0.8 uM BIP) and two outer primers (0.2 uM F3 and 0. 2 uM B3), 400 puM
of dNTP mixture, 5 M Betaine, 25 mM MgClz,1 pL (8U) of Bst DNA polymerase and 30 ng of
double-stranded target DNA.

2.21.2.2 Reaction Program

Reaction mix was briefly vortexed, mixed and distributed to 0.2 mL microtube;
2. 30 ng of previously extracted DNA (See subsection 2.2.1.1.) was added to 0.2 mL
microtube;
The mixture was heated at 95°C for 5 minutes and then chilled on ice for 1 minute;
Bst DNA polymerase was added to the mixture and incubated at 65°C for 45 minutes.

The mixture was heated at 80°C for 10 minutes in order to terminate the reaction.

2213 Target amplification by Polymerase Chain Reaction (PCR)

2.21.3.1 Reaction mixture

PCR amplification was carried out in a total 50 L reaction mixture containing two primers
(0. 4 uM F3 and 0. 4 uM B3), 200 pM of dNTP mixture, 1 pL (5U) of Bst DNA polymerase and 30
ng of double-stranded target DNA.

2.21.3.2 Reaction Program

Reaction mix was briefly vortexed, mixed and distributed to 0.2 mL microtube;

2. 30 ng of previously extracted DNA (See subsection 2.2.1.1.) was added to 0.2 mL
microtube;

3. Reaction was briefly mixed and vortexed and incubated in the thermocycler for
amplification reaction. Several steps were followed: Pre-Denaturation (1 min 95°C);
Denaturation (30s 95°C); Annealing (30 s 60°C); Extension (30s 72°C) and 4°C.
Denaturation, annealing and extension were repeated for 33 cycles.
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2.2.1.4 Digestion with Alul restriction enzyme

1.

222

2221

1 Unit of Alul was mixed with the respective Buffer and 100 ng of Loop-mediated
isothermal amplification product and fulfilled with H20 to a final volume of 50 pL.
Mixture was incubated for 1 hour at 37 °C. Digestion was confirmed by electrophoretic

analysis in 2% agarose gel.

Nanotechnology
Synthesis of Gold Nanoparticles (adapted from Lee & Meisel, 1982)

All glassware was previously immersed in Acqua Regia for 2 hours.

Glassware was vigorously washed with Mili-Q water (18.2 MQ.cm- at 25°C).

Using a 500 mL round bottom flask with a condenser, 250 mL of a 1 mM HAuClI4 solution
were boiled with vigorous stirring.

While in reflux 25 mL of 38.8 mM sodium citrate were quickly added and, upon verifying
the subsequent colour change, both heat and stirring were maintained for 15 minutes.
After 15 minutes, the heat was turned off and stirring kept for an additional 20 minutes.
The solution was then stored in the dark at room temperature overnight.
Characterisation of the AuNPs was performed by UV-Vis spectroscopy, Transmission

Electron Microscopy (TEM) and Dynamic Light Scattering (DLS).

2.2.2.2 Synthesis of Gold nanoprobes

2.2.2.21 AuNPs functionalisation (Salt-Aging Method)

One volume of thiol-modified oligonucleotide was extracted with two volumes of ethyl
acetate.

The organic phase was discarded after centrifuging for 5 minutes at 21,460 g.

Two more extractions were performed repeating steps 1 and 2.

The remaining aqueous phase was further purified through a desalting NAP-5 column,
accordingly to manufacturer’s instructions, using 3 volumes of phosphate buffer 10 mM
(pH 8) as eluent.

After three extractions complete, the aqueous phase was loaded into the column for the
thiol-modified oligonucleotide to adsorb to the resin.

When adsorption was complete and the first fraction washed out, the adsorbed thiol-
modified oligonucleotide was eluted with 1 mL of phosphate buffer 10 mM (pH 8.0),
collected and immediately placed into ice.

The purified thiol-modified oligonucleotide was quantified by UV/Vis spectroscopy using
NanoDrop, to assess OD2s0 and ensure no traces of DTT were still on solution.

In a polypropylene 25 mL vial with a conical skirted base, the purified thiol-modified
oligonucleotide was mixed with a ~15 nM AuNPs solution in a theoretical ratio of 1:200
(AuNP:oligos).
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10.

11.

12.

13.

14.

15.

16.

17.

AGE | solution was then added to achieve a final concentration of 10 mM phosphate
buffer, 0.01% (w/v) SDS. The solution vial was then submersed in an ultrasound bath
forl0 seconds and let to rest at room temperature for 20 minutes.

After 20 minutes, the salt-aging procedure began. AGEII solution was added, to reach a
final NaCl concentration of 0.05 M. The solution was sonicated for 10 s and incubated for
20 minutes at room temperature.

After 20 minutes, AGE Il solution was added again in order to reach a final NaCl
concentration of 0.1 M. The solution was sonicated for 10 s and let to rest at room
temperature for 20 minutes before the next increment.

After 20 minutes, final NaCl concentration was raised to 0.2 M with the addition of AGE
Il solution. The solution was sonicated for 10 s and incubated for 20 minutes at room
temperature.

After 20 minutes, final NaCl concentration was raised to 0.3 M. The solution was
sonicated for 10 s and let to rest at room temperature for 16h period.

The functionalised AuNPs were distributed in 1.5 mL tubes and centrifuged at 21,460 g
for 20 min.

The supernatant was discarded and the resulting oily pellet was washed twice with 10
mM phosphate buffer pH 8 and once with 10 mM phosphate buffer pH 8 0.1M NaCl in
the conditions of step 13.

The resulting pallets were than mixed and the nanoprobe solution was analysed via UV-
Vis spectrophotometry to determine its concentration by the Lambert—Beer law assuming
a calculated molar absorptivity for the SPR peak (525 nm) of 2.33%x108 M~ cm™! (Baptista
et al., 2005).

By diluting the resulting functionalised AuNPs solution (stock solution) with 10mM
phosphate buffer pH 8 0.1M NacCl a final concentration of 15 nM was obtained and the
colloidal solution was stored in the dark at 4°C.

2.2.2.2.2 Nanoprobes Stability Assays

A solution containing 15 nM Au-nanoprobe (Au-nanoprobe final concentration of 2.5 nM)
and 10 mM phosphate buffer pH 8 + 0,1M NaCl alone was prepared by heating for 5
minutes at 95°C and cool down for 10 minutes at room temperature. NOTE: Other
solutions of phosphate buffer (pH8, pH7 + 0.1M NacCl, pH7) were also tested during
optimisation.

The solution was mixed with increasing concentrations of MgCl: solution to a total volume
of 30 L.

The solutions were transferred to microplate wells and UV-visible spectroscopic
measurements were registered 5 minutes after salt addition in a microplate reader.

NOTE: Some measurements were also registered after 10 and 15 minutes.
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2.2.2.2.3 Non-cross-linking Detection Assays

1. Assay solutions containing the Au-nanoprobes and target DNA were prepared by mixing
the appropriate DNA sample with the Au-nanoprobe solution (final concentration 2.5 nM),
and by using 10 mM phosphate buffer pH 8 +0,1M NaCl to fulfil the 30 pL final volume.
A blank solution was prepared by replacing the DNA for an equivalent volume of 10 mM
phosphate buffer pH 8.

2.  The solutions were heated for 10 min at 95°C and then allowed to cool down for 20
minutes at 24 °C.

3. The solutions were mixed with a specific concentration of MgCI2 solution to fulfil a total
volume of 30 uL (Au-nanoprobe final concentration of 2.5 nM).

4. The solutions were transferred to microplate wells and UV-visible spectroscopic

measurements were registered 15 minutes after salt addition in a microplate reader.

2223 UV-Vis Analysis

The behaviour of the synthesised colloidal gold solution was analysed from 400 to 800
nm, on a 1240 UV-Mini spectrophotometer from Shimadzu (Japan). After dilution of an aliquot of
the AuNPs solution, the concentration was determined by the Lambert—Beer law assuming a
molar absorptivity for the SPR peak (525 nm) of 2.33x108 M~ cm™! (Baptista et al., 2005).

2.2.2.4 TEM Analysis

Samples of AuNPs were analised by TEM at the Microlab, Instituto Superior Técnico
facilities in Lisbon, Portugal. First, 10uL of the prepared colloidal suspensions were deposited in
carbon copper grids, then were washed twice with10 pL of Mili-Q water and, finally, air dried.
TEM was performed with a HITACHI H-8100 microscope operated at 200 kV. Particles size and
shape were determined by analysing the TEM pictures using the imaging software ImageJ.

2.2.2.5 DLS Analysis

The hydrodynamic diameter of AuNPs was determined by DLS, at REQUIMTE,
Departamento de Quimica, Faculdade de Ciéncias e Tecnologias, UNL. Analysis was carried out
on a SZ-100 Nanopatrticle Analyzer from Horiba Scientific (Japan), at a temperature of 25 °C a
scattering angle of 90 °C. An aliquot of colloidal gold solution was diluted to reach a final

concentration of = 2 nM. Samples of 60 uL were measured after stabilization for 5 minutes.
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3 RESULTS AND DISCUSSION
3.1 Design and characterization of ttrRSBCA target, probe and primers

3.1.1 Target selection

Salmonella infection represents a considerable global burden, with significant health and
economic impacts (Kokkinos et al., 2014). Sensitive and rapid detection methods for Salmonella
in food are required. Many detection methods have been developed in recent years(Lee et al.,
2015). Molecular methods designed for targeting Salmonella DNA have focused on genes such
as Salmonella invasion gene (invA), fimC, phoP and other genome markers (Kokkinos et al.,
2014). The use of some of these genes as target can be disadvantageous since some of them
might be localised in regions which sometimes suffer from deletion. Genes inv, spa and hil from
Salmonella pathogenicity island 1 are examples of these cases(Malorny et al., 2004). Considering
this and the commercial interests of BIOPREMIER, ttrRSBCA locus, which was first used for
Salmonella detection by Malorny and co-workers (Malorny et al., 2004), was the selected region
for this study. Since this locus is responsible for tetrathionate respiration, it has great significance
in Salmonella spp life cycle (Malorny et al., 2004). Thus, ttr genes should be genetically stable in
all Salmonella strains, making this colorimetric test more reliable. This hypothesis was confirmed
by alignment of 103 strains of Salmonella from GenBank by BioEdit software with the published
DNA sequence of S.enterica serotype Typhimurium ttr locus (GenBank accession no. AF282268)
and the part of this region shared by all the aligned sequences was used as target in this study
(Figure A2 Appendix). This region has 232 bp, which is a length included in the range of target
sizes (130-200 pb) where the best results were obtained in previous studies. The size of target
DNA is an important factor that LAMP efficiency depends on, because the rate limiting step for
amplification is strand displacement DNA synthesis(Saleh, 2009).

The primers and probe designed for the assay anneal in a highly conserved region of the
Salmonella-specific ttr locus (Figure 3.1). It consists of five genes organised as an operon. The
genes ttrA, ttrB, and ttrC encode the tetrathionate reductase structural proteins, and the ttrS and
ttrR genes encode the sensor and response regulator components of a two-component regulatory

system (Hensel et al., 1999).

— P2 M e e, ——

F3 FIP
CTTACTCGTTACCAGGCGGAACGGATGGETEGETEEETATTCTCEGCACCTTCGGCCT

GTGGATAGCGCTACTGATTATTATTCGTGAAACGCTGAACGGACTCACCAGGAGATTA
PROBE

CAACATGGCTAATTTAEEEE T CGGTCTCGCCGTCGGTGGG
ATGGTCACTT T T GGCGAAACGCGCAATTGATGGCCTGT
BIP B3

Figure 3.1 Schematic map of the ttr locus adjacent to the Salmonella Pathogenicity Island 2 (SPI2).
Primers and probe location within the sequence region developed for LAMP assay for detection of
Salmonella. F3 and B3 primers are represented in grey. FIP primer appears in light blue and BIP primer in
dark blue. Probe is represented in yellow.
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3.1.2 Primers and Probe Design

Based on the alignment and the target selected previously, LAMP primers were designed
using primer explorer v4 software. Several primers set were appraised, with the most effective
set selected to this study. The size and sequence of the primers were chosen so that their melting
temperature (Tm) was between 60-65 °C, the optimal temperature for Bst polymerase. The Flc
and Blc Tm values should be a little higher than those of F2 and B2 to form the looped out
structure (Table 5 section 2.1.4 Materials and Methods). The Tmvalues of the outer primers F3
and B3 have to be lower than those of F2 and B2 to assure that the inner primers start synthesis
earlier than the outer primers (Notomi et al., 2000).

