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RESUMO
A análise do ADN mediante técnicas a escala macroscópica está ben establecida e
proporcionou grandes avances tecnolóxicos para numerosas aplicacións nos campos alimentario,
ambiental e clínico. Non obstante, estas técnicas a miúdo requiren equipos grandes e
especializados, reactivos caros, persoal altamente capacitado e grandes tamaños de mostra, sendo
caros e con procedementos longos, o que limita a súa aplicabilidade en entornos descentralizados.
A miniaturización destas técnicas trae a vantaxe de requirir menores volumes de mostras e
reactivos, o que reduce o custo e mellora o rendemento. Ademais, os dispositivos miniaturizados
son máis axeitados para a automatización e integración, diminuíndo o risco de contaminación e
permitindo a portabilidade. A miniaturización e automatización tamén poden proporcionar unha
análise máis estandarizada, contribuíndo a minimizar a variabilidade entre as mostras simplificando
os protocolos e evitando a necesidade de equipos de laboratorio avanzados. Por estas razóns, o
interese polo desenvolvemento de dispositivos miniaturizados para a análise baseada no ADN ten
sido aumentando.
Os dispositivos miniaturizados foron amplamente explorados para aplicacións de punto de
atención (POC) no sector sanitario, pero estas ferramentas tamén poden ser particularmente
interesantes para aplicacións nas áreas alimentaria e ambiental. En canto ao sector alimentario, as
mostras normalmente recóllense en diferentes puntos da cadea de valor dos alimentos e envíanse
aos laboratorios para a súa análise. Este proceso pode levar varios días ou semanas dependendo da
análise, é lento e caro á hora de considerar a produción e un enorme reto debido á complexidade
da cadea de subministro de alimentos. Polo tanto, é necesario o desenvolvemento e mellora
continua de solucións de análise in situ. Os dispositivos miniaturizados para a análise do ADN
poderían ter un grande impacto na industria alimentaria, permitindo unha rápida selección de
ingredientes e produtos en diferentes puntos da cadea de valor alimentaria e axudando a acelerar a
toma de decisións in situ nestas etapas. Estas ferramentas poderían ser moi valiosas, non só para a
seguridade alimentaria, senón tamén para aplicacións na autenticidade dos alimentos, evitando a
competencia desleal entre os produtores e protexendo aos consumidores contra o fraude nos
alimentos. No sector ambiental, a miniaturización de métodos baseados no ADN tamén pode
desempeñar un papel importante na detección e seguimento rápido de especies ameazadas, especies
con efeitos potenciais sobre a saúde pública e especies exóticas invasoras (IAS). A identificación
molecular de especies mediante a análise de ADN ambiental (eDNA) utilizouse para detectar
especies invasoras con maior sensibilidade que os métodos tradicionais baseados en observación
ao microscopio, que son potencialmente subxectivos, caros e lentos, sendo comparativamente os
primeiros unha ferramenta moi valiosa para a alerta temperá e que possibilita toma de medidas de
control oportunas. A pesar das súas numerosas vantaxes, o desenvolvemento de dispositivos
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miniaturizados para a análise de ADN e a súa implementación nos sectores alimentario e ambiental
ten sido limitados en comparación con outras áreas de aplicación, como os campos clínico e
forense.
Nesta tese, desenvolvéronse e optimizáronse diferentes dispositivos miniaturizados para
realizar pasos específicos de análise baseada en ADN para aplicacións alimentarias e ambientais.
Os principais pasos da análise de ADN inclúen a extracción e purificación de ADN, seguidos da
amplificación e detección de ADN. Neste traballo, os dispositivos miniaturizados desenvolvéronse
nun enfoque modular, o que significa que os dispositivos foron deseñados para realizar un único
paso da análise, permitindo unha mellor comprensión das súas características a escala micro e o
efecto de parámetros dos protocolos específicos no seu rendemento. Ademais, un enfoque modular
tamén ofrece unha gran flexibilidade e versatilidade para a análise, proporcionando máis
posibilidades para a futura integración dos diferentes módulos analíticos en función do tipo de
mostra ou aplicación.
En particular para a purificación do ADN, o método máis usado é baséado na extracción en
fase sólida (SPE), na que a molécula de interese é separada selectivamente da solución baséandonos
nas propiedades hidrofóbicas, polares e / ou iónicas específicas tanto da molécula como da fase
sólida. Os protocolos SPE adoitan estar compostos por tres pasos principais: unión, lavado e
elución. Neste contexto, a elección máis popular para a fase sólida é a sílice, pero tamén son
populares outras modificacións da superficie como as superficies recubertas de quitosano. En canto
á amplificación do ADN, a reacción en cadea da polimerase (PCR) é a técnica de bioloxía
molecular máis establecida e coñecida empregada a escala de laboratorio. Non obstante, as técnicas
alternativas, tal é o caso das técnicas de amplificación do ADN isotérmico, foron gañando
popularidade nos últimos anos, xa que só requiren unha única temperatura constante durante a
reacción, proporcionando vantaxes potenciais fronte á PCR, como non requirir equipos caros,
permitindo unha análise rápida e máis barata, e a simplificación do proceso de miniaturización para
este paso.
Ao considerar a purificación de ADN, a optimización e avaliación de novos dispositivos
miniaturizados baséase na determinación dos respectivos perfís e rendementos de purificación de
ADN, que se obteñen a través da estimación da concentración total de ADN en cada etapa de
purificación de ADN. Polo tanto, son necesarios resultados cuantitativos fiables despois de cada
paso do protocolo de purificación do ADN. Os fluorospectrómetros de microvolumen combinados
co ensaio PicoGreen® son un método de uso común para a cuantificación de mostras de ADN
recollidas de dispositivos miniaturizados, que proporcionan unha cuantificación de ADN
bicatenario (dsDNA) altamente sensible cun consumo mínimo de volumen de mostra. Non
obstante, este método ten algunhas limitacións, sobre todo no que se refire á precisión de
cuantificación, sendo afectado polo grao de fragmentación do ADN, a estrutura ou conformación
do ADN e por algúns tampóns usados habitualmente nos protocolos de extracción do ADN.
Ademais, as solucións de ADN estándar, como λDNA, que se usan habitualmente para a
optimización de protocolos de dispositivos de purificación de ADN miniaturizados non sempre son
comparables con mostras reais, como mostras de alimentos ou outras matrices complexas. Estas
mostras conteñen frecuentemente ADN moi fragmentado en concentracións mínimas,
especialmente en produtos alimentarios procesados. Así, no canto de λDNA, pódense usar
solucións de ADN menos purificadas e máis fragmentadas como patróns de ADN para os
experimentos de optimización, sendo máis semellantes ao tipo de ADN obtido a partir de mostras
de alimentos. Neste traballo avaliáronse a fondo as limitacións da cuantificación do ADN e a súa
x

influencia na precisión do método. Ademais, describiuse un novo enfoque como unha ferramenta
potencial para superar algunhas das limitacións atopadas, permitindo incluír máis datos na curva
estándar ou probar diferentes modelos matemáticos para axustarse mellor aos datos dos estándares,
especialmente cando se usan estándares de ADN distintos do λDNA. Neste traballo tamén se
avaliou o efecto dalgúns compostos que se atopan habitualmente nos tampóns SPE baseados en
sílice no método de cuantificación do ADN. Demostrouse que un método preciso de cuantificación
do ADN é extremadamente importante para a optimización de protocolos e precisa adaptarse ao
tipo de mostras que se están a analizar, especialmente cando se está a traballar con ADN
fragmentado, sendo fundamental para a correcta avaliación dos protocolos e parámetros probados.
A aplicabilidade do enfoque de cuantificación de ADN demostrouse mediante a implementación
da cuantificación de mostras recollidas para a optimización de protocolos nun dispositivo de
purificación de ADN miniaturizado lavable e reutilizable.
Para os dispositivos miniaturizados desenvolvidos neste traballo, fabricáronse opcións
reutilizables e desbotables e exploráronse diferentes aplicacións. Unha destas aplicacións foi a
autenticidade dos alimentos, con especial atención ao sector do aceite de oliva. O aceite de oliva é
un produto alimenticio de alta calidade, moi apreciado polo seu aroma e sabor e recoñecido
mundialmente polos seus beneficios para a saúde. Estas características fan que este produto
alimentario sexa moi propenso á adulteración, sendo un dos produtos con maior risco de fraude
alimentaria. Ao ser un produto de valor engadido, o aceite de oliva adúlterase frecuentemente ao
mesturarse con aceites vexetais máis baratos, o que tamén pode xerar preocupacións sobre as
posíbeis reaccións alérxicas no caso de individuos sensíbeis. A falsificación sobre a orixe, o cultivar
ou a categoría é outra forma de adulteración que se atopa habitualmente neste sector. A análise de
ADN de mostras de aceite de oliva é de grande interese para a detección de tales prácticas
fraudulentas. Non obstante, o aceite de oliva é unha matriz alimentaria moi complexa, con
cantidades baixas de ADN e con alto grao de fragmentación, o que o converte nunha mostra de
alimentos moi difícil para a análise de ADN. Neste traballo, adaptouse con éxito un dispositivo
miniaturizado lavable e reutilizábel, cunha membrana de sílice desbotable empregada como fase
sólida para a captura de ADN, para a purificación de ADN a partir de mostras de aceite de oliva.
Para a avaliación do rendemento, o dispositivo tamén se comparou cun kit comercial anteriormente
descrito como eficaz na extracción de ADN de aceites de oliva e outros aceites de sementes
resultando nun rendemento de ADN relativamente alto.
Despois da extracción e purificación do ADN, o seguinte paso da análise do ADN é a
amplificación. As secuencias simples repetitivas (SSR) e os polimorfismos dun só nucleótido
(SNPs) convertéronse nos marcadores máis populares para a identificación varietal en varias
especies vexetais e, en particular, nas olivas, sendo usadas habitualmente en varios casos. Non
obstante, requiren ferramentas avanzadas e persoal altamente cualificado, o que dificulta a súa
aplicabilidade para análise in situ en ambientes descentralizados. En consecuencia, o interese pola
miniaturización destes métodos ten sido aumentando. Para desenvolver un dispositivo
miniaturizado baseado nestas técnicas asistidas por marcador para fins de identificación varietal, é
necesario avaliar a aplicabilidade das técnicas usadas habitualmente e o seu potencial para a
miniaturización. Neste traballo implementáronse estratexias de xenotipado baseadas en SSR e SNP
en ambiente de laboratorio para a identificación e diferenciación das variedades 'Brava' e 'Mansa
de Figueiredo', que son dous cultivares galegos que teñem sido explorados para producir aceite de
oliva virxe extra de alta calidade con especificidade de orixe no noroeste de España. A análise SSR
realizouse nun sistema de electroforese capilar baseada en microchip (Bioanalyzer) e comparouse
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cun estudo previo realizado usando un equipo máis caro e sofisticado para avaliar o seu potencial
de miniaturización. Ademais, a identificación de SNPs para estas variedades realizouse por
primeira vez nesta tese. Para a identificación de SNPs, a secuenciación de ADN tamén se realizou
mediante un dispositivo microfluídico comercial baseado na secuenciación de nanoporos. Este
dispositivo foi o MinION, que foi o primeiro dispositivo portátil e en tempo real para a
secuenciación de ADN dispoñible comercialmente, e os resultados da secuenciación empregáronse
conxuntamente cos obtidos pola secuenciación convencional de Sanger. Despois analizáronse os
SNPs seleccionados empregando dous métodos de xenotipado: PCR específica de alelos en tempo
real e análise de fusión de alta resolución (HRM). Estes métodos foron comparados e avaliados
respecto ao seu potencial de integración nun sistema microfluídico, como primeiro paso cara á
futura miniaturización da análise.
Outra área de aplicación explorada nesta tese foi a detección de alérxenos e ingredientes
responsables de intoleranciaa certos alimentos, con especial atención á detección de cereais que
conteñen glute en diferentes produtos alimenticios. O glute é un dos ingredientes alimentarios na
Unión Europea (UE) máis frecuentementes asociados a intolerancia, e debe declararse nas etiquetas
dos alimentos. O único xeito que teñen as persoas sensibilizadas para evitar reaccións adversas nos
alimentos é evitar produtos alimenticios que conteñan os alérxenos ou ingredientes responsables
de intolerancias respectivos, e isto só se pode facer baseándose na información da etiquetaxe, que
debe indicar a presenza de substancias ou produtos que causan alerxias ou intolerancias. Tendo isto
en conta, o desenvolvemento de métodos rápidos e sensibles para a detección destes ingredientes
é extremadamente importante para a detección da contaminación por alérgenos en materias primas,
durante o procesamento ou nos produtos alimenticios finais, así como para controlar prácticas de
fraude alimentaria relacionadas con o uso dos tales ingredientes non declarados na etiquetaxe. Os
cereais que conteñen glute son ingredientes con potencial alerxénico e/ou de dar lugar a
intolerancias. Polo tanto, neste traballo deseñouse e fabricouse un prototipo miniaturizado portátil
e reutilizable para realizar unha amplificación isotérmica do ADN para a detección destes
ingredientes. O prototipo desenvolvido contén un sistema de control de temperatura integrado e,
polo tanto, non require ningún equipo adicional para levar a cabo as reaccións de amplificación. O
rendemento do prototipo foi avaliado e demostrado para a amplificación isotérmica mediada por
bucle (LAMP) e a amplificación por recombinasa polimerasa (RPA), explorándose diferentes
químicas de detección. Para LAMP, a detección logrouse en función da turbidez ou pola
combinación con nanopartículas de ouro (AuNPs) funcionalizadas. Para RPA, implementáronse
químicas de detección baseadas na cor e baseadas na fluorescencia. A detección de cereais que
conteñen glute en diferentes produtos alimenticios logrouse con éxito usando este prototipo como
proba de concepto para a avaliación do rendemento do sistema de calefacción integrado,
comparándose tamén co rendemento dos equipos convencionais que se usan habitualmente para
estas técnicas de amplificación.
Finalmente, a terceira aplicación explorada nesta tese focalizouse na área ambiental e
centrouse na detección de especies exóticas invasoras (SAI) en auga de río, en particular na
detección de Dreissena polymorpha na conca do río Guadalquivir. Esta especie invasora,
comúnmente coñecida como mexillón cebra, é un pequeno molusco bivalvo de auga doce capaz de
causar varios problemas ambientais e económicos. A súa alta capacidade reprodutiva e a súa ampla
gama de tolerancia ás condicións ambientais favorecen a súa rápida propagación. Pode unirse a
superficies duras e alcanzar densidades moi altas, causando varios problemas nas instalacións das
plantas de auga e noutras infraestruturas, como obstruír tubos e sistemas de bombeo. Tamén pode
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unirse a crustáceos nativos, caracois e outros bivalvos, formando densos cúmulos e limitando a súa
capacidade de moverse, alimentarse e reproducirse e, finalmente, levar á súa morte. Debido ás súas
altas densidades e á súa alta capacidade para filtrar a auga, o hábitat que se invade tamén está
fortemente afectado pola presenza desta especie. Unha vez establecida e dispersa nunha gran área,
é moi difícil eliminar esta especie invasora, e a súa distribución só pode ser freada polas prácticas
de xestión para evitar unha maior propagación. A detección precoz de especies acuáticas invasoras
mediante a implementación de estratexias de control eficaces é extremadamente importante e
melloraría moito a capacidade de limitar a súa propagación a outras masas de auga, reducindo os
custos de control e o impacto nos ecosistemas. Nesta tese, deseñouse e fabricouse un dispositivo
microfluídico desbotable para a purificación e concentración de eDNA e implementado para a
detección de D. polymorpha. Este dispositivo funcionalizouse con quitosano para unha purificación
de ADN dependente do pH, promovendo a interacción electrostática co ADN cargado
negativamente en condicións de pH máis baixas e permitindo a liberación de ADN en condicións
de pH máis altas grazas ao cambio de tampón. Neste traballo analizáronse e optimizáronse a fondo
varios parámetros, desde a fabricación do dispositivo ata a optimización dos protocolos de
funcionalización e purificación do ADN. A optimización do protocolo de funcionalización
centrouse no efecto de diferentes tipos de quitosano, concentración de quitosano e tempo de
incubación de quitosano. Ademais, a optimización do protocolo de purificación e concentración de
ADN fíxose centrándose no efecto do fluxo e a dirección de fluxo, a composición do tampón e as
condicións de pH en cada paso da purificación do ADN. Despois da optimización, seleccionáronse
as mellores características de deseño do dispositivo e tamén se avaliou o efecto da fragmentación
do ADN sobre o rendemento da purificación do ADN.
En canto á amplificación do ADN, desenvolveuse un método LAMP (qLAMP) en tempo real
a escala de laboratorio para a detección baseada en fluorescencia de D. polymorpha en mostras
ambientais da conca do río Guadalquivir. A pesar das súas vantaxes, esta técnica non se tiña
explorado anteriormente para a detección de D. polymorpha en mostras ambientais e, tendo en
conta a maior complexidade desta reacción de amplificación, é moi importante avaliar
coidadosamente o método para garantir a súa aptitude para este propósito. O rendemento do método
qLAMP baseado en fluorescencia desenvolvido foi avaliado e comparado con dous enfoques de
PCR en tempo real (qPCR), tamén desenvolvidos para este estudo, usando diferentes químicas de
detección baseadas en fluorescencia (un colorante intercalante e unha sonda de hidrólise). Ademais,
tamén se explorou un enfoque qLAMP baseado na turbidez para esta aplicación usando un
turbidímetro en tempo real. Todos os métodos desenvolvidos foron avaliados en relación coa
especificidade, sensibilidade e tempo necesario para a detección.
Despois da optimización do dispositivo miniaturizado de purificación do ADN para mostras
de auga dos ríos e a optimización dos métodos de amplificación do ADN para a detección desta
especie invasora, tamén se explorou a miniaturización do paso de amplificación do ADN para esta
aplicación. Neste traballo realizouse a avaliación preliminar de dous dispositivos miniaturizados
para a amplificación do ADN isotérmico por LAMP. Un dos dispositivos era un sistema desbotable
fabricado en poli (dimetilsiloxano) (PDMS), explorado co propósito de facilitar a futura integración
co dispositivo desbotable de purificación de ADN, tamén fabricado no mesmo material. O outro
dispositivo foi o prototipo reutilizable probado para a detección de cereais que conteñen glute en
produtos alimenticios, que demostrou ter éxito na amplificación por LAMP e RPA. Para o
dispositivo reutilizable, ademais da detección mediante AuNPs funcionalizados, tamén se
exploraron outras dúas aproximacións baseadas na cor para a detección de D. polymorpha.
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En xeral, desenvolvéronse e optimizáronse distintos dispositivos miniaturizados cun enfoque
modular, para realizar diferentes pasos da análise baseada no ADN, con especial foco na
purificación do ADN, así como na amplificación e detección do ADN. Os dispositivos
miniaturizados para a análise do ADN para aplicacións nos sectores alimentario e ambiental
céntranse principalmente na detección de patóxenos de transmisión alimentaria en aplicacións de
seguridade alimentaria e en estudos de biodiversidade ou detección de microorganismos patóxenos
en aplicacións de vixilancia ambiental. Neste traballo implementáronse os dispositivos
miniaturizados desenvolvidos para aplicacións que non foron exploradas previamente nestes
sectores. Os dispositivos foron adaptados para a análise de mostras de alimentos, con aplicacións
específicas en autenticidade alimentaria e detección de alérgenos alimentarios e mostras
ambientais, centrándose na detección de especies invasoras en concas fluviais. Tendo en conta o
tipo de mostras analizadas neste traballo, os dispositivos e protocolos desenvolvéronse para
adaptarse á análise de mostras con baixo contido de ADN e alto grao de fragmentación. Os
dispositivos e protocolos desenvolvidos nesta Tese comparáronse con técnicas convencionais a
escala de laboratorio para a avaliación do rendemento, implementándose e validándose para a
análise de mostras reais de alimentos e ambientais. Estes métodos evaluáronse e comparáronse con
respecto ao tempo de amplificación, especificidade e sensibilidade, así como a idoneidade para a
súa implementación nun contexto miniaturizado antes da miniaturización.
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ABSTRACT
DNA analysis using macroscale techniques is well-established and has provided great
technological advances for numerous applications in the food, environmental and clinical fields.
However, these techniques often require big and specialized equipment, costly reagents, highly
trained personnel, and large sample sizes, being expensive and time-consuming, which limits their
applicability in decentralized settings. Miniaturization of such techniques brings the advantage of
requiring lower volumes of samples and reagents, which reduces cost and improves performance.
In addition, miniaturized devices are more suitable for automation and integration, decreasing the
risk of contamination and allowing portability. Miniaturization and automation can also provide a
more standardized analysis, contributing to minimize variability between samples by simplifying
the protocol and avoiding the need of advanced laboratory equipment. For these reasons, the
interest on the development of miniaturized devices for DNA-based analysis has been increasing.
Miniaturized devices have been widely explored for point-of-care (POC) applications in the
healthcare sector, however these tools can also be particularly interesting for applications in the
food and environmental areas. Regarding the food sector, samples are usually collected in different
points of the food value chain and sent to laboratories for analysis. This process can take several
days or weeks depending on the analysis, being time-consuming and expensive when considering
production, and an enormous challenge due to the complexity of the food supply chain. Therefore,
there is a need for the continuous development and improvement of on-site testing solutions.
Miniaturized devices for DNA analysis could have a great impact in the food industry, allowing
rapid on-site screening of ingredients and products at different points of the food value chain and
helping to speed up decision-making at these stages. Such tools could be highly valuable, not only
for food safety, but also for food authenticity applications, preventing unfair competition among
producers and protecting consumers against food fraud. In the environmental sector,
miniaturization of DNA-based methods can also play a major role on the rapid detection and
monitoring of endangered species, species of public health concern, and invasive alien species
(IAS). Molecular identification of species through the analysis of environmental DNA (eDNA) has
been used to detect invasive species with greater sensitivity than traditional microscope-based
methods, which are expensive and slow, being a highly valuable tool for early warning and
providing time to take the appropriate control actions. Despite of their numerous advantages, the
development of miniaturized devices for DNA analysis and their implementation in the food and
environmental sectors have been limited when compared to other application areas, such as clinical
and forensic fields.
In this Thesis, different miniaturized devices were developed and optimized to perform
specific steps of DNA-based analysis for food and environmental applications. The main steps of
DNA analysis include DNA extraction and purification, followed by DNA amplification and DNA
detection. In this work, the miniaturized devices were developed in a modular approach, which
means that the devices were designed to perform a single step of the analysis, allowing a better
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understanding of their features at microscale and the effect of specific protocol parameters on their
performance. In addition, a modular approach also offers great flexibility and versatility for the
analysis, providing more possibilities for future integration of the different analytical modules
based on the type of sample or application.
In particular for DNA purification, the most commonly used method is solid-phase extraction
(SPE), in which the molecule of interest is selectively separated from the solution based on specific
hydrophobic, polar and/or ionic properties of both the molecule and the solid phase. The SPE
protocols are usually composed by three main steps: binding, washing, and elution. In this context,
the most popular choice for solid phase is silica, but other surface modifications such as chitosancoated surfaces are also popular. Regarding DNA amplification, polymerase chain reaction (PCR)
is the most established and well-known molecular biology technique used at bench scale. However,
alternative techniques, such as isothermal DNA amplification techniques, have been gaining
popularity in recent years since they only require a single constant temperature during the reaction,
providing potential advantages over PCR, such as not requiring expensive equipment, allowing a
faster and cheaper analysis, and simplifying the miniaturization process for this step.
When considering DNA purification, the optimization and evaluation of novel miniaturized