After selection of the target, a probe was designed for ttrRSBCA locus. In this design,
several criteria were considered. Probe length is an important factor. Since longer probes will
result in longer hybridisation times and low synthesis yields and shorter probes will lack specificity,
this probe was designed with a length of 17 bases. Base composition has also an effect in the
probe behaviour. In order to decrease the probability of occurrence of nonspecific hybridisation,
a composition of 40-60% G-C must be guaranteed. In this case, the probe has ~70% GC, which
may influence the hybridisation efficiency, factor that will be discussed after. It should also be
guaranteed that no complementary regions are present within the probe, which could result in the
formation of “hairpin” structures that would inhibit hybridisation to target. Therefore, gold
nanoprobe structure was theoretically studied at different temperatures. 4°C and 25°C were
selected as they correspond to the storage temperature and laboratory temperature, respectively.
Since at these temperatures it was observed hairpin structure formation by the nanoprobe, higher
temperatures were tried (Figure 3.2). It was observed no formation of hairpin at 57° C. Therefore,
this condition was chosen to make the synthesis of the last two batches of the gold nanoprobe.
On the other hand, 25°C was the temperature used to synthesize the first two batches. This
difference of synthesis conditions would influence probe hybridisation in parallel to the used pH
values. These issues will be discussed in the next sections in more detail.

Even though gold nanoprobes are stored at 4°C and at this temperature it may be formed
a loop structure, when the hybridisation and stability tests are performed the first step is boil at
95°C (sections 2.2.2.2.2 and 2.2.2.2.3) which ensures the opening of the DNA chain and the

exposure of DNA bases to the target.
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Figure 3.2 Study of ttrRSBCA gold nanoprobe behaviour at different temperatures. The coloured
band at the right side of each picture represents the probability of equilibrium from lower (blue) to higher
probability (red). Considering this scale 57°C was the selected temperature.

It is more important to ensure gold nanoprobe stability in its synthesis than in its storage
conditions. If the nanoprobe is produced in conditions that favour its instability, it will be more
likely to lose the oligonucleotides at the surface and aggregate, leading to trouble in hybridisation.
This phenomenon is affected by the differences in nucleotide affinity, which can result in variations
in the reactivity of thiolated DNA oligonucleotides to AuNPs. A- and C-containing oligonucleotides
have a higher affinity for AuNPs than the G- and T-containing. Since the synthesized gold
nanoprobe has only 4 C bases in its structure and no A bases, it may lead to non-specific
adsorption(Brown et al., 2008). It might result in lower coverage ratio and inhibit proper reaction
of the thiol with the AuNP surface, leading to the decrease of the extent of hybridisation (Brown
et al., 2008).
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3.2 LAMP - Loop Isothermal Mediated Amplification

After the previously described in silico tests in order to design probe and primers with the
ideal characteristics to detect the intended target, LAMP amplification assays were performed.

LAMP amplified products were then analysed using 1% agarose gel electrophoresis. In
Figure 3.3A it is observed, as expected, a banding pattern characteristic of the presence of
mixtures of many different sizes of stem-loop DNA products. In this gel one can also observe the
existence of a smear, which may be related to the reaction temperature or LAMP reaction
components. Maybe the reaction temperature used was too low for the primers annealing,
causing a non-specific binding to the template or the thermocycler ramping is too slow, leading to
spurious annealing and to its non-specificity. On the other hand, the dNTPs, water or the used
primers may contain impurities, leading to non-specific amplification. The template concentration
might also be too high, inhibiting Bst polymerase due to inefficient denaturation time. Increase
denaturation time or reduce the template concentration would be considerable hypotheses since
LAMP technique is very sensitive and specific, having the capability of synthesizing a large
amount of DNA (10-20ug/25ul) from an infinitesimal quantity of template(Chen et al., 2011).

Figure 3.3B shows the same results as Figure 3.3A, except that the negative controls
show a banding pattern with an intensity similar to the positive sample, indicating that the non-
specific amplification was as intense as the target DNA amplification.

Assuming that the false positives were due to a reagent/ carry-over contamination of a
positive sample, all the reagents were freshly prepared. Strict precautions were made to avoid
any possible contamination. Separate working areas and pipettes with filtered pipette tips were
used for each step of the reaction procedure. The bench tops and pipettes were thoroughly
disinfected with 70% ethanol, before and after setting up the reaction. However, none of these

safety measures reduced the non-specific amplification in the negative control.
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Figure 3.3 Agarose gel 1% electrophoresis in 100 mL TAE 1x + 15uL of gel red (85 V 70 min) of
amplification products of ttrRSBCA locus from Salmonella. (A) 1 — Gene Ruler DNA Ladder; 2 -
Negative control of LAMP amplification reaction where is evident the absence of non-specific amplification;
3,4,5,6- LAMP product at 65°C for 45 minutes; (B) 1 — Gene ruler DNA ladder; 2 - Negative control of LAMP
amplification reaction where non-specific amplification is present; 3- LAMP product at 65°C for 45 minutes.

Non-specific amplification and false positive occurrence has been reported previously in
LAMP technique (Senarath et al., 2014; Wang et al., 2015).

26



Several hypotheses may explain the non-specific amplification/ contamination visualised
in the Negative control of LAMP reaction. It can be caused by Salmonella or by other species
which belong to the Enterobacteriaceae family such as Shigella and E. coli (Figure 3.4).
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Figure 3.4 Phylogenetic tree based on the nucleotide sequences of 16S rRNA genes. The scale
indicates the percentage of base difference (percent divergence). The phylogenetic analysis includes the
following strains: E. coli (ATCC 25922), S. enterica serovar Enteritidis (SE22), S. enterica serovar Paratyphi
A (ATCC 54388), S. enterica serovar Paratyphi B, S. enterica serovar Typhi (ATCC 19430), S. enterica
serovar Typhimurium (ATCC 13311), S. boydii (ATCC 9027), S. flexneri (ATCC 29903), S. sonnei (ATCC
25931), Y. enterocolitica (ATCC 9610), E. aerogenes (NCTC10006T), E. cloacae (ATCC 13047T), K. oxytoca
(ATCC 13182T), and K. pneumoniae (ATCC 13883) (Fukushima et al. 2002). Salmonella serovars, namely
S. Enteritidis and S. Typhimurium, and E. coli have a divergence value below 1% which is highlighted by red
arrows.

In the phylogenetic tree represented above Salmonella species strains were grouped into
two clusters. The first cluster contained S. enterica serovar Paratyphi A, S. enterica serovar
Paratyphi B, and S. enterica serovar Enteritidis, while the second cluster contained S. enterica
serovar Typhi and S. enterica serovar Typhimurium. It can be observed that the percent
divergence between the represented species is very low, namely between two of the most
prominent Salmonella serotypes associated with human infection (S. Enteritidis and S.
Typhimurium) and E. coli is below 1%.

E. coli can cause severe illness in humans with very low infectious doses and its
symptoms in humans are similar to that caused by Salmonella infection (Ge & Meng, 2009).
Considering that these species are closely related and possess the highly conserved 16S rRNA
region, the genetic distance for this gene was analysed by Fukushima and co-workers(Fukushima
etal., 2002) (Table 3.1).

Table 3.1 16S rRNA gene sequence similarity and divergence of each pair for E. coli, Salmonella, Shigella,
Enterobacter, Klebsiella, and Yersinia. The red table highlights the similarity between E. coli and Salmonella
strains (Fukushima et al. 2002).

% Similarity with strain no.

Strain no. Strain name
1 2 3 4 5 ] T 8 9 1 1 12 13 14
E. coli ATCC 25922 996 974 972 965 954|906 000 908 050 939 054 951 930
2 S. ovar Enteritidis E522 2.6 976 974 974 971 967 969 969 951 969 931 95 6
S ovar Paratyphi A ATCC 34388 2.3 23 086 976 967 9735 074 073 046 962 048 94 3
4 5 ovar Paratyphi B P1 23 26 13 97.1 96.3 972 972 971 9435 061 945 94 3
b S ovar Typhi ATCC 19430 34 23 21 26 97.8 968 967 966 036 074 057 05 0
6 p ica serovar Tvphmmrnm ATCC 13311 34 21 24 29 1 054 054 0953 050 0646 053 05, 1
7 5. bovelii ATCC 9207 04 28 21 24 31 34 99.7 99.7 946 935 951 94 83
8 5. flexneri ATCC 29903 0.1 26 22 24 33 34 03 900 049 037 953 93 0
9 5. sonnei ATCC 23931 02 26 23 23 34 34 03 01 048 036 0931 94 0
10 40 42 48 50 34 36 43 40 4 97.5 97.8 98.1 932
1 33 26 34 16 19 36 33 34 22 972 98. 1
12 38 44 48 3 34 34 39 38 3% 18 26 97 3
3 40 39 45 48 31 42 40 40 5 135 26 0

4 56 67 69 7 68 66 59 36 57 44 62 57 49
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In this table, one can observe that E. coli presents approximately 96% of similarity to the
several Salmonella serotypes, which may explain the non-specific amplification obtained in the
negative control. Since they have this high degree of similarity the LAMP primers could anneal
and amplify E. coli.

It should be considered that LAMP reactions took place in a lab where cloning is often
performed in E. coli., which is a technique also performed in this organism in other laboratories
of our department. This may lead to aerosol generation which can easily affect LAMP due to its
sensitivity, resulting in false positive samples.

In order to check this hypothesis, an alignment between LAMP primers and this region
was performed (Figure A3 Appendix). Even though the annealing observed between these
sequences presents low values, it must be considered that LAMP is a very sensitive technique
because it occurs in the presence of 4 primers, which anneal to 6 regions of the target. Thus,
even there is a low number of bases annealing to this region, amplification still may occur.

To confirm what was being amplified in negative control in the absence of target DNA,
LAMP amplified products were subjected to restriction enzyme followed by agarose gel
electrophoresis analysis. In this process, it was used enzyme Alul which contains its recognition
site within the region being amplified (Figure 3.5).

300 pb

200 pb

100 pb

Figure 3.5 Agarose gel 2% electrophoresis in 50 mL TAE 1x + 10pL of gel red (60 V 100 min) of LAMP
amplification products of ttrRSBCA locus from Salmonella digested by Alul enzyme. 1) Gene Ruler
DNA Ladder; 2) Digestion of negative control from LAMP Amplification reaction; 3) Digestion of positive
control from LAMP amplification reaction. As a result, 2 bands of 100pb and 130pb can be observed.

The results of restriction digestion of the LAMP amplified products with Alul enzyme
yielded the expected fragments of 100 pb and ~ 130 pb indicating the specific amplification of the
target ttrRSBCA locus sequence by LAMP (Figure A4 Appendix). These results were shared by
negative and positive controls of the reaction. It suggests that the non-specific amplification
presented in the negative controls is from Salmonella, caused possibly by open-tube procedures
after amplification such as gel electrophoresis. Therefore, amplified DNA products from previous
LAMP reactions may generate aerosols or contaminate laboratory material (for example tubes)
and become templates for re-amplification that lead to false positive results (Hu et al., 2015;
Tomita et al., 2008).
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Currently, there is no effective means for eliminating LAMP carryover contamination.
Recently, Hsieh and co-workers reported the integration of LAMP amplification with uracil-DNA-
glycosylase (UDG) digestion to eliminate false-positive results arising from carryover
contaminants (Hsieh et al., 2014).