devices is based on the determination of the respective DNA purification profiles and yields, which
are obtained through the estimation of total DNA concentration in each DNA purification step.
Therefore, reliable quantitative results after each step of the DNA purification protocol are
required. Microvolume fluorospectrometers combined with the PicoGreen® assay are a commonly
used method for quantification of DNA samples collected from miniaturized devices, providing
highly sensitive double-stranded DNA (dsDNA) quantification with minimal consumption of
sample. However, this method has some limitations, particularly regarding quantification accuracy,
being affected by the degree of fragmentation of DNA, DNA structure or conformation, and by
some buffers commonly used in the DNA extraction protocols. In addition, standard DNA
solutions, such as λDNA, which are commonly used for protocol optimization of miniaturized
DNA purification devices are not always comparable with real samples, such as food samples or
other complex matrices. Such samples frequently contain highly fragmented DNA in minute
concentrations, especially in processed food products. Thus, instead of λDNA, less purified and
more fragmented DNA solutions may be used as DNA standards for the optimization experiments,
being more similar to the type of DNA obtained from food samples. In this work, the limitations
of DNA quantification, and their influence on the accuracy of the method, were thoroughly
evaluated. In addition, a novel approach was described as a potential tool to overcome some of the
limitations found, allowing to include more data in the standard curve or test different mathematical
models to better fit the data, particularly when using DNA standards other than λDNA. The effect
of some compounds commonly found in silica-based SPE buffers on the DNA quantification
method was also evaluated in this work. It was demonstrated that an accurate DNA quantification
method is extremely important for protocol optimization, and it needs to be adapted for the type of
samples being analyzed, especially when working with fragmented DNA, being critical for the
correct evaluation of the protocols and parameters tested. Applicability of the DNA quantification
approach was demonstrated through implementation on the quantification of samples collected for
protocol optimization of a washable and reusable miniaturized DNA purification device.
For the miniaturized devices developed in this work, both reusable and disposable options
were fabricated, and different applications were explored. One of these applications was food
authenticity, with particular focus on the olive oil sector. Olive oil is a premium food product,
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highly appreciated for its aroma and taste, and recognized worldwide for its health benefits. Such
characteristics make this food product very prone to adulteration, being one of the products most
at risk of food fraud. Being a product of added value, olive oil is frequently adulterated by blending
with cheaper vegetable oils, which can also raise concerns regarding allergic reactions.
Misrepresentation regarding origin, cultivar or category is another form of adulteration commonly
found in this sector. DNA analysis of olive oil samples is of high interest for the detection of such
fraudulent practices. However, olive oil is a very complex food matrix, with low amounts of DNA
and high degree of fragmentation, making it a very challenging food sample for DNA analysis. In
this work, a washable and reusable miniaturized device, with a disposable silica membrane used as
solid phase for DNA capture, was successfully adapted for DNA purification from olive oil
samples. For performance evaluation, the device was also compared with a commercial kit
previously described as effective in the extraction of DNA from olive oils and other seed oils and
reported to provide a relatively high DNA yield.
After DNA extraction and purification, the following step of DNA analysis is DNA
amplification. Simple sequence repeats (SSR) and single-nucleotide polymorphisms (SNPs) have
become the most popular markers for varietal identification in several vegetal species and in olive
in particular, being routinely used in several cases. However, they require advanced tools and
highly qualified personnel, hindering their applicability on-site. Consequently, interest on the
miniaturization of such methods has been increasing. To develop a miniaturized device based on
these marker-assisted techniques for varietal identification purposes, it is necessary to evaluate the
applicability of the techniques commonly used and their potential for miniaturization. In this work,
SSR-based and SNP-based genotyping strategies were implemented at bench scale for the
identification and differentiation of ‘Brava’ and ‘Mansa de Figueiredo’ varieties, which are two
Galician cultivars that have been explored to produce high-quality extra virgin olive oil with
specificity of origin in the Northwest of Spain. SSR analysis was performed in a microchip-based
capillary electrophoresis system (Bioanalyzer) and compared with a previous study carried out
using a more expensive and sophisticated equipment to evaluate its potential for miniaturization.
In addition, SNP identification for these varieties was performed for the first time in this Thesis.
For SNP identification, DNA sequencing was also performed using a commercial microfluidic
device based on nanopore sequencing. This device was MinION, which was the first portable and
real-time device for DNA sequencing to be commercially available, and the sequencing results
were used in conjunction with the ones obtained by conventional Sanger sequencing. The selected
SNPs were then analyzed using two genotyping methods: real-time allele-specific PCR and high
resolution melting (HRM) analysis. These methods were compared and evaluated regarding their
potential for integration in a microfluidic system, as a first step towards future miniaturization.
Another application area explored in this Thesis was food allergen detection, with particular
focus on the detection of cereals containing gluten in different food products. Gluten is one of the
most common food allergens in the European Union (EU) and must be declared in food labels. The
only way sensitized individuals have to prevent adverse food reactions is to avoid food products
containing the respective allergens, and this can only be done by relying on the labelling
information, which must indicate the presence of substances or products causing allergies or
intolerances. With this in mind, the development of rapid and sensitive methods for allergen
detection is extremely important for the detection of allergen contamination in raw materials,
during processing, or in the final food products, as well as for controlling food fraud practices
related to the undeclared use of such allergenic ingredients. Cereals containing gluten are
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ingredients with allergenic potential. Therefore, in this work, a portable and reusable miniaturized
prototype was designed and fabricated to perform isothermal DNA amplification for the detection
of these ingredients. The prototype developed contains an integrated heating system, and therefore
does not require any additional equipment for the amplification reactions. Prototype performance
was evaluated and demonstrated for loop-mediated isothermal amplification (LAMP) and
recombinase polymerase amplification (RPA), with different detection chemistries being explored.
For LAMP, detection was achieved based on turbidity or by the combination with functionalized
gold nanoparticles (AuNPs). For RPA, color-based and fluorescence-based detection chemistries
were implemented. Detection of gluten-containing cereals in different food products was
successfully achieved using this prototype as a proof-of-concept for performance evaluation of the
integrated heating system, being also compared to the performance of conventional equipment
commonly used for these amplification techniques.
Finally, the third application explored in this Thesis was in the environmental area and it was
focused on the detection of invasive alien species (IAS) in river water, in particular the detection
of Dreissena polymorpha in the Guadalquivir River basin. This invasive species, commonly known
as zebra mussel, is a small freshwater bivalve mollusk capable of causing several environmental
and economic problems. Its high reproductive capacity and wide range of tolerance to
environmental conditions promotes its rapid spreading. It can attach to hard surfaces and reach
very high densities, causing several problems in water plant facilities and other infrastructures,
such as clogging pipes and pumping systems. It can also attach to native crustaceans, snails, and
other bivalves, forming dense clusters and limiting their ability to move, feed and reproduce and,
eventually, leading to their death. Due to their high densities and their high capacity for filtering
water, the habitat being invaded is also strongly affected by the presence of this species. Once
established and dispersed over a large area, it is very difficult to eliminate this invasive species,
and its distribution can only be slowed down by management practices to prevent further spreading.
The early detection of aquatic invasive species through implementation of effective monitoring
strategies is extremely important and would greatly improve the ability to limit its spreading to
other water bodies, reducing costs of control and the impact on ecosystems. In this Thesis, a
disposable microfluidic device was designed and fabricated for purification and concentration of
eDNA and implemented for the detection of D. polymorpha. This device was functionalized with
chitosan for a pH-dependent DNA purification, promoting electrostatic interaction with the
negatively charged DNA at lower pH conditions and allowing DNA release at higher pH conditions
through buffer exchange. In this work, several parameters, from the fabrication of the device to the
optimization of the functionalization and DNA purification protocols, were thoroughly analyzed
and optimized. Optimization of functionalization protocol was focused on the effect of different
types of chitosan, chitosan concentration, and chitosan incubation time. Additionally, optimization
of the DNA purification and concentration protocol was done focusing on the effect of flow rate
and flow direction, buffer composition, and pH conditions on each step of DNA purification. After
optimization, the best design features were selected for the device, and the effect of DNA
fragmentation on the DNA purification yield was also evaluated.
Regarding DNA amplification, a real-time LAMP (qLAMP) method was developed at bench
scale for fluorescence-based detection of D. polymorpha in environmental samples from the
Guadalquivir River basin. Despite of its advantages, this technique has not been explored for
detection of D. polymorpha in environmental samples and, considering the higher complexity of
this amplification reaction, it is very important to carefully evaluate the method in order to ensure
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its fitness-for-purpose. Performance of the fluorescence-based qLAMP method developed was
evaluated and compared with two real-time PCR (qPCR) approaches, also developed for this study,
using different fluorescence-based detection chemistries (an intercalating dye and a hydrolysis
probe). In addition, a turbidity-based qLAMP approach was also explored for this application using
a real-time turbidimeter. All the methods developed were evaluated regarding specificity,
sensitivity and time required for detection.
After optimization of the miniaturized DNA purification device for river water samples and
the optimization of the DNA amplification methods for the detection of this invasive species,
miniaturization of the DNA amplification step was also explored for this application. In this work,
preliminary evaluation of two miniaturized devices for isothermal DNA amplification by LAMP
was performed. One of the devices was a disposable system fabricated in poly(dimethylsiloxane)
(PDMS), being explored with the purpose of facilitating future integration with the disposable
DNA purification device, also fabricated in the same material. The other device was the reusable
prototype tested for the detection of gluten-containing cereals in food products, which proved to
be successful for amplification by LAMP and RPA. For the reusable device, in addition to the
detection using functionalized AuNPs, two other color-based approaches were also explored for
the detection of D. polymorpha.
Overall, distinct miniaturized devices were developed and optimized separately to perform
different steps of DNA-based analysis, with particular focus on DNA purification, as well as DNA
amplification and detection. Miniaturized devices for DNA analysis reported for applications in
the food and environmental sectors are mainly focused on foodborne pathogen detection in food
safety applications, and biodiversity studies or detection of pathogenic microorganisms in
environmental monitoring applications. In this work, the miniaturized devices developed were
implemented for applications that have not been as explored in these sectors. The devices were
adapted for the analysis of food samples, with specific applications in food authenticity and food
allergens detection, and environmental samples, focusing on the detection of invasive species in
river basins. Considering the type of samples analyzed in this work, the devices and protocols were
developed aiming to be adapted for the analysis of samples with low DNA content and high degree
of fragmentation. The devices and protocols developed in this thesis were compared with
conventional techniques at bench scale for performance evaluation, being implemented and
validated for the analysis of real food and environmental samples. These methods were tested and
compared regarding amplification time, specificity, and sensitivity, as well as their suitability for
implementation in a miniaturized setting prior to miniaturization.
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1 INTRODUCTION
1.1 POTENTIAL OF MINIATURIZATION FOR DNA-BASED ANALYSIS
Throughout the years, DNA-based analysis has evolved to become an indispensable and
routine procedure for several applications in a number of research areas, including forensics, health,
food, and environment. The increased interest of using DNA as a biological tool in these sectors is
mostly due to the high stability and robustness of DNA when compared to other analytes, as well
as the high specificity and sensitivity of the methods used for DNA analysis, which are easily
standardized and well suited for high-throughput applications. DNA presents variability among
and within species, carrying relevant information for genetic identification and detection studies,
and potentially providing more information than other analytes, such as proteins. In addition, it is
present in the majority of the cells of an organism, which allows obtaining similar information from
different tissues of the same organism [1]. Despite of these advantages, DNA-based analysis
usually requires large specialized equipment and technical expertise, therefore constraining its
application to centralized laboratory facilities, and being time-consuming and expensive [2].
With the advances in microfabrication and nanofabrication, interest on the miniaturization of
DNA analysis has been continuously growing over the last decades. Microfluidic technology is a
powerful tool for miniaturization, and it has been used for the development of lab-on-a-chip (LOC)
or micro Total Analysis Systems (µTAS), which integrate one or multiple laboratory functions on
a single miniaturized device to perform an analytical procedure at microscale [2]. Significant
progress has been made towards the development of such systems, with primary applications in
cellular and nucleic acid analysis [3].
Miniaturization of DNA-based analysis brings several advantages over the conventional
methods, such as the lower volumes required, which allow the use of smaller quantities of samples
and reagents, reducing the cost per analysis and improving performance. Moreover, miniaturized
devices can provide shorter analysis time, ease of use, reduced footprint, and better suitability for
automation and integration with upstream and downstream analytical steps, decreasing the risk of
contamination during analysis [4,5]. These devices are designed to be portable and can operate
with low energy consumption, being a potential tool for rapid on-site DNA analysis [6]. Another
important feature is their capability to allow multiplexing, being able to handle multiple samples
simultaneously and therefore, providing a platform for high-throughput analysis [7]. These
characteristics are major driving forces for developing new diagnostic and analytical tools based
on microfluidics as reliable and rapid methods. Microfluidic devices have been developed and
explored for several applications by optimizing and adapting common analytical techniques to the
type of samples and target analytes of each application area. Miniaturized devices for nucleic acid
analysis have been widely explored for clinical applications, with the development of microfluidic
tools for point-of-care (POC) testing through the analysis of biological fluids for early diagnosis
and monitoring of cancers, pathogen detection, and personal genotyping [8,9]. However, such
devices can also represent extremely promising tools for other application areas and different types
of samples, in particular for food and environmental samples, which are the main applications
explored in this PhD thesis.
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1.2 MICROFLUIDICS
1.2.1 Properties of Microfluidic Technologies
Microfluidics is both the science which studies the behavior of fluids and the technology of
manipulating and controlling them, usually in the range of microliters (10-6) to picoliters (10-12),
when geometrically constrained in channels with dimensions from tens to hundreds of
micrometers. Microfluidic devices exploit the physical and chemical properties of fluids, which
can be very different at the microscale compared to the macroscale. Properties that often can be
neglected at the macroscale become increasingly dominant at the microscale. For example, surface
related aspects, such as surface tension, viscosity, capillary forces, and surface wetting, play a much
bigger role at microscale due to the increased surface area-to-volume ratio [10]. Another important
characteristic of microfluidic systems is that the effect of viscosity overcomes the influence of
inertia, resulting in low Reynolds number (𝑅𝑒), and therefore presenting laminar flow properties.
The Reynolds number is defined as the ratio of inertial forces to viscous forces in a flowing
fluid, according to Equation 1.1:
𝑅𝑒 =

𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝐹𝑜𝑟𝑐𝑒𝑠 𝜌𝑣𝐿
=
𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝐹𝑜𝑟𝑐𝑒𝑠
µ

1.1

where, 𝜌 is the density of the fluid, 𝑣 is the flow velocity, 𝐿 is the characteristic length, and µ is the
viscosity of the fluid.
This dimensionless parameter is used to describe the boundaries of fluid flow regimes: laminar
(𝑅𝑒<2300), transitional (2300<𝑅𝑒<4000), and turbulent (𝑅𝑒> 4000). Laminar flow is characterized
by a smooth fluid motion where viscous forces are dominant, while turbulent flow results in
vortices, eddies and wakes where inertial forces are dominant, resulting in flow instability [10,11].
The laminar flow, characteristic of microfluidic systems, brings several advantages by
allowing a highly precise manipulation and control of the fluids to form predictable gradients.
Some examples of applications exploiting this characteristic in microfluidic devices are continuous
size separation of particles and flow focusing [12,13]. In laminar flow conditions, different streams
of liquids can be flown side-by-side in one microchannel without mixing. On the other hand, the
absence of turbulent flow makes mixing a challenging task at microscale. The only phenomenon
capable of blending liquids at microscale is diffusion, which by itself is a very slow process [10].
However, since mixing is one of the most important unit operations in most protocols for chemical
and biological analysis, microfluidic solutions have been engineered to overcome this limitation,
such as passive and active mixing. Passive mixers use channel geometry to restructure the flow in
a way that improves mixing by increasing the contact area or contact time between the liquids,
while active mixers require external energy sources (ultrasounds, electrokinetic instabilities,
magneto-hydrodynamic action, and others) to improve mixing [14]. The latter requires higher
energy supply and extra components, being more complex and more expensive, therefore, passive
mixers have been more extensively used.
The implementation of microfluidic devices for applications in different areas has been widely
embraced and explored, therefore there is not a ‘one-fits-all’ type of solution. In addition, with the
evolution of manufacturing technologies and materials, the demand for functionalized devices for
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specific applications has increased, contributing for the development of even more sophisticated
microfluidic solutions.
1.2.2 Common Materials used in Microfluidics
Over the years, several materials have been used for the fabrication of microfluidic devices.
Material selection is a critical step, which should not only consider its compatibility with the
manufacturing process, and its advantages and disadvantages, but also guarantee that the functional
requirements for the target application of the devices are achieved. The materials used for the
fabrication of microfluidic devices can be separated into different main categories: inorganic
materials, polymers, and paper [15]. All these materials can also be combined and modified to
fabricate more adequate microfluidic devices for specific applications.
1.2.2.1 Inorganic Materials
Silicon and glass were the first inorganic materials used for the fabrication of microfluidic
chips, presenting several advantages such as thermal conductivity, surface stability, and solvent
compatibility [16]. One of the drawbacks of silicon is its optical opacity, limiting the use of onchip optical detection approaches. On the other hand, glass is optically transparent, overcoming
this limitation. In addition, glass is biocompatible, making it also a good option for biological
processes or reagents. The chemical and thermal compatibility of silicon and glass make them
suitable for on-chip chemical reactions that require aggressive solvents and high temperatures [11].
However, the main problem with these materials is related with the high cost of device fabrication,
which is usually performed through photolithography and etching techniques, and requires
specialized facilities, complex processes, and a very clean environment. The specialized equipment
and personnel required for the fabrication of such devices also limits the speed and efficiency of
the manufacturing process, and therefore limits large-scale manufacturing. In addition, such
materials are not gas permeable and, therefore, cannot be used for long-term cell culture
applications for example [16].
1.2.2.2 Polymers
The limitations of inorganic materials motivated the development and evaluation of other
substrates for fabrication of microfluidic devices, and their suitability for broader biological
applications. With this in mind, polymers have been widely explored in microfluidics, being
relatively inexpensive, compatible with mass production processes, and highly flexible in the
choice of specific properties due to their great variety. Polymers are organic-based long-chain
materials, and can be divided into elastomers (or soft polymers) and thermoplastics (or rigid
polymers) [11,15].
Among soft polymers, poly(dimethylsiloxane) (PDMS) is the most popular one as a result of
the simple and relatively accessible fabrication process, allowing low-cost production. It is a
biocompatible material, being a popular choice for biological applications, and it allows production
of multiple replicas with high similarity using a single template through a process called soft
lithography [17]. Consequently, it facilitates the development of single-use devices, avoiding cross
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contamination between different samples. The molds (or masters) used for the production of PDMS
devices ensure repeatability of features and device geometries and can be fabricated using
conventional machining or photolithography methods. In addition, the integration of micro-valves,
micro-pumps and other features into the devices is possible due to the flexibility of the material
[11]. Contrarily to silicon and glass, PDMS presents gas permeability, which can also be an
advantage in the case of cell studies. However, this feature can also contribute to the formation of
air bubbles, which can be problematic when working at microscale. Another limitation of PDMS
is related with its hydrophobicity and non-specific adsorption, although these issues can be
addressed by surface modification [15].
Regarding rigid polymers or thermoplastics, these are durable, suitable for micro-machining
processes, relatively inexpensive, harder than elastomers, and can also be functionalized. A
common rigid polymer used for fabrication of microfluidic devices is poly(methylmethacrylate)
(PMMA), which is compatible with mass production techniques, such as injection molding and hot
embossing [18]. Other examples of rigid polymers include polycarbonate (PC), polystyrene (PS),
polyethylene terephthalate (PET), cyclic olefin copolymer (COC), and polyvinylchloride (PVC)
[19]. However, limitations of some of these materials include low thermal resistance,
hydrophobicity, limited compatibility with some solvents and reagents, and the requirement of
specialized equipment and personnel for the fabrication [11].
1.2.2.3 Paper
Paper is a highly porous matrix made of cellulose which has emerged as a promising
microfluidic material due to its abundance, biodegradability, chemical stability, and ease of
production and modification [16]. Paper is cheap, flexible, and biocompatible, being one of the
most widely explored materials for the fabrication of low-cost disposable devices. Paper-based
devices rely on capillary action to move the liquid without the need of an external pump. Its
fabrication is simple, being based on the creation of patterns by modifying certain regions
hydrophobically to guide the solution through the hydrophilic region. This can be achieved using
lithographic methods to apply a polymer solution in specific regions or using printing methods,
which are cheaper and require simpler equipment [16]. Inkjet and solid wax printing allow easy
pattern definition and functionalization [15]. Regarding detection, the surface can be chemically
modified, being usually integrated with color-based methods due to their minimal requirement of
equipment. Considering these characteristics, paper-based microfluidic devices are promising tools
for portable and low-cost analysis. However, these devices often present lower sensitivity since the
matrix can block the internal signal and dilute the sample during transport. In addition, evaporation
problems may occur due to the open channels, and liquids with low surface tension may not be
well confined by the hydrophobic pattern [11,15,16].
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1.2.3 Fabrication of Microfluidic Devices in PMMA or PDMS
There are many techniques that can be used for the fabrication of microfluidic devices, but the
choice of technique heavily depends on a number of factors including cost, reusability, material
used, number of units, needed resolution, and final application, among others. In this work, the
miniaturized devices developed were fabricated mainly using PDMS and PMMA materials. In the
case of thermoplastics, such as PMMA, some commonly used methods include injection molding,
hot embossing, 3D-printing and micro-milling [20,21]. Injection molding is a process in which the
molten polymer is injected into a mold, usually made of steel or aluminum, containing the desired
pattern. After cooling, the polymer hardens conserving the mold features. For hot embossing, the
molten polymer is pressed against a mold at high temperature and pressure to transfer the desired
pattern. These two methods are both indirect fabrication approaches requiring molds that need to
be fabricated as well. On the other hand, 3D-printing and micro-milling are direct fabrication
methods, which do not require molds. Among 3D-printing methods, stereolithography is a common
approach that builds 3D parts one layer at a time by curing the photosensitive polymeric material
with a light source, being an additive process. Contrarily to stereolithography, micro-milling is a
subtractive process that can create microscale features using cutting tools. On the other hand, for
the fabrication of PDMS devices, a mold (or master) is required. Although other techniques can be
used for master fabrication, such as micro-milling or 3D-printing, durable master molds are
generally fabricated in silicon by standard micro and nanofabrication techniques, including
photolithography. The fabrication background discussed in this section is mostly focused on the
techniques implemented in this work.
1.2.3.1 Fabrication of PMMA devices using micro-milling
Micro-milling offers unique advantages for ultra-rapid prototyping due to its low start-up cost,
high resolution, and versatility in terms of desired features and materials that can be used. This was
the method implemented for the fabrication of PMMA devices and molds in this work. The micromilling method, illustrated in Figure 1-1, can also be automated through computer numerical
control (CNC) machining, improving repeatability and precision, as well as allowing direct
conversion of computer-aided design (CAD) models to finished prototypes [20]. In addition, this
technology can be adapted for both serial and small quantity production [22].
In this work, PMMA was not only used to fabricate devices, or specific parts of devices, but
also to produce molds for the fabrication of PDMS devices, which can be an alternative to the
silicon masters commonly used for this purpose, depending on the features of the device.
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Figure 1-1. Micro-milling: a) Schematic representation of micro-milling using CAD models to produce miniaturized
devices (image used with license from Guckenberger et al. [20]); b) CNC micro-mill during operation.

1.2.3.2 Fabrication of PDMS devices
1.2.3.2.1

Fabrication of the Silicon Master

Photolithography: definition of the pattern
Photolithography is a technique that uses UV light to transfer a geometric pattern to a
photosensitive polymer (photoresist) coated onto a substrate, being the most widely used
lithography technique for microfabrication. This process is composed by several sequential steps
as described in Figure 1-2.
The first step is the preparation of the substrate, usually a silicon wafer, and consists of
cleaning the substrate for contaminant removal, heating it to dry off any moisture, and/or adding
an adhesion promoter to facilitate adhesion of the photoresist. The process continues by spincoating the substrate with the photoresist, forming a uniform layer with specific thickness. After
coating, the substrate is soft-baked using a hot plate to remove the solvents from the photoresist
and improve adhesion.
The next step is alignment and exposure, which is based on the solubility of the photoresist
upon exposure to UV light. This step is usually performed using a hard mask (photomask)
containing the pattern to be transferred to the photoresist. However, it can also be done without a
static mask, by directly transferring the pattern to the photoresist using direct writing laser (DWL)
lithography. In the case of using a hard mask, this is aligned to the wafer and the photoresist is
exposed to the UV light in certain areas, according to the desired pattern. Exposure using a hard
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mask can be done by contact, proximity, or projection. Contact lithography provides high
resolution but results in mask damage and reduced process yield, while the proximity method
reduces mask damage but presents lower resolution due to diffraction effects. Therefore, projection
is the most commonly used exposure method, where the pattern is projected onto the wafer with
higher resolution [23]. In the case of using DWL for alignment and exposure, patterning is
performed using a digital mask that is processed using a focused beam to scan the sample, only
exposing the desired areas of the photoresist. This approach allows to change the lithography
patterns without the cost of producing a new photomask.
After exposure, the photoresist is developed. The photoresist, which is a polymeric
photosensitive material, can be classified as positive or negative. For a positive photoresist, the
areas exposed to UV light will be dissolved during development, while for a negative one the
exposed areas will remain intact [23]. Finally, the photoresist is hard-baked to improve adhesion
and to harden the final resist, concluding the basic photolithography process.

Figure 1-2. General photolithography process flow and schematic drawing of the photolithographic steps with a
positive or a negative photoresist.
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SU-8 Master: conventional photolithography
SU-8 is an epoxy-based photoresist with high chemical and mechanical stability after
processing. Therefore, it has been directly employed as a mold for soft lithography applications,
such as PDMS-based microfluidics, when the required lateral resolution is not too high [24].
Fabrication of such molds is mainly based on the basic photolithography process previously
described, with an additional step of post-exposure bake as illustrated in Figure 1-3. SU-8 is a
negative and chemically amplified resist, containing acid-labile groups and a photoacid generator.
For this type of photoresists, exposure generates a low concentration of a strong acid that does not
change the solubility of the resist by itself, requiring subsequent heating to catalyze the crosslinking reaction of the exposed polymer resin in the photoresist [24]. This process takes place
during the post-exposure bake, being a critical step of SU-8 photolithography.

Figure 1-3. SU-8 Photolithography process (illustrations used with permission from Support Center for Microsystems
Education (SCME) [25]).

Although this method is well-established and extensively used for mold fabrication, it still
presents several issues when considering structures with high aspect ratio, such as narrow and deep
holes, tubes, or horizontally orientated long channels, which are more difficult to develop, affecting
the quality of the patterned structures. In addition, planarization defects may occur with the
increased viscosity of the resist solution, as well as due to unintentional tilt, dirt particles, and
curvature of the substrate or photomask [24,26].
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Silicon Master: Deep Reactive Ion Etching (DRIE)
In addition to conventional SU-8 masters, silicon masters can also be used as molds for the
fabrication of polymeric-based microfluidic devices, including for PDMS-based soft lithography
applications, allowing to fabricate features with higher lateral resolution and aspect ratio. In this
case, fabrication starts with a photolithography process similar to the one initially described, with
the addition of a thin-film deposition step (e.g. silicon oxide (SiO2)) prior to the photoresist spincoating. After lithographically transferring the pattern to the photoresist, the same pattern must be
transferred into the substrate. This procedure is usually performed primarily by transferring the
desired pattern to the thin-film layer through etching of the areas left uncovered by the photoresist
at the end of the photolithography process. The remaining photoresist is then removed, and the
thin-film layer works as a mask containing the target pattern that will be transferred to the silicon
wafer. This pattern transfer can be achieved by silicon deep reactive ion etching (DRIE). Reactive
ion etching (RIE) is a combination of physical and chemical processes, in which the reactive
species react with the material when the surfaces are activated by the collision of incident ions from
the plasma, producing much more collisions on the horizontal surfaces than on the walls and
therefore resulting in faster etching rates in the vertical direction [23], as illustrated in Figure 1-4.

Figure 1-4. Simplified representation of reactive ion etching (RIE) mechanism (image used with license from
Springer Handbook of Nanotechnology [23]).

DRIE is an extension of RIE, in which sulfur hexafluoride (SF6) is used to create a plasma
chemistry that isotropically etches silicon, leading to an etching profile as described in Figure
1-5(a). For this reason, a passivation step is required in each cycle to prevent sidewall etching by
depositing a few monolayers of a polytetrafluoroethylene (PTFE)-type fluorocarbon polymer
across all the surfaces exposed to the plasma. This way, the degree of lateral etch is limited,
allowing the trench to be etched vertically through the silicon wafer [27]. This process enables
higher etching rates of deep and narrow structures and offers better selectivity and process
controllability than RIE, resulting on the fabrication of high aspect-ratio anisotropic structures [28].
Therefore, DRIE is composed by sequences of sidewall passivation and etching steps, as illustrated
in Figure 1-5(b).
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Figure 1-5. Silicon Etching: a) Profile for isotropic and anisotropic etching; b) Deep Reactive Ion Etching (DRIE) cyclic
process (image used with license from Springer Handbook of Nanotechnology [23]).

At the end of the etching process, the remaining mask layer (e.g. SiO2) is removed, and the
silicon wafer is left with the desired pattern that can be used as a mold to fabricate polymer replicas
towards microfluidic devices.
1.2.3.2.2

Fabrication of the PDMS replica

Master hydrophobization
After fabrication of the silicon masters, the surface needs to be hydrophobized to prevent
irreversible bonding with PDMS since these materials can form covalent bonds (Si-O-Si) [29]. This
can be achieved through silanization, which is a process where the masters are typically treated
under vacuum with vapors from an organosilane, forming a film on the substrate. This film is
formed by reacting with trace amounts of water to form intermediate silanol groups (Si-OH), which
then react with the surface’s free hydroxyl groups to covalently immobilize the organosilane [30],
as illustrated in Figure 1-6.
The organosilane layer can modify the properties of the surface depending on its functional
group. For hydrophobization purposes, polytetrafluoroethylene organosilanes (PFS) are commonly
used, producing surface fluoride groups that create hydrophobic surfaces [27]. A common PFS is
trichloro(1H,1H,2H,2H-perfluorooctyl) silane. This hydrophobization process is a critical step to
facilitate the removal of the PDMS replicas from the molds and to increase durability of the
masters.
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Figure 1-6. Silanization reaction on a hydroxylated surface (image used with license from Glass et al. [30]).

Soft lithography: Replica molding
Soft lithography is a set of techniques in which a master or mold is used to generate patterns
on polymers, being faster, less expensive, and more suitable for biological applications than glass
or silicon micromachining [23]. The strength of soft lithography relies in replicating rather than
fabricating the master or mold [31]. In the case of PDMS devices, replica molding is the most
commonly used soft lithography technique. The process starts by creating the PDMS prepolymer
by uniformly mixing the curing agent with the elastomer base, usually with a weight ratio of 1:10,
respectively. This ratio can be changed to have a PDMS that is softer or harder depending on the
application. Then, the prepolymer is degassed and poured on the master or mold. To remove
bubbles, the mold with the poured PDMS is degassed and then placed in the oven for curing. After
cooling down, the PDMS replica is gently cut and/or peeled off, being left with the negative pattern
of the master or mold. At this point, access holes for channels and reservoirs (inlets and outlets)
can be added.
1.2.3.2.3 Surface activation and bonding
At the end of the replica molding process, the PDMS replica needs to be sealed against a flat
surface. This can be done using a PDMS surface or another material, such as glass which is
commonly used in biological applications for being optically transparent and presenting high
thermal and structural stability. Irreversible bonding between PDMS and glass is achieved by
oxygen plasma activation, resulting in the formation of covalent bonds (Si-O-Si) when their
surfaces are brought in contact [17,32]. These bonds can be further enhanced by heat activation.
However, bonding efficiency depends on several parameters, such as radiofrequency (RF) power,
oxygen flow, and plasma exposure time. The irreversible bonding process between PDMS and
glass is illustrated in Figure 1-7.
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Figure 1-7. Irreversible bonding process between PDMS and glass (image used with license from Xiong et al. [32]).