On the other hand, a cause of this amplification in negative control can be the self-
amplification of primers as described by Wang and co-workers (Wang et al., 2015). Considering
this possibility, different variables were tested.

DMSO is an agent that binds to DNA at cytosine residue, changing its conformation and
making the DNA molecule more labile for heat denaturation. As a result, DNA chain will be more
exposed and the formation of secondary structures is less likely to happen (Lv et al., 2015). It will
also interfere in self- complementary of primers, which is expected to facilitate their annealing to
the template (Lv et al., 2015; Chakrabarti & Schutt, 2001). Therefore, DMSO was added to the
reaction in different concentrations. The applied gradient is represented below (Figure 3.6).

12 34567 891011

Figure 3.6 Agarose gel 1% electrophoresis in 100 mL TAE 1x +15uL of gel red (85 V 70 min) of
optimisation of LAMP amplification of ttrRSBCA locus from Salmonella. 1) Gene Ruler DNA Ladder;
2) 0 % DMSO: negative control (no DNA template added); 3) 0 % DMSO: positive control; 4) 1% DMSO:
negative control (no DNA template added); 5) 1% DMSO: positive control; 6) 2,5% DMSO: negative control
(no DNA template added); 7) 2,5% DMSO: positive control; 8) 5 % DMSO: negative control (no DNA
template added); 9) 5 % DMSO: positive control; 10) 7,5 % DMSO: negative control (no DNA template
added); 11)7,5% DMSO: positive control.

In fact, as observed in Figure 3.6, the use of 5% DMSO increased the specificity of the
reaction. Even though in this percentage the yield of the reaction is decreased in comparison to
values below 5% DMSO, it is observed an amplification in control positive without unspecific
amplification in negative control. Thus, the purpose of this gradient was achieved.

In order to optimize this condition, an evaluation of different amplification temperatures
(65°C to 69°C), the reaction time (30, 45, 60, 90 min) and the ratio of outer and inner primers (1:1
to 1:12) were carried out (Figure 3.7).
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Figure 3.7 Agarose gel electrophoresis in 100 mL TAE 1x +15uL of gel red (85 V 70 min) of
optimisation of LAMP amplification of ttrRSBCA locus from Salmonella. A) The effect of
temperature:1) Gene Ruler DNA Ladder; 2) 65 °C: negative control; 3) 65°C: positive control; 4) 66°C:
negative control; 5) 66°C: positive control; 6) 67°C: negative control; 7) 67°C: positive control; 8) 68°C:
negative control; 9) 68°C: positive control; 10) 69°C: negative control; 11) 69°C: positive control; B) The
effect of temperature: 1) Gene Ruler DNA Ladder; 2) 65 °C: negative control; 3) 65 °C: positive control; 4)
65.2 °C: negative control;5) 65.2 °C: positive control; 6) 65.4 °C: negative control; 7) 65.4 °C: positive
control; 8) 65.8 °C: negative control; 9) 65.8 °C: positive control C) The effect of the ratio of outer and
inner primers: 1) Gene Ruler DNA Ladder; 2) 1:3: negative control; 3) 1:3 positive control; 4) 1:4: negative
control; 5) 1:4: positive control; 6) 1:8: negative control; 7)1:8: positive control; 1:12: negative control; 1:12:
positive control; D) The effect of reaction time: 1) Gene Ruler DNA Ladder; 2) 30 minutes: negative
control; 3) 30 minutes: positive control; 4) 45 minutes: negative control; 5) 45 minutes: positive control; 6)
60 minutes: negative control; 7) 60 minutes: positive control; 8) 90 minutes: negative control; 9) 90
minutes: positive control.

Annealing temperature is an important requirement in LAMP. It is based on the melting
temperature of the primer-template pair and is affected by the other reagents of the reaction and
concentration of primers and the template. Therefore, it is difficult to find the right annealing
temperature for a given primer/ template combination. Too low annealing temperatures can lead
to primer-dimer formation and non-specific products (Rychlik et al., 1991). To avoid this result, an
increasing gradient of temperatures was performed (Figure 3.7 A).

It was observed that at higher temperatures the yield reduced, possibly due to poor

primer annealing (Rychlik et al., 1991). On the other hand, it favours only the accumulation of
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amplicons whose primer-template complementarity is the highest. 65°C was the selected
temperature as it was the only condition where the amplification was visible, but it was present in
both controls. In order to eliminate the unspecific amplification on negative control, a new
temperature gradient between 65 and 66 °C was tried (Figure 3.7 B). 65.4°C was found as the
ideal temperature.

Then, primer ratios ranging from 1:3 to 1:12 were tested. Although a more distinct pattern
was shown when the ratio was above 1:8, 1:8 is the condition that eliminates the non-specific
amplification in negative control. Since outer primers are present in lower concentration than in
the previous reactions (Figure 3.7 C), they are less likely to form self-dimer.

Finally, as the aim of this thesis was the development of a rapid test for Salmonella
detection, different times of reaction were performed. The results proved that amplification in
positive control in the absence of negative control amplification are only observed in 45 minutes
of reaction (Figure 3.7 D). At higher reaction times this condition is not witnessed, although there
was obtained a higher yield. Higher time of reaction possibly facilitates the occurrence of
unspecific amplifications since primer self-assembly will be more likely to happen. Or, if there is
an infinitesimal amount of template DNA in the negative control of the reaction it is more likely to
be amplified.

Taken together, the optimal conditions for the LAMP assay were determined to 65.4°C
for 45 minutes with 5% DMSO and 1:8 primers ratio (Figure 3.7D). The initial conditions of the
other reagents were maintained.

The positive LAMP reaction generated a laddering pattern with a set of bands of different
sizes consisting of several inverted-repeat structure. Even though it was obtained a low yield or
even when no amplification is observed in the gel it is not synonym of no occurrence of the
reaction. It is necessary to take into account the detection limit of gel red added to the agarose
gel. Moreover, despite the importance of LAMP amplification technique, the crucial part of this
project relies on the development of a gold nanoprobe, which is responsible for the sensitivity and
specificity of the test. Therefore, the next step was the synthesis and characterization of gold

nanoprobes.
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3.2.1 Synthesis and characterisation of gold nanoprobes

The aim of this project was the development of a colorimetric test based on gold
nanoprobes for detection of specific DNA sequences from Salmonella. Similar non-cross linking
approaches for the detection of pathogens described the use of citrate gold nanoparticles of 14
nm diameter (Veigas et al., 2013). Throughout this project the gold nanoprobe schematized in
Section 3.1 (Figure 3.1) was synthesized four times. These syntheses were made from two
different batches of gold nanoparticles which may present different features. In order to assess
the size of the synthesized citrate capped AuNPs three different techniques were used.

First, the UV-Vis spectrum was analysed, presenting a single SPR peak of 520 nm

(Figure 3.8 A), which indicated the presence of relatively monodisperse spherical particles.
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Figure 3.8 Characterisation and comparison between the two synthesized batches of citrate gold
nanoparticles. A) UV-Vis spectrum of spherical AUNPs, with a characteristic maximum absorption peak at
520 nm; B) DLS of the two batches of the synthesized gold nanoparticles.

The theoretical size of gold nanoparticles was also calculated based on a model proposed
by Haiss and co-workers. As represented in the following equation (Equation 1), the ratio of the
absorbance of AuNPs at the surface plasma resonance peak (Aspr) to the absorbance at 450 nm
(A450), estimated a mean diameter of 14.3 nm for Batch 1 and 12.4 nm for Batch 2 of the

synthesized gold nanopatrticles (Haiss et al., 2007).

Equation 1. Calculation of AUNPs mean size using UV-vis spectrum (Haiss et al., 2007).

Dynamic Light Scattering (DLS) was also used to confirm the nanoparticles size. Based
on the differential scattering of colloids according to their Brownian movement in solution, it is
directly related to AuNPs hydrodynamic radius (Lim et al., 2013). DLS indicated an AuNPs mean
diameter of 14.5 nm which is a value higher than the obtained by the previous method. Since
hydrodynamic radius of AuNPs is influenced by the molecules at its surface, this difference of

values can be explained by the citrate capping of gold nanoparticles (Kato et al., 2009). Moreover,
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the technique used by Haiss et al was performed for monodisperse and perfectly spherical
particles, whereas the experimental data collection is over a distribution of particle sizes and
shapes.

Finally, TEM was also performed (Figure 3.9). It allowed the quantitative measurement
of physical size and morphology of AuNPs. The predicted size and shape were confirmed, with
an obtained diameter of 13 nm (x2.8 nm) for Batch 1 of the spherical gold nanoparticles and 14.3
nm (£ 2.7 nm). Thus, the used methods for the characterization of the citrate-capped AUNPS seem
to be in agreement. The slightly differences between the two synthesized batches of gold
nanoparticles might have influenced the synthesis of gold nanoprobes and will be discussed in
the next sections.

TEM Analysis
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Figure 3.9 Characterisation of the synthesized citrate gold nanoparticles by TEM. A) TEM picture of
spherical nanoparticles with approximate 14 nm diameter size: A1 —Gold nanoparticles Batch 1, used in
the synthesis of Batches 1 and 2 of gold nanoprobes; A2 — Gold nanoparticles Batch 2, used in the synthesis
of Batches 3 and 4 of gold nanoprobes; B) Histogram of analysed particles by measured diameter, with a
mean diameter of 13 nm for Batch 1 and 14 nm for Batch 2. Five random pictures were taken from each
batch and nanoparticle size was measured representing a total of 200 measurements for each batch.

After physical characterization, guaranteeing the desired size and shape of gold
nanoparticles, the following step was their functionalisation with thiol-modified oligonucleotides
by salt aging method (section 2.2.2.2.1.). Four batches of Au-nanoprobe where synthesized
throughout this project, with a variation in their synthesis process, namely the phosphate buffer
used for their storage. Batches 1 and 2 where stored with phosphate buffer at pH8+0.1M NaCl,
whereas pH7+0.1M NaCl was used to store gold nanoprobe batches 3 and 4. These conditions
will be discussed and compared in the following sections.

In order to confirm functionalisation, the four batches of Au-nanoprobe obtained were

submitted to the similar approaches previously used to evaluate gold nanoparticles.
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First, the expected increase in the hydrodynamic radius as a result of the bounding of the
thiol-modified oligonucleotide to the AuNP surface (Lim et al.,, 2013), was verified in UV-vis
spectra since the SPR peak shifted to the right (from 520 nm to 525 nm). This shift was a result

of an increase in the local refractive index at the gold nanopatrticle surface (Figure 3.10).
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Figure 3.10 Characterisation of the synthesized gold nanoprobes by UV-vis spectra. A shift in the
maximum absorption peak of gold nanoparticles is observed from 520 nm to 525 nm as evidence of
functionalisation.

In this figure it is also observed that the gold nanoprobe Batch 2 presents an irregular
profile when compared with the other synthesized nanoprobes. It may arise due to low
concentration of the sample when it was measured in the spectrophotometer. Low concentration
leads to low absorbance. In these cases, noise in the measurements results in a loss of precision
with a concomitant loss of accuracy in the measurement.

The DLS results corroborated the spectrophotometric data since it was confirmed an
increase in the diameter from 14.5 nm to an average of approximately 30 nm (Figures A5 and
A6 Appendix). Thus, an increase of 20 nm in the hydrodynamic radius was observed. This higher
diameter directs to the citrate substitution by the thiol-modified oligonucleotides(Pellegrino et
al.,2007). Taking into account that the distance between dsDNA base pairs is 0.34 nm (Watson
and Crick, 1953) and that the probe has 17 nucleotides it would be expected a value of 26 nm for
the hydrodynamic diameter (14.5 nm from gold nanoparticles and 5.8 nm for each side). This
mismatch observed between theoretical and experimental values may be justified by the no
consideration of the thiol group size (Parak et al., 2003).

Another parameter that can be used to prove AuNPs functionalisation is stability.
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3.2.2 Au-Nanoprobes stability assays

Noble metal nanoparticles brought new possibilities for biodetection. Gold nanoparticles
gained special interest due to their colorimetric properties, namely intense colours and LSPR,
which are very useful for biomolecular assays(Conde et al., 2014). As referred before, surface
plasmon resonance is dependent on size, shape and interparticle distance (Baptista et al., 2008).
The last constitutes the foundations for most AuUNP-based colorimetric assays, namely those in
non-cross-linking format, which is being applied in this project (Baptista et al., 2011).

As previously referred, non-cross-linking approach is based in the induction of Au-
nanoprobes aggregation by an increasing salt concentration. This change in stability is reflected
in colorimetric variations of the gold nanoprobes solutions in the presence of a complementary or
non-complementary target (Baptista et al., 2008). Therefore, the stability characterisation of Au-
nanoprobes is a key step for this method.

Four batches of gold nanoprobes were synthesized and their stability was evaluated. The
minimal electrolyte concentration needed to induce Au-nanoprobes aggregation was determined
through Au-nanoprobes stability assays against salt-induced aggregation. This characteristic was
determined with the registration of UV-vis spectra (400nm-700nm) for different MgClz
concentrations (Figure 3.11).

Citrate capped AuNPs tend to aggregate by the increase of the ionic strength in solution.
Their stability is maintained with the functionalisation process, which through the oligonucleotides
protects AuNPs from aggregation (Sato et al., 2003).

Inter-particle distance between NPs strongly affects their SPR absorbance band due to
plasmon coupling (Jain et al., 2007). The addition of electrolyte causes the decrease of this
distance, increasing nanoparticles size. Consequently, occurs a shift in the SPR absorbance band
of dispersed AuNPs (520 nm) towards longer wavelengths (600 nm), with a concomitant colour

change from red to blue (Baptista et al., 2008).
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Figure 3.11 Au-nanoprobes stability by increasing MgClz concentration. UV-Vis spectra registered
15 minutes after salt addition to Au-nanoprobes batches 1(A), 2(B), 3(C) and 4 (D) in pH7+0.1M NacCl
phosphate buffer 10 mM at different MgCl2 concentrations

In the figure above, one can observe that, for the same phosphate buffer, this shift occurs
at different electrolyte concentrations for the 4 batches of gold nanoprobes. This issue will be
discussed in more detail below (Figure 3.14).

Several factors may interfere in the spectrophotometer reading. For example, during data
acquisition along this thesis precipitation of Au-nanoprobes occurred often. This can lower the
absorbance of the aggregated Au-nanoprobes registered, which can lead to a misinterpretation
of the observed aggregation. We also need to take into account that there is an error associated
to the used equipment, causing a variation in the optical path. In order to overcome this question,

data normalisation was performed.
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3.2.21 Data Analysis

Based on the obtained UV-Vis spectrum after electrolyte addition in increasing
concentrations (Figure 3.11), a ratio (r) between the absorbance of the single wavelengths that
are characteristic of dispersed (Abs 525nm) and aggregated nanoparticles (Abs 600 nm) was
performed. It allowed to determine that for r(Abs)<1, Au-nanoprobes are mainly aggregated,
meaning that the absorbance value of aggregated species is higher than the absorbance value
of non-aggregated species, resulting in a blue coloured solution. On the other hand, a r (Abs)>1
is related to a non-aggregated state, where the absorbance value of the non-aggregated species
is higher than the absorbance value of the aggregate species, associated to a red solution.

It is also relevant to mention that the SPR peak of the aggregation fraction may suffer
some variations around the 600 nm for lower or high wavelengths (Pedrosa et al., 2014). In this
thesis these variations were studied in order to achieve the conditions that showed a better
spectrophotometric discrimination between complementary and non—complementary target,
according to the obtained colorimetric results. Even though the most important of colorimetric
tests is the colour visualised after the test, it is important to acquire and analyse
spectrophotometric data to guarantee the reproducibility of the results. In this study, although the
maximum absorbance registered in the spectra for the aggregated species in solution was not
600 nm, this was the selected absorbance. This value corresponded to the position in the
spectrum where the absorbance of aggregated species is maximum at the same time that the
absorbance of non-aggregated species is minimum, allowing a better discrimination. lllustrative
examples are represented in Figure A7 Appendix.

For AuNPs systems, it is of utmost importance to attain a balance between
oligonucleotide surface coverage, particle stability, and hybridisation efficiency (Veigas et
al.,2015). Several factors can influence these parameters. The effect of pH in Au-nanoprobes

stability in salt induced aggregation was evaluated herein.
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3.2.2.2 pH effect

The behaviour of the synthesized nanoprobes was followed in four 10 mM phosphate
buffers at different values of pH, namely pH7 and pHS8, in the presence or absence of 0.1 M NacCl.
A narrow range of pH values was used, since DNA hybridization is a crucial factor for non-cross-
linking method and only occurs between 6.5 and 8 pH value (Zhang et al., 2012). Moreover, Au-
nanoprobes are stable between pH 4 and pH 12, aggregating outside this range(Sun et al., 2009).

The results are represented below.
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Figure 3.12 ttrRSCBCA Au-nanoprobe (Batch 1) salt induced aggregation profile for different
phosphate buffers. Determination of ttrRSBCA Au-nanoprobe stability profile by MgClz concentration
increase. All data was collected 15 minutes after salt addition
Results show that pH influences nanoprobe stability. For batch 1, the minimum electrolyte
concentration needed to cause nanoprobe aggregation varies between the used buffers. The
most remarkable difference is observed for the same value of pH, for example between pH7 and
pH7+0,1M NaCl, where the minimum electrolyte concentration needed to cause aggregation were
60 mM and 100 mM, respectively. The presence of salt ions in the phosphate buffer stabilizes the
phosphate-phosphate repulsion present between the probe strands at the surface of the gold
nanoparticles (Doktycz, 1997). Thus, in the presence of pH7+0.1M NaCl phosphate buffer, a
higher concentration of electrolyte is needed to destabilize nanoprobes and, consequently, cause
its aggregation. The same explanation can be applied to the difference between pH8 and
pH8+0.1M NaCl phosphate buffers.
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Figure 3.13 ttrRSBCA Au-nanoprobes salt induced aggregation profile for different phosphate
buffers. All data was collected 15 minutes after salt addition. A) Determination of ttrRSBCA Au-nanoprobe
(Batch 2) stability profile by MgClz concentration increase; B) Determination of ttrRSBCA Au-nanoprobe
(Batch 3) stability profile by MgClz concentration increase

For batch 2 (Figure 3.13 A), when the nanoprobe stability is compared between
phosphate buffer at pH7+0.1M NaCl and pH8+0.1M NaCl, it is observed that the minimum values
of electrolyte needed to nanoprobe cause aggregation (r<1) are similar (110 mM and 120 mM,
respectively). The fact that for a lower pH less amount of salt is needed to cause this
phenomenon, might be related to the DNA protonation. At lower pH values, probe molecules are
partially protonated and an electrostatic attraction between them causes the strands to bend to
each other (Ravan et al., 2014), making them more likely to aggregate, needing less concentration
of salt to this effect.

These values are also close for batch 3 (Figure 3.13 B), where the minimum electrolyte
concentration needed is 20 mM for pH7 and 25 mM for pH7+0.1M NaCl. The differences
registered can be explained by the presence of salt in one of the phosphate buffers, that interact
with the negative-charged phosphate groups of the oligonucleotide probes. Thus, the electrostatic
repulsion between surface probes is minimised, stabilising them and making necessary the
addition of a higher amount of electrolyte to cause their aggregation (Ravan et al., 2014). This
difference of salt needed to cause aggregation was also previously described for batch 1(Figure
3.12), however the registered difference there was significantly higher. This difference observed
between probes behaviour might be related to their functionalisation efficiency upon synthesis.
Possibly, batch 3 contains less amount of oligonucleotides at its surface, being more influenced
by changes in the surrounding environment.

The comparison between the studied nanoprobes is represented below.
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Figure 3.14 Comparison between ttrRSBCA Au-nanoprobes salt induced aggregation profile for
pH7+0.1M NaCl phosphate buffer. All data was collected 15 minutes after salt addition.

After analysis of the figure above (Figure 3.14), one can observe that batch 2 nanoprobe
stability profile presents irregularity. After addition of increasing electrolyte concentrations, it was
expected to verify a reduction in r (A525/A600) as consequence of the increase of aggregated
species in solution (increase of A600). Nevertheless, it was not verified when the electrolyte
concentration increased from 50 mM to 80 mM. This fact might me associated with a pipetting
error which may have influenced electrolyte concentration in the final test. Since the volume of
electrolyte added was lower than desired, gold nanoprobe aggregation tendency was lower and,
consequently, A525/A600 ratio presented a higher value than expected.

This figure shows also that for the same buffer, the four batches of nanoprobes differ in
their stabilities. Gold nanoprobes batches 3 and 4 need less electrolyte concentration to
aggregate when compared to batches 1 and 2. This difference may arise from their syntheses.
Batches 1 and 2 were synthesized in pH8 buffer whereas the last two batches were resuspended
in pH7 buffer, which make them more likely to aggregate as explained in figure 3.13 A case.

For example, a remarkable difference is registered for phosphate buffer pH7+0.1M NaCl
between batch 3, where is shown that the minimum electrolyte concentration needed to cause
nanoprobes aggregation is 30 Mm against batches 1 and 2 where is needed around 100 mM.
This observation may be justified by several factors.

Despite following the same experimental protocol, the different batches of probes might
be associated to different Au-nanoprobe functionalisation. Higher densities of thiol-modified
oligonucleotides bound to the AuNPs surface have been associated with Au-nanoprobes with
higher stability (Storhoff et al., 2002). Therefore, batches 1 and 2 of probe may have higher
densities of thiol-modified oligonucleotides, presenting greater stability than the last synthesized

probes. These differences of stability might be associated to non-specific adsorptions occurred
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during functionalisation process, possibly as a result of insufficient or absence of ultrasound time
(Hurst et al.,2006).

These non-specific adsorptions might also be related to the ionic strength of the
immobilisation solution. Kinetics of probe immobilisation on the gold surface depends strongly on
this property(Peterson et al., 2001). In the presence of a high ionic strength, the repulsions
between probes are efficiently screened by the salt ions, allowing many more probes to adsorb
to the surface. On the other hand, at low ionic strength, electrostatic repulsions between probes
tend to supress the adsorption of DNA strands on the surface(Peterson et al., 2001). Therefore,
some phenomenon might have occurred during salt aging course (section 2.2.2.2.1) in the
synthesis of batch 3 of gold nanoprobe, in comparison to batches 1 and 2, that prevented the
ionic strength increase, resulting in a poor functionalisation of this batch.

In order to support this hypothesis, an oligo quantification must have been done during
synthesis process. The densities of thiolated oligonucleotides should have been determined by
fluorescence measurements after their displacement with DTT (Sato et al., 2003).

Another way to infer about nanoprobes functionalisation could also be the evaluation of
their electrophoretic mobility (Pellegrino et al., 2007). The DNA attachment to Au nanoparticles
can be clearly observed by gel electrophoresis (Zanchet et al.,2001). Their mobility on the gel
depends on size and charge. Bigger sizes cause a slower migration of nanoparticles on the gel.
Therefore, upon attachment of DNA, the mobility of the resulting conjugates is decreased as a
consequence of the increase in their effective diameter (Pellegrino et al., 2007). These
assumptions could be applied in the explanation of the differences in functionalisation between
the different obtained nanoprobes. Contrary to batches 1 and 2, it would be expected a lower
mobility of batch 3 nanoprobe in the gel as a result of its lower functionalisation and, consequently,
lower size and weight (Veigas, 2009).

Despite these hypotheses, another parameter should be debated. It is needed to
emphasize that the 3 batches of synthesized gold nanoprobes were obtained from different
batches of gold nanoparticles. Batches 1 and 2 were synthesized from a batch of gold
nanoparticles, while batches 3 and 4 were obtained from another as described in section 3.2.1.