After the irreversible bonding between the PDMS replica and the glass, the final PDMS device
is assembled and ready to be used. Note that unmodified PDMS presents a hydrophobic surface,
which makes PDMS channels difficult to wet with aqueous solutions and prone to the adsorption
of hydrophobic compounds. Exposure to plasma oxidation also makes the surface hydrophilic due
to the formation of silanol groups. However, the oxidized PDMS surface is unstable in air,
eventually reverting to its original state (~ 30 min) [17]. For this reason, bonding should be done
as soon as possible after plasma activation. In addition, surface activation can also be used for
PDMS surface functionalization in this time frame, depending on the application. Overall, the main
steps of PDMS replica molding and bonding are illustrated in Figure 1-8.

Figure 1-8. Main steps of PDMS replica molding and bonding (image used with license from Mazutis et al. [33]).
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1.3 MINIATURIZATION OF DNA ANALYSIS STEPS
The main steps of DNA analysis include sample preparation, which is usually composed by
cell lysis and DNA purification, followed by DNA amplification and DNA detection. The
development of miniaturized devices for DNA analysis has experienced significant progress in
recent years, with both modular and integrated approaches being explored for this purpose. In a
modular approach, miniaturized devices are developed for each step of DNA analysis separately,
either by focusing on DNA extraction and purification [2,6] or DNA amplification and detection
[34]. These devices are usually designed and optimized for a specific step before being combined
or integrated with other analytical steps. On the other hand, for an integrated approach, the devices
are initially designed and developed to integrate all the steps of DNA analysis in a single device as
a µTAS [35,36]. In this work, a modular approach was the strategy selected for the development
of the miniaturized devices because it allows a better understanding of their features at microscale
and the effect of specific protocol parameters on their performance. In addition, this approach also
offers higher flexibility and versatility for DNA analysis, providing more possibilities for the future
integration of different analytical modules based on the type of sample or application. In this
subchapter, different methods currently used for miniaturization of each DNA analysis step are
discussed.
1.3.1 Miniaturized devices for sample preparation
Sample preparation is the first step of DNA analysis, being also a critical step for the success
of further analysis, and probably the largest obstacle for the total integration of portable and
automated microfluidic devices for DNA-based analysis. Although efforts have been made towards
their full integration, most miniaturized devices still require off-chip sample preparation, which
usually includes cell lysis and DNA purification steps.
Being one of the largest hurdles to the full integration of miniaturized DNA analysis, sample
preparation is far behind when compared with other analytical steps. The challenge is even bigger
due to the enormous variability and complexity of samples from different sources (e.g.
environment, biological fluids, food). The most challenging samples are the ones with high
concentration of contaminants, as commonly found in food products, and samples with highly
fragmented DNA or minute amounts of the target DNA, as it is the case of highly processed food
products [37], extracellular DNA from environmental water [38] or clinical samples [39,40]. This
macro-to-micro interface can be very complex, highlighting the need to develop on-chip sample
preparation strategies to improve sensitivity of the currently available detection methods. At bench
scale, different sample preparation methods present high variability in terms of DNA quality and
quantity according to the type of sample analyzed [41–44]. Miniaturization and automation can
provide a more standardized analysis, contributing to minimize variability between samples
through protocol simplification, without the need of advanced laboratory equipment. However,
some differences between samples should be expected, since each type of sample has specific
characteristics that can make a device or protocol more suitable than others. For this reason, it is
extremely important to contribute with innovative solutions and devices applied to the analysis of
different types of samples, facilitating the transition from macroscale to microscale. With this in
mind, several research groups have been working towards the development of miniaturized devices
for cell lysis and DNA purification [2,6,45,46].
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1.3.1.1 Cell Lysis
Cell lysis or cell disruption consists in breaking down of the cell membrane to release
intracellular materials, such as nucleic acids, proteins, organelles, or other components for further
analysis. Several methods have been applied to miniaturized systems, including mechanical lysis,
chemical lysis, thermal lysis, and electrical lysis [47].
Mechanical lysis uses contact forces to disrupt the cell membrane, including shear stress,
friction forces and compressive stress. This method has been implemented in miniaturized devices
through the creation of sharp nanostructures (nano-knives) on the channel walls [48,49], particle
collision and friction using compact-disk (CD) platforms [50,51], or bead beating on a chamber
with a magnet for bead motion using an external magnetic field [52]. Mechanical lysis can disrupt
any type of cell and minimize protein damage compared to other approaches. However, it requires
additional instrumentation, and the production of cellular debris can make the following extraction
steps more difficult to achieve [53]. In addition, fabrication of such devices can be complex and
expensive [54]. Chemical lysis includes a combination of chemicals and enzymes to break down
the cells. Common lysis buffers contain surfactants, such as sodium dodecyl sulfate (SDS) and
Triton X-100, to solubilize lipids and proteins from the cell membrane, as well as enzymes, such
as Proteinase K [53]. This method is simple to implement, being widely used in many microfluidic
devices [55–57]. However, long-term storage of reagents is a limitation of this approach, and some
commonly used reagents are also inhibitors of subsequent analytical steps (e.g. DNA
amplification), therefore need to be removed, increasing complexity for integration. In addition,
homogenization of the samples is required to activate lysis. Thermal lysis, which employs high
temperatures to disrupt the cell membranes, is an effective method for microfluidic devices, being
well-established for DNA amplification methods [58–60]. However, thermal damage caused to
proteins restricts its implementation for immunodetection applications. In addition, high power
consumption is another limitation of this approach [53,54]. Finally, electrical lysis or
electroporation applies an electrical field to induce cell membrane porosity, being a simple and fast
lysis procedure. Cells are exposed to an external electric field, creating a potential across the
membrane (transmembrane potential), and once the potential exceeds a certain threshold, the
formation of pores in the cell membrane allows the release of intracellular components without
compromising them [53]. At microscale, a higher electric field can be obtained at lower voltage,
therefore, this approach is becoming popular in microfluidic applications [61–63]. However, heat
generation and formation of bubbles are important limitations of this lysis method [54]. In addition,
the short working life of the electrodes affect practical applications, and the operation process may
be relatively complex [53]. Other lysis methods, include acoustic lysis, which uses ultrasounds to
disrupt the cell membrane [64], and optical lysis, which uses lasers to form a shock wave created
by a cavitation bubble [65,66].
Considering all the advantages and limitations, the choice of the cell lysis method depends on
the type of cells, concentration, application, and efficiency required. Possibility of integration with
the following analytical steps is also a critical parameter to take into consideration. In addition,
combination of different methods, such as mechanical and chemical lysis, should also be
considered for further improvement of lysis efficiency.
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1.3.1.2 DNA Purification
After lysis, DNA purification is usually required to separate the extracted DNA from
contaminants present in the sample and/or chemicals used in the lysis step, particularly in complex
matrices such as clinical, environmental or food samples. These contaminants might interfere with
the subsequent DNA amplification step, which is severely limited by the presence of inhibitors and
extremely dependent on the success of DNA extraction and purification. For these reasons, DNA
purification is a critical step of DNA analysis, which should provide both high quality and
sufficiently concentrated DNA while removing inhibitory compounds [2,6,46]. Despite of its
importance on the overall results of bioanalysis, it is also the most easily overlooked step in the
whole process [35,67].
In the last decade, several miniaturized devices and protocols have been developed to allow
DNA purification and pre-concentration to be performed on-chip [2,68–70]. The most commonly
used method is microscale solid-phase extraction (µSPE), in which the molecule of interest is
selectively separated from the solution based on specific hydrophobic, polar and/or ionic properties
of both the molecule and the solid phase [68]. As described in Figure 1-9, the µSPE protocol
usually consists of three main steps: binding, washing, and elution. In the binding step, the sample
is loaded, and the target molecules (DNA) are immobilized on the solid phase under specific
conditions. After that, any unbound contaminants are removed in the washing step. Finally, in the
elution step, the purified DNA that was bound to the solid phase is recovered by changing the
buffer conditions [68,69]. Ideally, DNA purification protocols have a profile in which low amounts
of DNA are lost during the binding and washing steps, indicating that most of the DNA from the
sample was successfully immobilized on the solid phase and that it remained bound during the
washing step, followed by high amounts of DNA released in the elution step, resulting in a high
DNA yield [6,71].

Figure 1-9. Main steps of a typical µSPE protocol.

The solid phase might be either the microchip solid surface or an integrated solid support inside
the microchip. Several solid supports such as beads, monoliths, membranes, and suitable chip
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surfaces or specially modified chip surfaces have been proposed [69,72]. This subsection will be
mainly focused on the solid phases used in this work for the development of µSPE-based devices
for DNA purification, namely silica and chitosan.
1.3.1.2.1

Silica-based µSPE

Amongst frequently used materials, silica is the most popular choice for µSPE. Silica matrices
consist of mixtures of silica materials in the form of silica gel and glass particles, particularly glass
microfibers [73]. Its use at macroscale is well-known and broadly applied in several commercially
available kits and protocols [74,75], which have been developed to improve DNA yield and purity
[76,77]. The general protocol for silica-based DNA purification includes the binding of DNA to
the silica under high ionic strength, usually through the use of chaotropic salts (e.g. guanidinium
thiocyanate, guanidinium chloride), and low pH conditions. This step is then followed by a washing
step to remove unbound contaminants, and finally an elution step, performed under low ionic
strength and higher pH conditions, to recover the previously bound DNA in a concentrated and
purified form.
Although the interactions between DNA and silica matrices are not fully understood, several
models have been proposed and investigated to explain their high binding affinity under certain
conditions [68,74,78–80]. Considering that the phosphate backbone of DNA is negatively charged
and silica is also negatively charged at basic and near neutral pH [78], the general DNA-silica
interaction is electrostatically unfavorable. However, it is known that DNA binds to the silica
surface, and this interaction has been attributed to multiple driving forces. One of the most common
mechanisms proposed suggests that high ionic strength conditions shield the negative charges at
both DNA and silica surfaces, and low pH conditions promote protonation of phosphate groups of
DNA and silanol groups of silica [78,81]. Consequently, both of these conditions promote the
interaction between DNA phosphate and surface silanol groups, overcoming the weakened
electrostatic repulsion and allowing DNA adsorption to the silica surface [78,79]. Although nonchaotropic salts can be used, this effect is enhanced by chaotropic salts since they can disrupt the
hydrogen bonding network between water molecules, weakening the hydrophobic effect [82]. An
alternative model includes the formation of a cation bridge between the negatively charged DNA
backbone and the negatively charged silica surface [83,84]. Figure 1-10 illustrates the hydration
shell formed in the absence of chaotropic salts, as well as the possible models discussed for the
interaction between DNA and silica in their presence and under the conditions described.
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Figure 1-10. Possible models for the interaction between DNA and a silica surface in the presence of chaotropic
salts: a) Hydration shell formed in the absence of chaotropic salts, preventing interaction between silica and DNA;
b) Hydrogen bonding between silica and DNA in the presence of chaotropic salts; c) Cation bridge formation in the
presence of chaotropic salts (image used with permission from Macherey-Nagel, Inc. [85]).

More recently, the use of amino acid buffers, instead of chaotropic buffers, as promoters of
DNA-silica interactions has also been investigated [80,86]. Although the molecular mechanism for
DNA binding to silica surfaces using amino acid buffers is not yet fully clarified, according to
published studies it involves the interaction of the amino acid with both DNA and silica membrane,
depending on the pH conditions [86,87]. Amongst amino acid buffers, the binding of glycine to
silica surfaces has been studied [80]. Glycine binds to silica through either the carboxylate or the
amine group, depending on the pH and silica surface state. In general, at lower pH conditions, with
predominantly neutral silanol surface groups, the negatively charged carboxylate group of glycine
interacts with the silica surface, while the positively charged amine group is exposed, facilitating
the interaction with the negatively charged DNA. However, at higher pH conditions, the silica
surface becomes more negatively charged, therefore the positively charged amine group of glycine
interacts more favorably with the surface, exposing the negatively charged carboxylate group for
which the interaction with DNA is no longer favorable [80]. In addition to glycine, the effect of
other amino acid buffers on the interaction between silica surfaces and DNA has also been reported
[86].
Although the use of silica-based protocols is well-established at macroscale, their adaptation
to miniaturized devices is not as straightforward as it might seem, and several issues need to be
considered [6,7,68,88], such as reducing the possibility of bubble formation, facilitating integration
with subsequent analytical steps, and simplifying the protocol as much as possible. Silica-based
approaches have been implemented in microfluidic nucleic acid purification devices in different
ways. Some examples include the fabrication of devices with silica microstructures, such as
micropillars with different geometries to increase surface area [89–91], as well as the integration
of silica membranes, which are composed by a network of glass fibers, within a chamber of the
miniaturized device [92,93]. Another example is the use of silica beads or silica particles, which
are usually immobilized within miniaturized channels through the fabrication of weir structures,
with or without the use of sol-gel matrices, forming a packed column [94,95]. Finally, magnetic
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beads coated with silica have also been used for DNA purification. This approach combines the
high surface area of beads with the possibility of being added to the solution and then easily
collected in one location using a magnetic field [96]. It also avoids the clogging issues that might
arise from the use of packed beads in samples with many solid contaminants.
1.3.1.2.2