Gold nanoparticles size might have influenced the functionalisation process. Changes in
this characteristic of gold nanoparticles can affect their DNA hybridisation property and the probe
loading capacity (Demers et al., 2000). This capacity is higher for smaller diameter nanoparticles
when compared with the larger ones, for a given equal surface area (Pellegrino et al., 2007). The
probe loading on the gold surface results of the interplay between the covalent gold/thiol
interactions and the electrostatic repulsion between DNA strands. Therefore, reducing
electrostatic interactions allows more oligonucleotide to attach to the highly curved surface (Hill
et al.,2009). This condition is reached in gold nanoparticles of smaller diameter, which have a
more curved surface than the larger ones, allowing the oligonucleotide probes attached to these
nanoparticles to have more distance from one another, moving radially away from the particle
surface (Figure 3.15).
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These facts may justify the supposed difference of functionalisation between batches 1
and 2 and the last two batches. These speculations were confirmed by TEM data obtained from
the two batches of gold nanoparticles used in gold nanoprobes synthesis, which show that gold
nanoparticles used for the first and second batches are smaller (13 nm + 2.8 nm) than the used
for batches 3 and 4 (14,3+2.7 nm).

Figure 3.15 lllustration of the effect of solid surface curvature on the probe-loading capacity( (Pellegrino et
al. 2007) and the images of TEM obtained from gold nanoparticles used in synthesis of batches 1 and 2 (B)
and 3 (A) of trRSBCA gold nanoprobes.
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3.3 Applying gold nanoprobes to detection

3.3.1 Synthetic oligonucleotide

Once determined the minimal ionic strength needed to cause nanoprobes aggregation,
their capacity to detect ssDNA oligonucleotides (40 pb) was tested. These targets were first used
rather than LAMP products, due to their characteristics, namely length, concentration, single
stranded structure and high level of purity with less interfering agents, that could influence gold
nanoprobe response. The results obtained for the four batches of the synthesized gold

nanoprobes are represented below (Figures 3.16 and 3.17).
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Figure 3.16 Hybridisation assay with ssDNA oligonucleotides for the batches 1 and 2 of ttrRSBCA
gold nanoprobe. Au-nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR intensity
at 525 and 600 nm) for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer pH 8 (A1 and B1)
and ssDNA targets at a final concentration of 0.3 pmol. pL-1. All spectrophotometric data were collected 15
minutes after salt addition: A1 —72.5 mM; B1 - 62.5 mM; A2 — 132.5 Mm (pH8+0.1M NacCl); 72.5 mM (pH8);
62.5 mM (pH7) and 102.5 mM (pH7+0.1M NaCl), B2 — 112.5 mM (pH7+0.1M NaCl) and 122.5 mM
(pH8+0.1M NaCl). Error bars represent the standard deviation of three independent assays.

Upon hybridisation with a complementary target, an increase in AuNPs stability was
observed (Figure 3.16 Al, B1 and Figure 3.17 C1 and D1). This stabilisation can be explained
by the steric hindrance generated by the synthetic oligonucleotides around AuNPs, which is

consequence of their non-complementary tail of 20 pb. Therefore, as a result of the formation of
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dsDNA structures with higher rigidity than ssDNA(Li & Rothberg, 2004), AuNPs were shielded.
Consequently, their probability of aggregation was reduced with a consequent increase in
stability. As a result, the solution remained red with a concomitant higher absorbance at 525 nm
than at 600 nm (Figure 3.16. A1, B1 and Figure 3.17 C1 and D1).
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Figure 3.17 Hybridisation assay with ssDNA oligonucleotides for the batches 3 and 4 of ttrRSBCA
gold nanoprobe. Au-nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR intensity
at 525 and 600 nm) for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer pH 7+0.1 M NacCl
(C1 and D1), ssDNA targets at a final concentration of 0.3 pmol. pL-1. All spectrophotometric data were
collected 15 minutes after salt addition: C1- 32.5 mM; D1 — 52.5 mM; C2 — 22.5 mM (pH7) and 32.5 mM
(pH7+0.1M NacCl); D2 — 50 mM. Error bars represent the standard deviation of three independent assays.

On the other hand, in the absence of target (blank) or in the presence of non-
complementary target, Au-nanoprobes aggregation occurred, which was associated to the
expected colorimetric change of the solution from red to blue. The obtained spectrophotometric
data confirmed this fact, as the value for absorbance at 600 nm was higher than for 525 nm, which
indicates the majority of aggregated species in solution (Figure 3.16 A2, B2 and Figure 3.17 C2
and D2).

When comparing the spectrophotometric profile of batches 1 and 3 (Figure 3.16 Al and
3.17 C1) with batches 2 and 4 spectra (Figure 3.16 B1 and Figure 3.17 D1), one can infer that
the band at 525 nm from batches 1 and 3 presents broadening. This might be related to an excess

of electrolyte added to the solution, which means that the salt concentration decided as the
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minimum electrolyte concentration to cause nanoprobes aggregation (Section 3.2.3) may be
inadequate. As a consequence, populations of gold nanoparticles of different sizes arose in
solution, causing the 525 nm peak broadening.

These tests also served as a way of comparison between all used 10 mM phosphate
buffers, in order to conclude about their efficiency to discriminate between complementary and
non-complementary target. A good discrimination was observed in all used buffers for each batch
of nanoprobe. Therefore, taking into account the difference between the ratio obtained for
complementary versus non-complementary target, the most suitable phosphate buffer was
selected for each probe. For batches 1 and 2, pH8+0.1M NaCl phosphate buffer was considered
to be the one who achieved the best discrimination. For the following batch 3 colorimetric tests,
pH7+0.1M NaCl phosphate buffer was selected. Based on the results of Batch 3, Batch 4
oligonucleotide detection was only performed in pH7+0.1M NacCl.

The results achieved in this section showed that nanoprobes were correctly
discriminating synthetic targets. Thus, the next step was to verify if they maintained this capacity
of discrimination when applied to LAMP products obtained from Salmonella extracted DNA.

3.3.2 LAMP products

After detecting synthetic oligonucleotides, the system was calibrated for the detection of
biological samples using the parameters determined in the previous sections, namely time of
reading and salt concentrations. As described previously along this project, the diverse batches
of synthesized probes present different characteristics and, consequently, different behaviour. In

this section the obtained results will be discussed individually for each batch.

3.3.21 Batch 2

Using the electrolyte concentration defined before, the capacity of detection was tested
with pH8 +0.1M NaCl phosphate buffer (Figure 3.18).
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Figure 3.18 Hybridisation assay of LAMP product with batch 2 of ttrRSBCA gold nanoprobe. Au-
nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR intensity at 525 and 600 nm)
for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer (pH 8) +0.1M NaCl, DNA targets at a
final concentration of 30 ng/pL. All spectrophotometric data was collected 15 minutes after 65 mM salt
addition. Error bars represent the standard deviation of nine independent assays.
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As observed in the figure above, ttrRSBCA gold nanoprobe batch 2 presented a good
detection and discrimination between complementary and non-complementary target. These
spectrophotometric data were corroborated by the solution colour, which remained red for the
complementary target. The obtained ratio (>1) also indicates the majority of dispersed species in
solution. Therefore, the “buffer” role played by ssDNA for increasing ionic strength in section 3.3.1
for increasing ionic strength, which is associated with increased stabilisation of Au-nanoprobes is
also verified for LAMP product detection. However, as observed in this figure by the error bar size
of complementary target, this effect is not so straight for dsDNA. This fact might be justified by
the absence of exposed bases free to interact with the AuNP upon increasing ionic strength
(Sandstrom et al.,2003).

On the other hand, in the absence of target (blank) or in the presence of non-
complementary target, Au-nanoprobes aggregation occurred, which was associated to the
expected colorimetric change of the solution from red to blue. The obtained spectrophotometric
data confirmed this fact, as the value for absorbance at 600 nm was higher than for 525 nm, which

indicates the majority of aggregated species in solution.

3.3.2.2 Batch3

As previously described, the third batch of synthesized probe showed some differences
from batches 1 and 2, which might explain its behaviour in LAMP product detection. Using the
electrolyte concentration defined before, the capacity of detection was tested with pH7 phosphate
buffer (Figure 3.19).
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Figure 3.19 Hybridisation assay of LAMP product with batch 3 of ttrRSBCA gold nanoprobe. Au-
nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR intensity at 525 and 600 nm)
for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer (pH 7), DNA targets at a final
concentration of 30 ng/pL. All spectrophotometric data was collected 15 minutes after 20 mM(A) and 17.5
mM (B) salt addition.

As mentioned before, non-cross linking approach is based on the different aggregation
profile of Au-nanoprobes in presence/absence of the specific complementary target upon salt

induced nanoparticle aggregation (Baptista et al., 2005). Presence of the complementary target
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sequence to that of the probe prevents aggregation and the solution remains red (localised
surface plasmon resonance (LSPR) band at 525 nm), whereas absence of a specific target
sequence leads to extensive aggregation after salt addition and the solution turns blue (red-shift
of the LSPR peak) (Baptista et al., 2008).

Based on these statements, one can observe in the figure above (Figure 3.19 A) that the
discrimination between complementary and non-complementary target was not attained. It means
that despite the observation of a colorimetric difference at 5 minutes after salt addition, when
reading in a microplate reader after 15 minutes the aggregation has already occurred. Therefore,
no discrimination was observed. Another factor that may influence the absence of discrimination
was, as indicated in section 3.3.1, the excess of electrolyte concentration added, which conducted
to a faster aggregation.

Taking it into account, other tests were performed with lower concentration of added
electrolyte but no changes were observed (Figure 3.19 B). It is represented by the red-shift in
SPR band from 525 nm to 600 nm of all solutions, corresponding to a colour change of the solution
from red to blue, which relates to aggregation. Finally, another parameter that might be
responsible for the absence of discrimination is target concentration. In the represented tests
(Figure 3.19) the LAMP product used was at 30 ng/uL, which may not be enough to cause steric
hindrance between gold nanoprobes and avoid their aggregation. Or, as discussed previously in
section 3.2.2., size of the gold nanoparticle might influence hybridisation. The gold nanoparticles
used in this synthesis might have a higher size than the used for batches 1 and 2.

The binding of target strands to the oligonucleotide probes attached to highly curved
surfaces (lower size nanoparticles) is more favourable, since it is associated to a relaxation of
electrostatic interaction and steric hindrance between neighbouring oligonucleotides(Ravan et al.,
2014). Therefore, the target strands can penetrate more easily into the probe layer and be
hybridised, which was not verified in this situation.

In order to overcome this issue, more tests with the Au-nanoprobe were performed using
pH7+0.1M NaCl phosphate buffer. The assay consisted on the spectrophotometric comparison
of a “Blank” (without DNA), 10 mM phosphate buffer (pH 7), 0.1 M NaCl; POSITIVE control
containing a complementary control DNA to the Au-nanoprobe and a NEGATIVE control
containing non-complementary DNA. The pre-determined MgCl. amount was added to each
reaction and, after 5 min at room temperature for colour development, the mixtures and the blank
were assayed by UV/visible spectroscopy in a microplate reader.

Aggregation profiles were analysed in terms of the Abs525nm/Abs600nm ratio (dispersed

vSs. aggregated species), as represented below (Figure 3.20).
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Figure 3.20 Hybridisation assay of LAMP product with batch 3 of ttrRSBCA gold nanoprobe. Au-
nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR intensity at 525 and 600 nm)
for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer (pH 7) +0.1M NaCl, DNA targets at a
final concentration of 80 ng/uL (A), 30 ng/uL (B) and 75 ng/pL (C). All spectrophotometric data was
collected 15 minutes after 22.5 mM(A) and 25 mM (B; C) salt addition.

After an optimisation process, the condition that allowed the discrimination between
complementary and non-complementary target was achieved (Figure 3.20C). Then, considering
these parameters, the limit of detection (LOD) of the gold nanoprobe was determined as being
75 ng/uL, which is higher than the obtained for the second batch (20 ng/uL) (Figure A8
Appendix). This fact supports the idea of the possible lower functionalisation of the last
synthesized probe. Since nanoprobe possesses lower oligonucleotide density, the
oligonucleotide will be prone to adsorb to the probe surface and take on a mushroom-like
conformation, being less accessible to their target (Ravan et al., 2014). Therefore, for nanoprobe
batch 3, a higher concentration of target is needed in order to occur recognition.

As previously stated, this study aims to develop a gold nanoprobe for Salmonella
ttrRSBCA locus detection. Thus, the key of this thesis is to guarantee that the nanoprobe is
sufficiently sensitive. Thus, Salmonella extracted DNA was submitted to different LAMP reaction
times (5,25 and 45 minutes) and purified. Then, the obtained targets were tested at the same
conditions (25 mM MgClz and reading 5 minutes after electrolyte addition) in the nanoprobe. The
probe only had the capacity to detect product which resulted from 45 minutes of reaction.
Nanoprobe is not detecting maybe due to the absence of amplification before that reaction time.

Even if the nanoprobe could detect without amplification possibly the target concentration used
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in the LAMP reaction might not be enough (30ng/uL) to detect if not amplified. Furthermore, DNA
purification lowers its yield, which may influence detection by the gold nanoprobe. Moreover,
some reagents that are commonly used in molecular biology might also interfere in nanoprobes

stability.

3.3.2.21 Effect of DMSO

DMSO, which was used to optimise LAMP amplification in this study (section 3.2),
facilitating DNA hibridisation and increasing stringency, can be present in the biological samples,
interfering in the probe behaviour.

Therefore, the stability of the Au-nanoprobe was tested for this reagent. The
concentration of DMSO was chosen according to what was used in LAMP reaction (5%) (Figure

3.21).
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Figure 3.21 ttrRSBCA Au-nanoprobe (batch 3) salt induced aggregation profile in presence (blue)
and absence (orange) of DMSO (A) and detection of ssDNA oligonucleotides in the presence of
DMSO (B) after 7.5 mM salt addition. Determination of ttrRSBCA Au-nanoprobe stability profile by MgCl2
concentration increase. All data was collected 5 minutes after salt addition.

As observed in the figure above, in the presence of DMSO, the Au-nanoprobes stability
decreased. It might be justified by the DMSO dielectric constant, which is lower than water.
Consequently, this change in the dielectric constant of the medium surrounding Au-nanoprobes
led to a decrease in the double-layer thickness responsible for the electrostatic repulsion between
them. Besides, DMSO is an aprotic reagent, favouring the creation of dipole moments that may
facilitate Au-nanoprobes aggregation (Doria, 2010).

The minimum electrolyte needed to cause nanoprobe aggregation in the presence of
DMSO was tested in ssSDNA oligonucleotides and it was verified that the probe was discriminating
correctly (Figure 3.21 B). However, when tested in biological samples, different results were

obtained (Figure 3.22).
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Figure 3.22 Hybridisation assay of LAMP product with batch 3 of ttrRSBCA gold nanoprobe. Au-
nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR intensity at 525 and 600 nm)
for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer (pH 7) +0.1M NaCl, DNA targets at a
final concentration of 75 ng/uL. All spectrophotometric data was collected 5 minutes after 7.5 mM salt
addition.

A possible explanation for this result may be the nature of the non-complementary target
being used. In the figure above, it is observed that the gold nanoprobe is only detecting the non-
complementary target. As stated before, the LAMP reaction optimisation for Salmonella ttrRSBCA
locus amplification was carried out in the presence of DMSO. However, the reaction that
originated the non-complementary target does not have this reagent. Therefore, the only way to
correctly compare the discrimination of the gold nanoprobe between the two targets is to perform
their amplification under the same conditions. Even if it is guaranteed, it is difficult to ensure that
after purification no DMSO is remaining in the biological samples and, if remaining, is present at

the same amount in both targets.

3.3.2.2.2 Effect of pHin nanoprobe shelf life

Another parameter that can influence the detection is the gold nanoprobe itself. Since
nanoprobe batch 3 was synthesized with pH7+0.1M NaCl instead of pH8+0.1M NaCl as the other
nanoprobes, it may interfere in its shelf life. In order to check this possibility, the gold nanoprobe
was characterised again, namely by UV-vis spectrophotometry and DLS. The obtained results

are represented below (Figure 3.23).
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Figure 3.23 ttrRSBCA Au-nanoprobe (batch 3) salt induced aggregation profile. A, B, C, D — Analysis
of nanoprobe behaviour in the presence of different salt concentrations (15 mM, 20 mM, 25 mM and 30 mM)
2 months after synthesis (May) and comparison with the previous registered data (March). All data was
collected 5 minutes after salt addition.

Results show that the spectrophotometric profile exhibited by the gold nanoprobe was
maintained since its synthesis as well as its concentration, still presenting a SPR band peak at
525 nm, characteristic of functionalisation (Figure 3.23 A). However, upon salt addition some
differences were observed two months after synthesis. Interestingly, the nanoprobe exhibits the
same behaviour currently as two months ago when less amount of electrolyte is added (15 mM
instead of 20 mM MgClz) (Figure 3.23 B). It means that a change in the probe stability has
occurred with a consequent change in the minimum electrolyte concentration to cause its
aggregation. This may denote a decrease in oligonucleotide density over time, which might be
related to the occurrence of non-specific adsorption during salt aging in the synthesis(Hurst et al.,
2006).

After analysis of gold nanoprobe stability, its capacity of discrimination was also
compared, using ssDNA oligonucleotides (Figure 3.24). The obtained graph shows an increase
of ratio A525/A600 for the non-complementary and complementary target from March to May. In
the case of the complementary target, this observation corroborates the previous stated
hypothesis, namely the decrease in oligonucleotide density at the gold nanopatrticles surface. This

may generate a decrease in the steric hindrance created between oligonucleotides, facilitating
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the hybridisation of the nanoprobe to the target (Ravan et al., 2014). In the case of the non-
complementary target, the increase in ratio might also be related with the loss of probe
functionalisation. Lower density of oligonucleotides at the surface means that the remaining
oligonucleotides have tendency to occupy the surface of the particle, hindering its aggregation

(Ravan et al., 2014).
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Figure 3.24 Hybridisation assay with ssDNA oligonucleotides for the 3 batches of ttrRSBCA gold
nanoprobe. Comparison of nanoprobe behaviour 2 months after synthesis (May) with the previous
registered data (March). Au-nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR
intensity at 525 and 600 nm) for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer (pH 7)
+0.1M NacCl, ssDNA targets at a final concentration of 0.3 pmol. pL-1. All spectrophotometric data was
collected 5 minutes after 22.5 mM salt addition and error bars represent the standard deviation of three
independent assays.

On the other hand, DLS data present an increase in the gold nanoprobes hydrodynamic

ratio (Figure 3.25), namely from 32.1 nm to 52.8 nm.
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Figure 3.25 DLS of AuNPs and ttrRSBCA probe 2 months after synthesis and comparison with previous
registered data.

Since the value of ratio obtained 2 months after gold nanoprobe synthesis increased for
approximately to double, it could indicate gold nanopatrticles aggregation. However, this possibility
is not in agreement with the spectrophotometric data obtained. If it has occurred any aggregation,
a shift in the SPR peak to 600 nm, characteristic of the inter-particle distance decrease, would
have been observed in Figure 3.23 A. Therefore, an explanation for this observation might be
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the limitations associated to DLS technique. It is easily influenced by the presence of groups of
smaller particles or small populations of large particles, which can be translated into a greater
overall nanoparticle size (Hinterwirth et al., 2013). This might justify the observed result, indicating

that there are several populations of nanoparticles of different sizes in the solution.

3.3.2.3 Batch4

Spherical nucleic acid conjugates (gold nanoprobes) have become an increasingly
powerful tool in Biomedicine. The first step for all downstream applications is to attach thiolated
DNA to AuNPs in order to achieve a stable conjugate. In spite of seeming simple, this reaction
based on the well-known thiol/gold chemistry turns out not to be very straightforward since both
DNA and AuNPs are negatively charged (Zhang et al., 2013). Considering this factor and the
effects studied previously in nanoprobe Batch 3 synthesis, the last synthesized probe was studied

under similar conditions. The results are presented below (Figure 3.26).
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Figure 3.26 Limit of Detection (LOD) profile for ttrRSBCA probe Batch 4. Ratio of absorbance for
ttrRSBCA Au-nanoprobe conducted with 2.5 Nm of Au-nanoprobe on phosphate buffer 10Mm (pH7+0.1M
NaCl) and with purified full complementary LAMP products. Aggregation induction was carried out by
increasing the ionic strength up to 60 mM with the addition of MgClz. All spectra were taken 5 min after salt
addition. Dots represent the average of three independent measurements and the error bars indicate
standard deviation.

Upon hybridisation with LAMP complementary target, an increase in gold nanoprobe
stability was observed when compared with synthetic oligonucleotide detection in this batch.
Therefore, a higher concentration of electrolyte (60 mM instead of 50 mM) was needed in order
to achieve detection of the amplification product. This fact might be justified by the steric
hindrance generated by LAMP amplification products, which is higher than the generated by
ssDNA, reducing nanoprobe aggregation probability.

Considering the ratio A525/A600 defined in the previous sections, one can observe in the

figure above that this gold nanoprobe batch detects complementary product in a concentration
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above 50 ng/pL (r>1 which proves the majority of non-aggregated species in solution). This value
of LOD is lower than the concentration obtained for batch 3 (75 ng/uL) and higher than the value
defined for the second synthesized gold nanoprobe (20 ng/pL) (Figure A8 Appendix), which may
suggest that the fourth batch of gold nanoprobe presents an intermediate oligonucleotide density
comparing with the other synthesized gold nanoprobes.

This figure also shows that gold nanoprobe was detecting correctly its complementary
target. The next step was to check its discrimination capacity between complementary and non-

complementary targets. Several conditions were tested (Figure 3.27).
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Figure 3.27 Hybridisation assay of LAMP product with batch 4 of ttrRSBCA gold nanoprobe. Au-
nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR intensity at 525 and 600 nm)
for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer (pH 7) +0,1M NaCl. Different DNA
target and electrolyte final concentrations were tested, respectively: A) 100 ng target DNA and 62.5 mM
MgCI2; B) 100 ng target DNA and 65 mM MgClz; C) 100 ng DNA target and 67.5 mM MgClz; D) 80 ng target
DNA and 65 mM electrolyte. All spectrophotometric data was collected 5 minutes after salt addition

As stated before, this project is based in the non-cross linking method, where a DNA
sample is added to the Au-nanoprobes followed by a salt which promotes nanoprobe aggregation.
In the presence of complementary DNA, it hybridises with the probe, protecting it from
aggregation. On the other hand, if the target is non-complementary, the Au-nanoprobes remain
unprotected, aggregating. The colorimetric change of disperse versus aggregated nanoparticles
allows a visual analysis which can also be quantified in a spectrophotometer. In figure 3.27 this
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colorimetric change was only observed for the Blank, where the gold nanoprobe aggregation
promoted the shift of the SPR peak to 600 nm region. It means LAMP products discrimination
between complementary and non-complementary target was not successful, since gold
nanoprobe was detecting both targets, appearing red in solution. This situation might be related
to probe percentage of GC (70%) which may be responsible to non-specific hybridisation, an
issue which was discussed previously (section 3.1.2).

In order to overcome this situation, increasing salt concentrations (62.5; 65 and 67.5
mM) were added as a way of promoting gold nanoprobe aggregation and, consequently,
preventing recognition of non-complementary target. However, as it can be observed in the figure
above, the gold nanoprobe continued to detect it. Target concentration was also decreased from
100 ng to 80 ng (Figure 3.27 D) but target discrimination was not achieved.

In order to understand these observations, an alignment between the gold nanoprobe
and the non-complementary target sequence and its LAMP primers (which might not be
eliminated in DNA purification) was performed. The similarity degree found between these
sequences presented a low value, which cannot be used to justify NC target detection (Figure
A9 Appendix).