Chitosan-based µSPE

Besides silica, there are other surface modifications that can be implemented in microfluidic
devices for nucleic acid purification. For example, chitosan-coated surfaces are a popular choice
for pH-dependent DNA purification methods [97], providing some advantages over silica, such as
avoiding the use of reagents that may inhibit DNA amplification, and hinder a fully integrated
DNA analysis [71,97–100]. In addition, although chitosan-coated surfaces have a lower binding
capacity for nucleic acids than silica surfaces, the final elution step is faster for small elution
volumes [2].
Chitosan is a natural biocompatible and biodegradable polysaccharide obtained from the
partial deacetylation of chitin, which is the second most abundantly available biopolymer after
cellulose, being found in the exoskeleton of crustaceans and insects [101,102]. The use of chitin is
limited due to its intractability and insolubility. Therefore, chitosan has become the most important
deacetylated derivative of chitin, being water soluble in acidic conditions [103]. Chitosan is
positively charged at low pH (below pKa ~ 6.3-6.5), promoting the electrostatic interaction with
negatively charged DNA [104]. On the other hand, at higher pH conditions, chitosan is
deprotonated, being electrically neutral and facilitating the recovery of DNA. These pH conditions
can be easily controlled in miniaturized devices through buffer exchange, allowing to manage these
electrostatic interactions. The two most important parameters affecting the properties of chitosan
are its degree of deacetylation (DD) and molecular weight (MW), which determine its physical,
chemical, and biological properties [105]. Being chitosan a copolymer of N-acetylglucosamine and
N-glucosamine units distributed through the biopolymer chain, the degree of deacetylation is
defined as the percentage of N-glucosamine units [105]. Regarding the binding efficiency between
DNA and chitosan, it is known that the deacetylation degree is a critical parameter, since higher
degrees of deacetylation correspond to more primary amines, which means more positively charged
groups available for binding [104]. In addition, chitosan with higher molecular weight also
provides a more efficient DNA binding once the initial electrostatic interaction has occurred [106].
Considering that physicochemical and biological properties are greatly influenced by chitosan
structural parameters, controlling molecular weight and deacetylation degree could be a useful tool
to design finely tuned chitosan-based devices for different applications [105].
Similarly to silica, chitosan has also been integrated in miniaturized devices using different
strategies for nucleic acid purification. Some examples include the fabrication of microfluidic
devices in different materials, such as PMMA and PDMS, with chitosan-coated micropillars [71]
or channels [97]. Devices integrating chitosan-coated beads have been developed for this purpose
as well [100,107]. The integration of chitosan with magnetic beads is also quite popular for
miniaturized DNA purification due to the high surface area of beads and their ability to be used on
crude samples [47,108].
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1.3.1.2.3

Other types of µSPE

Other materials and surface modifications have also been applied for miniaturized nucleic acid
isolation. One example are amine-coated surfaces, which are positively charged at low pH
promoting electrostatic interaction with nucleic acids and have been successfully used for DNA
isolation [109], however these require high pH conditions for elution which can affect the
subsequent analytical steps. Aluminum oxide membranes are another example of a material that
has been successfully used for nucleic acid purification [110]. This material provides a strong
binding for nucleic acids, allowing direct amplification. However, the replacement of the
membrane can be technically challenging. Photoactivated polycarbonate (PPC) has also been used
as a surface modification [111]. The photoactivation of polycarbonate creates a carboxylated
surface that, in the presence of high concentrations of polyethylene glycol (PEG) and salts, has
been shown to bind nucleic acids. Polycarbonate can be patterned using hot-embossing techniques,
being much easier and less expensive than silica-based surfaces. However, the stability of the
photoactivated surfaces over time and under different temperature conditions can be a limitation.
Another type of modification are oligonucleotide-coated surfaces, which are surfaces
functionalized with oligonucleotide probes targeting specific nucleic acid sequences [112,113].
This approach simplifies the operation, reducing the cost of the device. Oligonucleotide-coated
surfaces have also been applied for isolation of mRNA by functionalizing the surface with oligodT probes, targeting the poly-A tail of mRNA [114].
1.3.1.2.4

Advantages of miniaturization for SPE

In addition to the general advantages of miniaturization previously described, the
miniaturization of SPE methods can also bring particular advantages for DNA analysis, such as an
increased surface area-to-volume ratio [2], allowing highly efficient DNA purification and
concentration from complex samples by putting in contact a higher volume of initial binding
material with the solid phase, and recovering the DNA in a lower volume during the elution phase.
This characteristic allows DNA concentration when minute amounts of these molecules are present
in the sample, facilitating target DNA detection in the following steps of analysis [6].

1.3.1.2.5

Importance of DNA quantification

DNA quantification is extremely important to evaluate the performance of newly developed
miniaturized devices for DNA extraction and purification because the DNA yield from samples of
interest needs to be evaluated and compared. In addition, during the optimization of the
experimental protocol, different conditions need to be tested and the effect of these conditions on
the device performance can only be assessed through a proper quantification method. In this
context, different performance parameters can be calculated to compare and optimize DNA
purification protocols. One of these parameters is the efficiency of the DNA purification method,
given by Equation 1.2, which corresponds to the amount of purified DNA collected during elution
over the initial amount of DNA present in the sample that was introduced in the miniaturized
device.
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𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝐷𝑁𝐴 𝑃𝑢𝑟𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 (%) =

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑁𝐴 𝑒𝑙𝑢𝑡𝑒𝑑
× 100
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝐷𝑁𝐴

1.2

Another important parameter is binding efficiency, given by Equation 1.3, which corresponds
to the amount of DNA bound to the device over the amount of DNA initially introduced. As well
as the DNA recovery yield, given by Equation 1.4, which corresponds to the amount of purified
DNA collected during elution over the amount of DNA bound to the device.
𝐵𝑖𝑛𝑑𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑌𝑖𝑒𝑙𝑑 (%) =

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑁𝐴 𝑏𝑜𝑢𝑛𝑑
× 100
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝐷𝑁𝐴

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑁𝐴 𝑒𝑙𝑢𝑡𝑒𝑑
× 100
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐷𝑁𝐴 𝑏𝑜𝑢𝑛𝑑

1.3
1.4

Calculation of DNA yields is based on the estimation of the total DNA concentration, which
is usually addressed by collecting different samples in each step of the experimental protocol,
providing critical information about the DNA purification profile for a particular protocol and
device. For this reason, it is required to select an adequate quantification method that provides
reliable results. Although absorbance measurement has proven to be the least biased method for
estimating DNA concentration [115], it has some drawbacks such as the lack of discrimination
between single-stranded (ssDNA) and double-stranded DNA (dsDNA) [116]. Moreover, the
presence of proteins, RNA and salts can also lead to an overestimation of DNA concentration
according to absorbance measurements [6]. DNA quantification methods based on fluorescence
are less prone to such interferences and have been extensively used for this purpose [116,117].
PicoGreen® is a fluorophore commonly used for DNA quantification, presenting high affinity for
dsDNA, a large fluorescence enhancement upon DNA binding and small background fluorescence,
since the unbound fluorophore has no significant fluorescence. In addition, it is very stable to
photobleaching, allowing longer exposure times and assay flexibility, and it is sufficiently sensitive
to measure DNA concentrations as low as 25 pg mL-1 [117,118]. Studies comparing the sensitivity
of several fluorophores for measuring DNA concentrations have been published, showing that
PicoGreen® is substantially more sensitive for DNA quantification [119]. Furthermore, a single
concentration of the reagent allows detection over the full dynamic range of the assay [120].
Samples collected from miniaturized devices usually have small volumes, therefore,
microvolume fluorospectrometers are frequently the equipment of choice for quantification of
microfluidic samples due to their ability to measure a wide range of biomolecules in volumes as
small as 1 μL. Used in conjunction with the PicoGreen® assay, this equipment provides a highly
sensitive means of dsDNA quantification with minimal consumption of sample [120]. However,
this approach has some limitations, particularly regarding quantification accuracy, being affected
by the degree of fragmentation of DNA [121], DNA structure or conformation, and by some buffers
commonly used in DNA extraction protocols [116]. These limitations need to be taken into
consideration to avoid underestimation or overestimation of the quantification results.
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1.3.2 Miniaturized devices for DNA amplification and detection
After DNA extraction and purification, the next steps of a standard DNA analysis are DNA
amplification and detection. DNA amplification is used for the synthesis of millions of copies of a
specific DNA sequence, providing high specificity and sensitivity, and therefore improving the
subsequent detection. The amplification process is carried out by the use of oligonucleotide
primers, which are specifically designed to target a particular DNA sequence, therefore this method
requires prior knowledge about the target sequence. Several methods have been developed and
implemented for DNA amplification.
1.3.2.1 Conventional DNA amplification: Polymerase Chain Reaction
At bench-scale, polymerase chain reaction (PCR) is the most established and well-known
molecular biology technique used for DNA amplification. Due to the COVID-19 pandemic, this
technique has also become more familiar to the general public since it is the technique of choice
for COVID-19 diagnostics. This technique is based on a repetitive series of cycles of heating and
cooling stages, defined as thermal cycling, for the enzymatic synthesis of the target DNA sequence,
resulting in its exponential amplification. Typically, each thermal cycle is composed by three main
steps: denaturation, annealing and extension, as illustrated in Figure 1-11. Denaturation is the step
in which the dsDNA template is separated in two ssDNA sequences by increasing the temperature
of the reaction. In the annealing step, the reaction temperature is lowered to the optimal conditions
for annealing of two primers that specifically hybridize to opposite strands, flanking the region of
interest. Finally, during the extension step, DNA polymerase synthesizes the complementary DNA
strand in the direction 5′→3′ by adding the corresponding free deoxynucleoside triphosphates
(dNTPs) from the reaction mixture [122].
This technique provides high sensitivity and high specificity due to the exponential increase
of the number of copies of the target DNA sequence and to the use of primers specifically designed
for this target. In addition, it is a fairly simple and fast amplification method, and can be
multiplexed by introducing multiple primer sets in the amplification reaction, allowing the
detection of multiple DNA sequences in a single reaction. Real-time PCR (qPCR), which collects
data throughout the amplification reaction using intercalating dyes or fluorescently labelled probes,
also adds the advantage of combining amplification and detection in a single step, as well as
allowing quantification of the amplified PCR product. On the other hand, this technique also
presents several limitations. One of the main drawbacks of PCR is the need for precise thermal
cycling, requiring specialized and expensive equipment. In addition, it is highly susceptible to the
presence of contaminations and PCR inhibitors, which can be originally present in the sample or
added during sample preparation steps [123].
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Figure 1-11. Schematic drawing of the polymerase chain reaction cycles (reprinted from www.neb.com (2022) with
permission from New England Biolabs, Inc. [124]).

1.3.2.2 Isothermal DNA amplification
Although PCR is still the most widely used DNA amplification technique, alternative methods,
such as isothermal amplification, have also been developed. Isothermal DNA amplification
techniques have been gaining popularity in recent years since they only require a single constant
temperature during the reaction. Consequently, these alternative techniques offer potential
advantages over PCR, such as not requiring expensive equipment, providing a faster and cheaper
24

Chapter 1. Introduction

analysis [123], enabling lower energy consumption, and simplifying the miniaturization of this
step. Such characteristics make these techniques ideal for decentralized analysis. This subsection
will be mainly focused on loop-mediated isothermal amplification (LAMP) and recombinase
polymerase amplification (RPA), which are two of the most popular isothermal techniques
currently used, being also the ones explored in this work.
1.3.2.2.1

Loop-mediated Isothermal Amplification (LAMP)

Loop-mediated isothermal amplification was described for the first time by Notomi et al. in
2000 as a rapid and highly specific DNA amplification method [125]. This technique uses a DNA
polymerase with strand-displacement activity, allowing to displace dsDNA during polymerization.
Therefore, thermal denaturation is not required, and the reaction can proceed under isothermal
conditions, being usually performed at 60-65°C for approximately 30-60 min. It also requires two
sets of primers, designated as inner (forward inner primer (FIP) and backward inner primer (BIP))
and outer primers (forward outer primer (F3) and backward outer primer (B3)), which are designed
to recognize six different regions of the target DNA sequence.
The mechanism of the amplification reaction is illustrated in Figure 1-12. Briefly, the
amplification starts with the invasion of the target dsDNA by one of the inner primers (FIP),
followed by the strand-displacement DNA polymerase which extends the primer, separating the
initial strand of the target DNA, as described in Step 1. Then, an outer primer (F3) hybridizes to an
upstream target region, initiating the DNA synthesis and resulting in the displacement of the strand
previously synthesized, as illustrated in Step 2. This released single strand forms a loop structure
at the 5' end due to the complementarity of these regions, and the other inner primer (BIP) anneals
to its complementary region, initiating DNA synthesis. The other outer primer (B3) then hybridizes
to the complementary region at the 3’ end and is extended, reverting the loop structure to a linear
one and displacing the strand previously formed, as described in Step 3. The displaced strand forms
a loop structure at each end and serves as the starting structure for the LAMP amplification cycle,
from which various sized structures consisting of alternately inverted repeats of the target sequence
are formed [126], as illustrated in Step 4. In addition to the four primers required for the LAMP
reaction, two additional primers can also be used. These are designated loop primers and hybridize
to the stem-loops, being used to accelerate the LAMP reaction [127]. In this context, one or two
loop primers (loop primer F (LF) and/or loop primer (LB)) can be included in the LAMP primers
set.
Besides the fact of being an isothermal technique, and therefore not requiring expensive
equipment, LAMP presents other advantages over PCR, such as its higher specificity due to the
use of four distinct primers. In addition, the amplification results can be directly visualized at
naked-eye through turbidity observation due to the precipitation of magnesium pyrophosphate,
generated as a byproduct of the reaction [128]. It can also be combined with different color-based
detection approaches. Another advantage of LAMP is its higher tolerance to several PCR
inhibitors, enabling as well simplified DNA extraction and purification approaches [129]. Realtime amplification by LAMP is also available through the use of a real-time turbidimeter or through
the use of intercalating dyes and a real-time thermal cycler. On the other hand, one of the main
limitations of this technique is the complexity of primer designing and its lower suitability for
multiplexing [129].
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Figure 1-12. Schematic drawing of the loop-mediated isothermal amplification mechanism.
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1.3.2.2.2

Recombinase Polymerase Amplification (RPA)

Recombinase polymerase amplification (RPA) is another popular isothermal amplification
technique, which was first reported in 2006 by Piepenburg et al. [130]. This technique is performed
at 37-42°C [131], but it also works over a wide range of ambient temperatures (down to 25°C),
facilitating its implementation in remote settings and reducing cost per analysis [132]. The reaction
usually takes 5-20 min [130,133], and requires two primers, recombinases, single-stranded DNA
binding (SSB) proteins and a DNA polymerase with strand-displacement activity.
The mechanism of the RPA reaction is illustrated in Figure 1-13. The process starts with the
formation of recombinase-primer complexes, as described in Step 1. These complexes promote
primer hybridization to the target region of the dsDNA, resulting in strand exchange, and forming
a D-loop in the displaced strand. The displaced D-loop formed is then stabilized by the SSB
proteins to prevent re-annealing, as illustrated in Step 2. In Step 3, primers extension is initialized
by DNA polymerase. Consequently, the parental strands are separated, as described in Step 4. At
the end, in Step 5, two dsDNA fragments are obtained, which will be then used as templates for
the next RPA cycle, resulting in exponential amplification [128,131].
This technique has been gaining popularity as an isothermal alternative to PCR, not only
because it is performed at a single temperature but also because it requires shorter reaction time at
lower temperatures compared to other isothermal techniques, while providing sensitivity similar to
conventional PCR [134]. In addition, RPA has shown to have higher tolerance to contaminants
than PCR [135]. Compared to LAMP, primer designing for RPA is also much easier since it only
requires two primers for the reaction, and the amplification reaction is more suitable for
multiplexing. However, this amplification technique also presents some limitations, such as the
fact that RPA kits are only sold by one company (TwistDx TM), which can influence pricing and
limit user flexibility regarding kit formulation [136]. In addition, some RPA kits are incompatible
with intercalating dyes, and conventional PCR probes (TaqMan probes) are not compatible with
the biochemistry of RPA due to the exonuclease activity of Taq Polymerase, which would digest
the displaced strand preventing amplification [136]. Typically, RPA also requires
purification/protein digestion after amplification in cases of detection by agarose gel
electrophoresis or lateral flow. Finally, in the case of multiplex RPA, extensive optimization of
primers concentration is required since they compete for the recombinase proteins. Therefore,
ratios of each need to be tested since primers for one target can suppress the amplification of
another target [136].
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Figure 1-13. Schematic drawing of the recombinase polymerase amplification mechanism (image used with
permission from Boyle et al., created by TwistDx Ltd. [137]).