Other conditions were tested in the gold nanoprobe and it was found one where

discrimination was achieved (Figure 3.28).
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Figure 3.28 Hybridisation assay of LAMP product with batch 4 of ttrRSBCA gold nanoprobe. Au-
nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR intensity at 525 and 600 nm)
for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer (pH 7) +0.1M NaCl and 80 ng
complementary, non-complementary target DNA and negative control from 45 minutes’ reactions after
67.5 mM salt addition.

In this figure it is observed the deviation of SPR peak from 525 nm to 600 nm in the
presence of non-complementary target, which means that gold nanoprobe was not able to detect
it, leading to its aggregation. The used conditions are similar to the used in figure 3.27D, except
the LAMP amplification conditions of the non-complementary target. The previous tests (Figure
3.27) were performed using non-complementary LAMP products from an amplification reaction of
90 minutes while the complementary target was amplified in 45 minutes. This might explain why

the gold nanoprobe was detecting both targets. Although LAMP reaction reaches a threshold
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where no more copies of DNA are obtained, probably the number of copies of DNA obtained in
90 minutes is higher than in 45 minutes. Therefore, although the same concentration of
complementary and non-complementary target is being applied to the gold nanoprobe, the
number of copies of DNA present per ng will be higher, being in excess in the reaction, allowing
its detection. This hypothesis undermines the reliability and sensitivity of the test because if non-
complementary target is present in a higher amount in the environment the gold nanoprobe
detects it equally, which would originate false positives. In figure 3.28 gold nanoprobe is
discriminating between both targets but is still detecting negative control of LAMP reaction, which
may indicate that the non-specific amplification observed in the gel electrophoresis might be from
Salmonella contamination (see section 3.2).

The problem of discrimination of the gold nanoprobe for LAMP products might be related
with two factors: probe sequence or LAMP products. In order to check these hypotheses, the gold
nanoprobe was submitted to tests with PCR products (Figure 3.29).

3.3.3 PCR Products

Although LAMP has recently become a promising alternative for pathogen detection,
PCR is still a widely used technique (Odumeru & Ledn-Velarde, 2012). Thus, as comparison, a
PCR assay targeting ttrRSBCA locus was performed using the LAMP primers and the same

reagents (Figure 3.29).

1 2 3

(A) (B)
Figure 3.29 Agarose gel 1% electrophoresis in 100 mL TAE 1x + 15uL of gel red (85 V 70 min) of
amplification products of ttrRSBCA locus from Salmonella (A) 1 — Gene ruler DNA ladder; 2 - Negative
control of LAMP amplification reaction where non-specific amplification is present; 3- LAMP product at 65°C
for 45 minutes; (B) 1 — Gene Ruler DNA ladder. PCR amplification product of 232 pb (3) using the same
reagents as A, where non-specific amplification at negative control is present (2).

Contrary to LAMP, it was observed the absence of non-specific amplification in negative
control in PCR. Through this observation we can reach various speculations. First, since the used
reagents are the same in both assays, the possibility of contamination of the reagents may be

eliminated. On the other hand, this absence of non-specific amplification in PCR negative control
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might be related to the sensitivity of PCR. Besides being a highly robust technique, LAMP is very
sensitive and specific, having the capability of synthesizing a large amount of DNA (10-20pg/25ul)
from an infinitesimal quantity of template (Siyi Chen et al., 2011), which might not be detected by
PCR.
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Figure 3.30 Hybridisation assay of PCR product with batch 4 of ttrRSBCA gold nanoprobe. Au-
nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR intensity at 525 and 600 nm)
for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer (pH 7) +0.1M NaCl. Different DNA
target concentrations were tested (from O to 50 ng). All spectrophotometric data was collected 5 minutes
after 52.5 mM salt addition. Dots represent the average of three independent measurements and the error
bars indicate standard deviation.

By analysing this figure one can infer that, contrary to what happened with LAMP
products, the gold nanoprobe is correctly discriminating between complementary and non-
complementary PCR targets. As the DNA concentration increases (from 0 to 50 ng), A525/600
ratio increases at the same time as expected. The number of aggregated species (A600) has
tendency to decrease due to the presence of complementary target which causes steric
hindrance, preventing gold nanoprobe aggregation. However, this increase is not linear, since it
is observed an abrupt descent of A525/600 ratio for 30 ng and 40 ng of target. It may be explained
by the fact that the used targets result from different PCR reactions. Since it is a stochastic
process, even though the initial concentrations being tested in the gold nanoprobe are equal, they
may contain less amount of DNA than expected. It may be justified by the hyperchromic effect of
DNA. The absorption of single strand DNA is higher than double strand DNA (dsDNA). These
concentration values were obtained using a UV-Vis Spectrophotometer (Nanodrop ND-1000).
The values of absorbance registered may be a result of the hyperchromic effect of DNA. The
hydrogen bonds between the paired bases in the double helix limits the resonance behaviour of
the aromatic ring of the bases which results in decrease in the UV absorbance of dsDNA (Smith,
2004). On the other hand, ssDNA bases are in free form and do not form hydrogen bonds with

complementary bases and ssDNA presents 40% higher absorbance at the same concentration
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of dsDNA (Smith, 2004). Even after the purification process some dNTPs might present,
contributing to the rising of absorbance value and, consequently, to the rising of concentration.

The non-complementary target curve presents constant values of A525/600 ratio (<1)
even with the increase of this target. Thus, the gold nanoprobe is specific for its target. It means
that the problem presented by the gold nanoprobe in the discrimination of LAMP products is not
derived from its sequence but might be a question of thermodynamics.

In figure 3.29 it is also observed that the limit of detection for PCR products is lower
(10ng) than for LAMP products (50 ng) as observed in figure 3.26. This fact might be related with
the differences in conformation and length between these products, which may influence their
hybridisation with the gold nanoprobe. Since LAMP possesses higher sensitivity and specificity
than PCR, it produces large amount product from an infinitesimal quantity of template (Chen et
al., 2011). Moreover, the final amplification products are mixtures of many different sizes of stem-
loop DNAs with several inverted repeats of the target sequence. Since these products possess
much more complementary zones when compared with PCR products it would be expected to
make easier the hybridisation with the gold nanoprobe and, consequently, less amount of DNA
would be necessary in order to occur detection. However, it was not observed.

On the other hand, these facts may justify the reason why the gold nanoprobe has
difficulty discriminating between complementary and non-complementary LAMP products. As
discussed before, an alignment between the gold nanoprobe and the non-complementary target
sequence and its LAMP primers was performed and the similarity degree found between these
sequences presented a low value, which could not be used to justify NC target detection.
However, since LAMP products are present in a very high concentration and possess a high
number of copies, even if the number of bp complementary to the gold nanoprobe is low, their
excess may facilitate the hybridisation with the gold nanoprobe, resulting in false positive results.

As referred before, the aim of this project was the development of a specific, sensitive
and rapid test for Salmonella detection which allied LAMP amplification technique to gold
nanoprobes. The rapidity would lie in LAMP technique, however the nanoprobe was not able to
discriminate correctly these products. Therefore, in order to keep the rapidity of the test, the
number of PCR cycles and, consequently, reaction time was decreased. The results are
represented below.
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Figure 3.31 Hybridisation assay of PCR product with batch 4 of ttrRSBCA gold nanoprobe. Au-
nanoprobes aggregation was measured by ratio of aggregation (ratio of SPR intensity at 525 and 600 nm)
for the assay tests - 2.5 nM Au-nanoprobe, 10 mM phosphate buffer (pH 7) +0.1M NaCl. PCR products
result from reactions of 10, 20 and 30 cycles. All spectrophotometric data was collected 5 minutes after 50
mM salt addition. Dots represent the average of three independent measurements and the error bars
indicate standard deviation.

This figure presents the difference in detection performed by the gold nanoprobe between
PCR products resultant from the usual 30 cycles reaction and 20 and 10 cycles. One can observe
that occurs discrimination between complementary and non-complementary products (NC and
Neg Control) from 20 and 30 cycles reactions. On the other hand, products from 10 cycles
reaction are not detected. Nanoprobe is not detecting product probably due to the low number of
DNA copies obtained from 10 cycles reaction. To enable the detection maybe the template used
in PCR reaction needed to have a higher concentration, so less amplification cycles would be
necessary. It should also be noticed that, contrary to what happened in LAMP detection (Figure
3.28), the gold nanoprobe is not detecting the Negative control of PCR reaction which is in
agreement with the obtained agarose gel (Figure 3.29).

Very low numbers of Salmonella cells are typically found in food. However, such
contamination may be fatal because of the possibility of multiplication of the cells, leading to a
high risk for consumers (Malorny et al.,2008). Consequently, methods that can enumerate low
levels of Salmonella are needed. Therefore, using the 20 cycles amplification condition, it was
performed a gradient of concentration of template (1,5,10 and 20 ng) in PCR reaction. However,
gold nanoprobe was not able to detect these amplification products. Thus, the LOD of the gold

nanoprobe for PCR products is 20 cycles of PCR starting from 30 ng template.
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4 Conclusion

A wide range of methods for the detection of Salmonella in food has been developed in the
last decade. However, it still faces many inherent challenges. The complexity of food matrices
and the presence of pathogens in low numbers in food products require several methods of
concentrating and separating bacteria from food matrices, which make even rapid methods last
days instead of hours. Therefore, the aim of this study was to develop a rapid, sensitive and
inexpensive colorimetric test based in specific DNA-functionalised AUNPs (Au- Nanoprobes) to
detect Salmonella amplified by LAMP technique.

Four batches of ttrRSBCA gold nanoprobe were synthesized under different conditions.
These differences were denoted in their hybridisation capacity and stability. It was verified that a
higher stability value (Batches 1 and 2) may be related with higher densities of thiol-modified
oligonucleotides bound to AuNPs surface. This divergence in density values between batches
might be attributed to synthesis conditions, namely lack of ionic strength and insufficient or
absence of ultrasound time which have led to non-specific adsorptions occurred during
functionalisation process. These difference in oligonucleotide density might also be explained by
the different sizes of gold nanoparticles used in the syntheses of the gold nanoprobe. TEM
confirmed that the gold nanopatrticles used in batches 1 and 2 are smaller than the used in batches
3 and 4, presenting higher loading capacity and, consequently, leading to gold nanoprobes higher
stability.

Batches 1 and 2 where synthesized at pH8 and 25 °C while batches 3 and 4 were
resuspended in pH7 buffer and synthesized at 57°C. The increase in synthesis temperature was
expected to make easy gold nanoprobe hybridisation since the probability of hairpin formation is
lower in this condition, exposing DNA bases to the target. However, it was observed that at this
pH and temperature conditions, discrimination between targets did not improve. Besides, pH7
might be related with a lower shelf life of gold nanoprobes as observed with Batch 3 stability
change after 2 months.

When compared with Batches 1 and 2, Batches 3 and 4 present less stability and,
consequently, are less functionalised due to the higher size of gold nanoparticles used in their
syntheses. Therefore, their LOD present different values, which are in agreement with their
characteristics. Batch 2 has a higher oligonucleotide loading, thus needs less target concentration
in order to occur detection (20 ng/uL). On the other hand, batches 3 and 4, which are less
functionalised, have LOD values of 75 ng/uL and 60 ng/uL for LAMP products, respectively.
Although LAMP product detection was achieved, its discrimination was unsuccessful for Batch 4,
which emphasizes the disadvantage of pH7 buffer for discrimination. PCR products were tested
in gold nanoprobe and it was verified that the discrimination obtained for these products was
better than for LAMP products. This may be related to thermodynamics, since there are
differences in conformation and length between these products, which may influence their
hybridisation with the gold nanoprobe. A way to address this issue could be the change of

detection temperature from environment temperature to higher temperatures in order to increase
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hybridisation specificity. However, this discrimination failure might also be related with the
selected sequence for this study.

The sequence of gold nanoprobe used for detection of the target region (ttrRSBCA locus)
plays a key role in the success of the colorimetric test and maybe has contributed to some
problems occurred in its performance. Although the developed nanoprobe works better with PCR
products and that the next step would be testing it in food, LAMP stills a more advantageous
technique. Thus, an alternative to test this probe in food, would be to redesign its sequence.
However, considering that LAMP needs 4 primers which should follow certain criteria it would be
difficult to find an alternative to the used primers and sequence for the ttr locus. On the other
hand, another locus present in Salmonella could be used as target but, even if the gold nanoprobe
was able to detect the LAMP products that contained this region, the risk of having false negatives
would be higher because this region would not be conserved as ttr locus and no target sequence
would be present in the reaction.

False negative results can also mean that the reaction was inhibited due to malfunction
of the thermal cycler, incorrect LAMP mixture, poor polymerase activity, and, not least, the
presence of inhibitory substances in the sample matrix, which would turn into a threat for the
population (Hoorfar et al., 2003). Therefore, apart from the sequence used as target, the inclusion
of an IAC (Internal Amplification Control in the reaction would solve this issue, because a control
signal will always be produced when there is no target sequence present. Therefore, it would be
a good indicator of LAMP failure in the future.

LAMP was expected to provide robustness, high sensitivity, specificity and simplicity to
detection. However, in this study it was observed that this sensitivity can be disadvantageous
since this technigue synthesizes a large amount of DNA from an infinitesimal quantity of template,
which may justify the presence of a non-specific amplification observed in the negative control.
Several hypotheses were proposed to explain this amplification, namely the great similarity
verified between Salmonella and E. coli, which may be present in the laboratory as aerosol and
affect LAMP amplification; and self-amplification of primers. Different variables were tested in
order to optimise the reaction and it was verified that DMSO has great effect in reaction specificity,
avoiding primers self-annealing. The presence of this reagent in solution can also further have an
effect in the nanoprobes stability and, therefore, should be taken into account when performing
non-cross-linking.

The two methods combined in these thesis can bring several advantages to pathogen
detection but still need some improvement individually. LAMP is a method, that, in spite of its
advantages, namely robustness, specificity and rapidity is very sensitive to cross-over
contamination. Besides, a tight control over nanopatrticle functionalisation should be considered
in this case, as small variations can drastically change their properties and behaviour in detection
methods. After optimisation of this test, it could also be applied in the identification and
discrimination of Salmonella serovars.

The system developed here must be taken as proof-of-concept. For further tests in food

samples many questions on sample handling and preparation still need to be addressed, as Au-
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NP systems and LAMP technique can be rather unstable in complex media, which may hinder

application at point-of-care for pathogen detection.
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APPENDIX
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A1l. Sequencing of the target region used in this study plus primers.
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A2. Scheme of the alignment of 103 Salmonella strains from GenBank with the DNA sequence of S.enterica
serotype Typhimurium ttr locus (GenBank accession no. AF282268)performed in BioEdit software. The red
box indicates the part of the locus shared by all the aligned sequences which was used as target in this
study for the gold nanoprobe (yellow).
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[(Iignment of Sequence_1: (rpoB.fasta] with Sequence_2: (FIP.xdna)

Rlignment of Sequence_1: [rpoB.fasta] with Sequence 2: [BIP.xdna) st acteg s AR B

Similaricy : 20/5084 (0,39 %) lseq_t 1 TGGCCGET 60
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Beq 2 42 43
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i lseq_2 40 41
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Sseq_1 241 ATCACGACGCGCCGACACCCTCGCGCTAGCGCGCACGGCCGATCAGATCCCTGTCAGIGA 300 | [ a2 O 1
Beq 2 © - 3q1 900 GCCACTTGACA T TTAGTTIGCGT 959

Alignment of Sequence_1: (rpoB.fasta] with Sequence_2: (B3.xdnal
Alignment of Sequence_1: [(rpoB.fasta) with Sequence_2: [F3.xdna]

Similaricy : 13/5084 (0,26 %)
Similaricy : 9/5084 (0,18 %)
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A3. Alignment of rpoB gene sequence from E. coli with ttrRSBCA primers (from right to left BIP, FIP, F3, B3)
performed in BioEdit software.

125pb 107 pb

CTTACTCGTTACCAGGCGGAACGGATGGCTGGCTGGCTATTCTCGGCACCTTCGGCCTGTEGAT
AGCGCTACTGATTATTATTCGTGAAACGCTGAACGGACTCACCAGGAGATTACAACATGAGCTA

ATTTAACCCGTCGTCAGTGGCTAAAAGTCGGTCTCGCCGTCGGTGGGATGGTCACTTTIGGTCT
- GAGCTACCGTGATGTGGCGAAACGCGCAATTGATGGCCTGT

(A) (B)

A4. Restriction site of Alul enzyme (A) and schematization of the application of Alul enzyme in the target
region(B). After digestion the 232 bp sequence is divided in two parts of 125 bp and 107 bp.
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A5. DLS Analysis of AuNPs and Au-nanoprobes. Comparison between Batch 1 gold nanoparticles with gold
nanoprobe batches 1 and 2 (A) and Batch 2 gold nanoparticles with gold nanoprobe batches 3 and 4 (B).
An increase in hydrodynamic radius is observed in all synthesized probes when compared to the respective

of gold nanoparticles batches.

A6. DLS Data obtained for the studied batches of gold nanoparticles and gold nanoprobes.

Z-Average (nm) PI
Nanoparticles Batch 1 15,7 0,237
Nanoprobe Batch 1 29,8 0,26
Nanoprobe Batch 2 31,7 0,47
Nanoparticles Batch 2 14,5 0,07
Nanoprobe Batch 3 32,1 0,439
Nanoprobe Batch 4 23,3 0,303

A7. The four studied probes (Batches 1, 2, 3 and 4) presented different maximum absorbance for the
aggregated state. The ratio (A non-aggregated/ A aggregated) with better discrimation (spectrophotometric
and colorimetric) was studied for each gold nanoprobe. As example, the study performed with probe batch

2 at pH8 phosphate buffer is represented below.
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A7 |. Hybridisation profile of gold nanoprobe Batch 2 at pH8 phosphate buffer. The orange arrows
represent the diverse values of absorbance registered by aggregated species at different wavelengths. Larger
arrows indicate higher difference of absorbance between the non aggregated species (NC) and the aggregated
species (C) and possibly a better discrimination between targets.
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A7 1. Hybridisation profile of gold nanoprobe Batch 2 at pH8 phosphate buffer. Discrimination
capacity represented by different ratios between agrgregated species (525nm) and non-aggregated
species (538, 600, 650 and 700 nm).

The figure above shows that even though A525/583 and A525/600 ratios present similar
discrimination, one can observe that the difference between the A525/600 ratio of complementary
target and non-complementary target is higher than for A525/583 ratio. For A525/650 and
A525/700 ratios this discrepancy is less visible. Therefore A525/600 was selected as the ratio
which allowed the visualization of a better discrimination in agreement with the colorimetric
results.
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A8. Limit of detection (LOD) profile for ttrRSBCA probe Batches 2 (20 ng/uL) and 3 (75 ng/pL).
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A8 I. Limit of Detection (LOD) profile for ttrRSBCA probe Batch 2. Ratio of absorbance for ttrRSBCA
Au-nanoprobe conducted with 2.5 Nm of Au-nanoprobe on phosphate buffer 10Mm (pH8+0,1M NacCl) and
with purified full complementary LAMP products. Aggregation induction was carried out by increasing the
ionic strength up to 120 mM with the addition of MgClz. All spectra were taken 5 min after salt addition. Dots
represent the average of three independent measurements and the error bars indicate standard deviation.
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A8 II. Limit of Detection (LOD) profile for ttrRSBCA probe Batch 3. Ratio of absorbance for ttrRSBCA
Au-nanoprobe conducted with 2.5 Nm of Au-nanoprobe on phosphate buffer 10Mm (pH7+0,1M NaCl) and
with purified full complementary LAMP products. Aggregation induction was carried out by increasing the
ionic strength up to 25 mM with the addition of MgClz. All spectra were taken 5 min after salt addition. Dots
represent the average of three independent measurements and the error bars indicate standard deviation.
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Alignment of Sequence_1: ([rpoB.fasta] with Sequence_2: [BIP.xdna)

Plignment of Sequence_1: [rpoB.fasta] with Sequence_2: [FIP.xdna]

Similarity : 14/5084 (0,28 %)

Similaricy : 16/5084 (0,31 %)
Seq 2 1 ]
beq 1 1861 ACACCGICGGCACC ‘GCTGTTGGACATCT TGCGTCC 1920
peq2 1 0 Seq_1 241  ATCACGACGCGCCGACACCCTCGCGCTAGCGCGCACGGCCGATCAGAICCCIGICAGIGA 300
Seq 2 1 0
Peq 1 1921 CCCC L 1GT ITGTICIT I 1980
fedt2 | & 0 Seq_1 301 AGCGGIGATGATITICGITGGCICGACICGICGCGGACTGCCGAGCCGCGGG-CG-TGCGG 358
[ |
A cAGe
peq_1 1981 ACGACCIGGCCCGCGTCGGTCGCTATARGGTCAACAAGAAGCTCGGGCTGCATGICGGCG 2040 Redar & CosEn 32
(ARR] | rr:d (R RR RN
Pedia L s AcCosTostea! A A AL I AR e 42 Seq_1 359 CGGTCGGTGARGCTGACCGACGCTCTCATTGCGGCARCCGCGGAGATCARGGTGTGACAC 418
8] | I I Lt
Feq 1 2041 AGCCCATCACGTCGTCGACGC c TCGAATATCIGG 2100 Seq_ 2 13 GITTCACGAAGCTGGCTGGCTATTCTCH 40
beq 2 43 a2
Seq_1 419 CGAGGACTGATGAAGGTGCCGCTGCACCCTGCCTGATGCCTGACGTCACGATGCCCGIGA 478
Peq_1 2101 TCCGCTIGCACGAGGGTCAGACCACGATGACCGTTCCGGGCGGCGTCGAGGTGCCGGIGE 2160 Seq 2 41 40
llignment of Sequence_1: [rpoB.fasta] with Sequence_2: [B3.xdna] [Rlignment of Sequence_1: [rpoB.fasta] with Sequence 2: [F3.xdna)
imilaricy : 12/5084 (0,24 %) [Similarity : 12/5084 (0,24 %)
leq_1 4741 TCAACTACCGCACGCITAAGCC GGCCTGTTCTGCGAGAAGATCTICGGGC 4800 eq 2 1 [}
leq 2 1 0
eq_1 1081 TCITGGCAGATICCCGCCAGAGCAAAACAGCCGCTAGICCTAGTCCGAGTCGCCCGCARA 1140
leq 1 4801 CGACTCGCGACTGGGAATGCTACTGCGGCAAGTACARGCGGGTGCGCTTCARGGGCATCA 4860 eq 2 1 0
FEE LEee
leq 2 1 AGGCCATCA 11
eq_1 1141 GITCCICGAATAACTCCGTACCCGGAGCGCCARACCGGGICTCCTICGCTAAGCIGCGCG 1200
leq 1 4861 TCTGCGAGCGCIGCGGCGTCGAGGTGACCCGCGCCARGGTGCGTCGTGAGCGGATGGGCC 4920 L i
T T I I— CTTACTCGTTACCAGGC! 19
leq 2 12 ATTGCGC: 18
eq_1 1201 AACCACTTGAGGITCCGGGACICCTTGACGTCCAGACCGATICGTICGAGTGGCIGAICG 1260
eq 1 4921 ACATCGAGCTIGCCGCGCCCGTCACCCACATCIGGTACTIC GCCCTCGCGGE 4980
eq 2 20 19
leq 2 19 18
eq 1 1261 GTTCGCCGCGCTGGCGCGAATCCGCCGCCEAGCGEGETCATGTCAACCCAC C 1320
leq 1 4981 TGGGGTATCTGCTGGACCTGGCCCCGARGGACCT TCATCTACTICGCTGCCT 5040
eq 2 20 19

A9. Alignment of rpoB gene sequence from M.tuberculosis with ttrRSBCA primers (from right to left BIP,

FIP, F3, B3) performed in BioEdit software.
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