1.3.2.2.3

Other isothermal DNA amplification techniques

In addition to LAMP and RPA, other isothermal DNA amplification techniques have also been
developed. One of these techniques is the rolling circle amplification (RCA), which can be
classified as linear RCA or hyperbranched RCA, simulating the process of rolling circle replication.
Linear RCA uses a single primer for the continuous amplification of a circular DNA template,
producing a DNA molecule with tandem repeats of the circular template, while the hyperbranched
RCA also includes a secondary primer that hybridizes to the ssDNA product, increasing sensitivity
[128,138]. RCA can be performed at low temperature (30-65°C) [131] and it has been used for a
wide range of applications [139]. However, it requires additional pre-treatment steps, such as
denaturation of dsDNA targets, which increases power demand and control mechanisms [136].
Another isothermal DNA amplification approach is the helicase-dependent amplification (HDA),
which employs helicase enzymes to separate dsDNA due to their unwinding activity, allowing
primer hybridization without thermal strand separation, followed by polymerase mediated
elongation. This is a simple amplification method performed at 60-65°C. However, the speed HDA
has been identified as a limitation for samples with low DNA content [131]. Another isothermal
alternative is strand displacement amplification (SDA), which is usually performed at 37°C [131]
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using bifunctional primers that include both target recognition and endonucleases target regions.
Successive rounds of primer binding generate dsDNA incorporating restriction sites, which are
recognized by the restriction endonucleases that nick a single strand of the newly formed duplex,
allowing to displace this strand and incorporate a new amplicon, resulting in exponential
amplification [131]. Besides requiring more than one set of primers to amplify a single target, a
general limitation of SDA is its inability to efficiently amplify long target sequences [123]. SDA
also requires an initial thermal denaturation step to separate the dsDNA template prior to isothermal
amplification. Finally, nucleic acid sequence-based amplification (NASBA) is an isothermal
transcription‑based amplification system specifically designed for RNA targets, although it has
also been described as capable of amplifying DNA [140]. However, it has been mainly used as an
alternative to reverse transcription PCR (RT-PCR) [138], presenting a larger amplification factor,
while being performed at low temperature (41°C) and without requiring thermal cycling.
1.3.2.3 Miniaturization of DNA amplification
Amplification is a crucial step of DNA-based analysis and, therefore, its miniaturization has
been widely explored to meet the specific requirements regarding sensitivity and specificity.
Different research areas have been exploring miniaturized DNA amplification for a wide range of
applications, using both PCR [34,141] and isothermal amplification devices [138,142,143].
Although biomedical and POC clinical diagnostics are still the most explored applications,
miniaturized DNA amplification devices have also been implemented and reported in other sectors,
such as for foodborne pathogen detection in food safety applications [144–147], and for
biodiversity studies or detection of pathogenic microorganisms in environmental monitoring
applications [148,149].
5.3.2.3.1.

PCR-based devices

One of the main research topics in this context is the development of miniaturized PCR
systems. Miniaturization of this widely used technique brings additional advantages over the
conventional technology, such as the higher thermal cycling speed due to intrinsic high surface
area-to-volume ratio [150]. Such systems present less inertia to temperature changes and, as a
result, ramping rates for heating or cooling are drastically increased, giving rise to faster
amplification [151]. As previously described, this thermal cycling process consists of cycles of
heating and cooling steps to allow enzymatic amplification of the target DNA sequence, which can
be achieved in miniaturized systems by using static chambers or continuous flow microchannels.
In static chambers, which were the first to be implemented, amplification is performed by rapidly
heating and cooling the reaction in a chamber, as in the device reported by Manage et al. [152].
However, this approach requires more complex technology to allow a fast heating and cooling and
accurate temperature control [141]. On the other hand, continuous flow devices are based on
moving the reaction through fixed temperature zones to complete the required thermal cycling [5].
In this case, only the sample is subject to temperature change, decreasing the thermal inertia of the
system and improving heating and cooling rates compared to static chambers. However, continuous
flow devices also present some limitations, such as the formation of bubbles in the microchannels,
the need for a pump to control the flow, and higher fabrication costs. In addition, the design of
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fixed zones usually defines the duration, as well as the number of cycles, of each step of PCR,
limiting flexibility on the thermal cycling profile implemented for some of the designs [153].
Different design strategies have been reported for miniaturized PCR devices, such as serpentine,
spiral-based, and oscillating patterns [153–156], as illustrated in Figure 1-14 (a). For serpentine
and spiral-based designs the number of thermal cycles is usually not adjustable, and parallelization
is not easily achieved. On the other hand, oscillating patterns can overcome these two limitations.
Another popular choice is a centrifugal design, which applies centrifugal and capillary forces to
control the liquid flow, being usually implemented in CD-format devices, as illustrated in Figure
1-14 (b). This format avoids the need for external pumps, as well as the formation of bubbles in
the microchannels, and the thermal cycling conditions can be modified since the temperature
profile does not depend on the channel design [135]. Strohmeier et al.[157], Furutani et al. [158],
and Amasia et al. [159] have all reported different centrifugal devices for miniaturized PCR
amplification. Droplet-based PCR is another approach, in which the reaction occurs within waterin-oil droplets in a microfluidic channel, as illustrated in Figure 1-14 (c), further reducing thermal
mass and reaction time, and providing precise control of sample volume and high-throughput
analysis [34,153]. Droplet-based PCR has been applied in different ways in the devices described
by Beer et al. [160] and Bian et al. [161].

Figure 1-14. Examples of design strategies implemented for miniaturized PCR devices: a) Scheme of patterns used
for continuous-flow PCR devices (image used with license from Zhang et al. [153]); b) Centrifugal design (image used
with license from Focke et al. [162]); c) Scheme of droplet-based PCR (illustration used with license from Barea et
al. [163]).

5.3.2.3.2.

Devices for Isothermal DNA Amplification

Despite PCR advantages, the thermal cycling requirement is still one of its main limitations
when considering miniaturization. With this in mind, a shift towards isothermal DNA amplification
techniques has been observed since miniaturization of such alternatives is greatly simplified by
reactions being carried out at a constant temperature, reducing cost, and improving the overall
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assay. The lower power consumption of isothermal techniques also facilitates their integration in
portable microfluidic platforms [164].
LAMP, as one of the most popular techniques for isothermal amplification, has already been
implemented in different miniaturized devices, with a wide variety of designs and strategies being
used [165,166]. One of the designs implemented is based on the fabrication of micro-reactors,
where amplification takes place after the reaction mixture is loaded. These micro-reactors can be
composed by simple reaction chambers, such as the one reported by Lee et al. [167], which also
used an external temperature controller and an optical detection unit for turbidity monitoring.
Another version of micro-reactors are channels, as in the microfluidic device reported by Fang et
al.[168], which included a total of 8 parallel channels for separate LAMP reactions, with detection
being performed by naked-eye through turbidity observation or via absorbance measurement
through the integration of optical fibers in the chip and using an optic sensor. Another design that
has been used for LAMP includes microfluidic disk-based chips, or CD-format platforms. Sayad
et al. [165] developed a centrifugal microfluidic device including reagent preparation and mixing,
LAMP amplification and color-based detection. Also in this format, Park et al. [169] proposed an
integrated rotary microfluidic system capable of performing glass microbead based DNA
extraction, LAMP, and lateral flow strip-based detection. Magnetic bead-based devices have also
been reported for LAMP. Wang et al. [113] combined DNA extraction and LAMP amplification
in a magnetic bead-based microfluidic system, using specific probe-conjugated magnetic beads to
purify and concentrate the target DNA prior to the amplification. Droplet-based amplification
devices are another microfluidic platform that has been reported for LAMP. Rane et al. [170]
presented a microfluidic droplet device in which the sample to be analyzed is mixed with the LAMP
reagents, generating droplets in the device that are then subjected to incubation for amplification,
followed by fluorescence-based detection. Teixeira et al.[171] also developed a droplet-based
optofluidic system for the detection of foodborne pathogens using LAMP combined with surfaceenhanced Raman scattering for specific DNA detection. Finally, aiming to avoid the requirements
for pumping systems or valves for fluidic control, paper-based devices have also been explored for
LAMP. Connelly et al. [172] proposed a sliding strip device integrating sample preparation and
LAMP with end-point detection using a hand-held UV source and camera phone.
In a similar way, RPA, which has been attracting attention for being a cost-effective approach
and allowing further simplification of assay development and optimization, has also been adapted
to miniaturized devices. Like LAMP, centrifugal microfluidic platforms have also been proposed
for RPA. For example, Lutz et al. [173] developed a centrifugal microfluidic cartridge capable of
processing up to 30 reactions in parallel and including pre-stored liquid and dry reagents. Kim et
al. [134] also developed a centrifugal microfluidic device integrating DNA extraction, RPA, and
lateral flow detection in a single disk. Amplification by RPA has also been implemented in a droplet
microfluidic chip with a slipping step to add the reaction initiator, as described by Shen et al. [174].
In addition, paper-based formats have been explored as well, such as the single-step RPA paper
chip reported by Ahn et al. [175], which was manufactured by stacking functional papers and
allowed multiple RPA reactions and fluorescence-based detection. Finally, the commercial
availability of a range of ready-to-use kits for the development of end-point and real-time detection
strategies is also a valuable feature of RPA for its further integration in portable devices [131].
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1.3.2.4 Amplicon detection strategies
Much effort has been made to integrate sensitive detection methods with on-chip amplification
without the need of external equipment to simplify the analytical process and to move towards a
sample-in-answer-out type of devices.
End-point detection methods used at macroscale for amplicon detection, such as
electrophoretic separation methods, have been miniaturized as capillary electrophoresis (CE) and
capillary gel electrophoresis (CGE) in microfluidic channels and combined with PCR-based
amplification [176,177]. For these methods, amplicons are labelled with intercalating dyes before
being loaded into the microchannel, and the detection is based on amplicon size. Therefore, one of
the main limitations is the inability to differentiate different amplicons with similar sizes. Another
detection method that has been combined with PCR amplification at microscale are hybridization
microarrays, which are based on the immobilization of oligonucleotide probes complementary to
specific targets, allowing the detection of multiple targets in a single device [178,179]. However,
this approach is limited by the time required for the hybridization reaction and by the need for
sensitive fluorescent pattern scanning and analysis methods [180]. The use of fluorescently labelled
probes (e.g. TaqMan probes) or intercalating dyes (e.g. SYBR green) in miniaturized devices has
also been a popular detection strategy for PCR amplicons, bringing the advantage of allowing realtime detection. In this case, in order to acquire the emitted fluorescent signal in a microfluidic
device, miniaturized and low-cost external light sources, such as light emitting diodes (LEDs), and
photo-detecting units, such as photodiodes, are required. However, these detection systems are less
sensitive than the conventional laser optic system [180]. These fluorescently based detection
approaches have been integrated in several microfluidic devices [89,181]. Electrochemical based
detection is another strategy, being characterized by its high sensitivity, adjustable selectivity, low
power, low cost, independence from external optical components, and compatibility with
microfabrication technology [180]. Electrochemical methods require sensor electrodes often
functionalized with probes or other chemicals to generate electrical signals (e.g. voltage, current,
and impedance), which can be correlated with the concentration of target amplicons. This detection
method has also been integrated in microfluidic devices for DNA analysis [182,183].
In the particular case of LAMP, the formation of magnesium pyrophosphate as a byproduct of
the reaction allows detection through direct turbidity observation or using a turbidimeter for realtime measurement. Turbidity detection by naked eye can sometimes be challenging, therefore
several colorimetric dyes have been applied for easier LAMP product detection. Ideally, these dyes
should not hinder amplification, and the color change should be easily detected by naked eye.
Calcein and hydroxynaphthol blue (HNB) are two popular choices because they do not interfere
with the amplification, being added to the samples before starting the reaction and simplifying
detection. Calcein provides a color change from orange to green after successful amplification
[184], while HNB provides a color change of violet to blue [185]. SYBR Green I dye has also been
used, not only for fluorescence-based detection but also for color-based detection, changing from
orange to green in positive samples [186]. However, in this case, the dye can only be added after
amplification since it inhibits the reaction. One limitation of these colorimetric approaches is when
color change is weak, making result observation challenging in microfluidic devices. However,
this can be improved by using deeper channels or deeper reaction chambers [135]. These
colorimetric approaches have been implemented in several microfluidic devices [165,187,188]. In
addition to optical methods, electrochemical detection is also a frequently used approach for
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miniaturized LAMP platforms [189]. Other approaches include the use of gold nanoparticles
(AuNPs) [190–192] as well as the use of lateral flow tests that immobilize biotin-labelled LAMP
amplicons [169]. LAMP has also been combined with electrophoresis in a microchip [193].
Regarding amplification by RPA, since conventional PCR probes are not compatible with this
method, alternative specific probes were developed and are commercially available [131] (e.g.
TwistAmp® exo probes), being used for real-time RPA amplification. Portable and rechargeable
fluorimeters have also been developed (e.g. Twista®) to facilitate on-site real-time detection [194].
End-point detection approaches usually require less instrumentation, decreasing cost and being
more appropriate for low-resource settings [136]. In the case of RPA, lateral flow assays are the
most frequently used detection strategy and have been implemented in miniaturized devices as well
[134,195,196]. Colorimetric and electrochemical detection approaches have also been used for
RPA [197,198].
1.3.3 Miniaturization of other DNA-based techniques
Another DNA-based technique that can highly benefit from miniaturization is DNA
sequencing. Sanger sequencing is a first-generation sequencing technology based on the use of
chain-terminating nucleotides, which are modified dNTPs that cause DNA polymerase to cease
DNA extension every time one of these is incorporated. The synthesized DNA molecules were
then separated according to size by electrophoresis. Later on, this method was improved by the
development of automated fluorescence-based sequencing machines, in which the truncated DNA
molecules were fluorescently labelled, facilitating detection [199]. This technology is still currently
used for smaller-scale projects and for validation of sequencing results from other methods.
Second-generation sequencing technologies, also known as next-generation sequencing (NGS),
were then developed. These technologies were focused on multiplexing, allowing several DNA
fragments to be sequenced at the same time in a more cost-efficient and faster way and being highly
promoted by the advances in bioinformatics for analysis of large data. Amongst the different NGS
platforms developed, Illumina sequencing is currently the most dominant, being based on a
sequencing-by-synthesis chemistry. In brief, DNA fragments are modified with adapters and added
to a solid support containing immobilized oligonucleotides that hybridize with these adapters.
Then, each immobilized fragment creates a bridge structure by hybridizing with its free end to the
complementary adapter on the surface of the support, and it is amplified (bridge PCR
amplification). Nucleotides are fluorescently labelled and added one at a time, being identified in
each round until the full DNA molecule is sequenced [199]. The demand for higher speed,
reduction of sequencing biases from PCR amplification, and generation of longer reads resulted in
the development of third-generation sequencing technologies, such as PacBio (Pacific Biosciences)
and Nanopore sequencing (Oxford Nanopore Technologies). Nanopore sequencing was introduced
with the development of the MinION device, which identifies DNA bases by measuring the
changes in electrical conductivity generated as DNA strands pass through a biological pore [200].
The technology is based on the measurement of an ionic current that is disrupted when DNA passes
through the nanopore. This change in current is dependent on the base that is passing at a given
moment, allowing its identification on the DNA sequence [200]. These DNA sequencing
technologies are illustrated in Figure 1-15.
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Over the years, DNA sequencing as not only become much faster and cheaper, but the
instruments have also been further miniaturized, with MinION being the first portable and realtime device for DNA sequencing to be commercially available. Therefore, there is also an
increasing interest on the development of miniaturized devices for sample preparation and library
construction, which have been widely explored [201] and will certainly play a big role in the future
for integration with this and other miniaturized DNA sequencing technologies.

Figure 1-15. DNA sequencing technologies: a) First-generation sequencing (Sanger sequencing); b) Second-generation
sequencing (Illumina sequencing); c) Third-generation sequencing (Nanopore sequencing) (image used with license
from Shendure et al. [199]).
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In addition to DNA sequencing, another DNA-based technique that is being explored for future
miniaturization is high resolution melting (HRM). HRM is a closed-tube post-PCR method used
for the detection of variations in dsDNA sequences by measuring changes in their melting profile.
This technique is usually performed in qPCR instruments and uses an intercalating dye to monitor
changes in fluorescence during melting [202]. These changes are caused by the release of the
intercalating dye due to the precise heating and consequent DNA strand separation that occurs until
the melting temperature is reached, resulting in unique profiles. This is a highly sensitive, specific,
and simple technique that does not rely on costly molecular probes and has been used for variant
genotyping applications. With this in mind, efforts have been made to develop miniaturized
platforms that facilitate future integration of microfluidic PCR with HRM, as well as to create
automated solutions that would improve subsequent analysis [203,204].

1.4 APPLICATIONS

OF MINIATURIZED
ALLERGEN DETECTION

DNA

ANALYSIS ON FOOD AUTHENTICITY AND FOOD

Food samples are usually complex, frequently presenting low DNA content with high degree
of fragmentation, particularly for highly processed food products since quality and quantity of
nucleic acids usually decrease as they are processed [37]. This has been extensively studied for
heat treatments [205–207], demonstrating a decrease in DNA length depending on heating time
and temperature [208]. Moreover, typical processes used by food industry have shown to strongly
degrade plant DNA, resulting in DNA fragments as small as 96 bp [207]. Therefore, there is a need
for the development of analytical tools allowing reliable DNA analysis of such challenging food
samples.
Portable miniaturized devices capable of performing rapid and sensitive DNA analysis of food
products could have a great impact in the food industry. Implementation of such devices could
allow on-site screening of foodborne pathogens [135,209,210] or food allergens [211–213] in
production lines and/or retail stores, improving the control of contaminated products, and
preventing food contamination outbreaks. In addition, miniaturized DNA analysis could also have
a great impact on food authenticity and traceability applications, allowing a better control to avoid
unfair competition among producers, to protect consumers against food fraud, and to move towards
a more transparent food supply chain.
1.4.1 Food Integrity and Food Fraud
Food Integrity was defined by the Food and Agriculture Organization of the United Nations
(FAO) as “the status of a food product where it is authentic and not altered or modified with respect
to expected characteristics including, safety, quality, and nutrition” [214]. As illustrated in Figure
1-16, the four categories of food integrity are food safety, food quality, food defense and food
fraud. The main difference between these categories relies on whether a food integrity issue was
intentional or unintentional. If unintentional, it can be defined as a food safety issue when it puts
consumers health at risk (e.g. foodborne pathogens) or a food quality issue when it simply affects
the quality characteristics of the food (e.g. appearance, texture, flavor). On the other hand, if a food
integrity issue is intentional, it is considered a crime and its classification depends on the
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motivations for the action. In the case of being performed with the intention of causing harm, the
action falls in the category of food defense and can even be classified as terrorism. When the
motivation is financial gain the action falls in the category of food fraud.

Figure 1-16. Categories of Food Integrity.

The concept of food fraud has also been defined by FAO as “any deliberate action of
businesses or individuals to deceive others in regards to the integrity of food to gain undue
advantage” [214]. In this regard, in the European Union (EU) there are four key criteria to establish
if an action should be considered as fraud or as non-compliance. These include violation of EU
agri-food chain legislation, customer deception, economic gain, and intention. If it matches all four
criteria, it is considered a case of food fraud [215]. There are different types of food fraud, namely
adulteration, also known as economically motivated adulteration (EMA), grey market, counterfeit
and mislabelling or misrepresentation [216], as illustrated in Figure 1-17.
Adulteration or Economically Motivated Adulteration (EMA): this is the most common type
of food fraud and includes the intentional substitution or addition of a substance in a product for
the purpose of increasing its apparent value or reducing the cost of its production for economic
gain [214]. This type of food fraud is usually performed using one of the following processes.
•
•
•

Substitution: process of replacing a nutrient, ingredient, or part of a food with another one
of lower value.
Dilution: process of mixing an ingredient of high value with another ingredient of lower
value.
Unapproved enhancement: process of adding unknown and/or undeclared compounds to
food products to enhance their quality attributes.
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•

Concealment: process of hiding the low quality of food ingredients or products.

Grey market: this term includes production, theft, and diversion involving unauthorized sales
channels for products.
Counterfeit: this type of food fraud is related to infringement of Intellectual Property Rights (IPR).
This could include any or all aspects of the copied product or packaging being fully replicated for
economic gain, such as brand name, packaging concept or processing method.
Mislabelling or Misrepresentation: this is the process of distorting the information provided on
the label or adding false claims on the packaging for economic gain.

Figure 1-17. Types of Food Fraud.

The motivation for food fraud is economic but the impact can be a real public health concern,
and can even be more risky than traditional food safety threats since contaminants are
unconventional and the current intervention systems are not designed to look for a near infinite
number of potential contaminants [217]. The growing threat posed by these fraudulent practices
has been well recognized with the several food fraud incidents reported over the years. Some
examples of these food fraud scandals are described in Table 1-1.
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Table 1-1. Examples of food fraud scandals reported over the past 40 years.
Date
1981
2008
2012
2013
2017
2019

Food fraud scandals
Rapeseed oil intended for industrial use was sold as cooking oil, affecting
approximately 20,000 people, and leading to more than 800 deaths in Spain.
Baby formula adulterated with melamine in China to increase protein count, resulting
in more than 50000 babies affected and six suspected fatalities.
Methanol poisoning from illegal spirits leading to approximately 36 casualties in Czech
Republic.
Undeclared horsemeat detected in beef products throughout the European market,
severely damaging consumer trust in the food industry.
Fipronil, an insecticide forbidden for use in animals intended for the food chain, was
found in eggs and egg products in several EU Member States and outside Europe.
Slaughter and export of beef from sick Polish cows for sale in several EU Member
States.

Reference
[218]
[219]
[220]
[221]
[222]
[223]

Food fraud and food safety scandals that drew worldwide attention resulted in an increased
demand for transparency in the food supply chain, legislation enforcement and proper labelling.
Consequently, within EU, several regulations were implemented to improve food fraud mitigation
and to increase consumer’s confidence. For instance, the European Commission published the
White Paper on Food Safety in 2000 to reinforce controls at different stages of the food supply
chain using a “farm to table” (or “farm to fork”) approach, from agricultural production to
consumers’ market. As a result, the concept of traceability was introduced as the ability to track
any food, feed, food-producing animal, or substance that will be used for consumption, through all
stages of production, processing, and distribution [224]. In addition, the food law regulation
(Regulation 178/2002) published in 2002 also laid down general principles and requirements of
food law and established the European Food Safety Authority for independent scientific advice on
all aspects relating to food safety [225]. Later, in 2011, the food information regulation (Regulation
1169/2011) was published, defining additional rules for food labelling, such as mandatory allergen
information and mandatory origin labels for specific food products (e.g. olive oil, honey, beef, fresh
meat from pigs, sheep, goats and poultry) [226]. After the horsemeat scandal in 2013, a review of
Britain’s food supply chain was carried out by Professor Chris Elliot addressing the weaknesses of
the food supply system and proposing a national food crime prevention framework with clear roles
and responsibilities for Government and industry [227].
The increasing globalization and complexity of food supply chains greatly contributes to the
growing problem of food fraud and issues related with food safety and quality control, being major
concerns for the authorities due to the increased regulatory challenges and risk to consumers. In
addition to the potential risk to human health, food fraud practices also decrease consumer trust on
the effectiveness of controls along the food supply chain, therefore having a negative impact in the
agri-food sector and in the economy. It undermines consumer choices by making them pay higher
prices for food products under false claims, or by compromising religious beliefs and dietary
requirements. Food companies are also highly concerned with food fraud practices happening in
their supply chains, since such activities can have a great financial impact when consumers reject
their products or brands. It has been estimated that the economic cost of food fraud to the global
food industry reaches € 30 billion per year [228], being one of the biggest issues in the sector. In
addition, there is a growing demand for premium food products (e.g. traditional, gourmet, organic),
which are products of added value with profitable markets and, consequently, more prone to
adulteration.
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With the past food fraud and food safety scandals, consumers are now more aware of the
consequences caused by a weak security and quality control in the food industry. Therefore, food
companies need to recover and maintain consumer confidence in food authenticity and the integrity
of their food supply chains. Consumers want safe food, without being limited in choice or quality,
and demand more information about their food products, and how they are produced, to be able to
make more informed choices. Certification, as well as clear and concise labelling on product origin,
production process, animal welfare claims and production specialty claims (e.g. organic and fairtrade claims), are perceived by consumers to be important in supporting their evaluation on
companies’ trustworthiness [229]. Third party product certifications, indicating production
standards and geographic origin, have been shown to enhance credibility and reliability of products
[229]. For example, in EU there is a protected geographical status (PGS) framework aiming to
protect the reputation of regional foods, eliminate unfair competition, and prevent deceiving of
consumers by non-genuine products [230]. This framework, summarized in Figure 1-18, includes
different quality schemes for protecting the authentication of local traditional food, namely
Protected Designation of Origin (PDO), Protected Geographical Indication (PGI) and Traditional
Specialty Guaranteed (TSG). There is also an Organic Farming Logo destined to foodstuff
produced using approved organic methods [231].
Protected Designation of Origin (PDO)

Traditional Specialty Guaranteed (TSG)

Product which characteristics can only
result from the natural environment and
abilities of producers in the region of
production with which it is associated.

Product with distinctive features and
which either have traditional ingredients
or are made using traditional methods.

Protected Geographical Indication (PGI)

Organic Farming

Product with specific characteristic or
reputation associating it with a given
area, and at least one stage in the
production, processing and preparation
process is carried out in that area.

Product has been produced using
approved organic methods that respect
the environment and high standards of
animal husbandry. In particular, farmers
avoid the use of synthetic pesticides and
chemical fertilizers.

Figure 1-18. EU quality schemes from the protected geographical status (PGS) framework (image used with license
from European Commission website [231]).

In this context, food authenticity systems within the supply chain not only stimulate consumer
trust but are also essential for trade relationships in a global market, to avoid unfair competition
among producers and to protect consumers. The concept of food authenticity has also been defined
by FAO as “the quality of a food to be genuine and undisputed in its nature, origin, identity, and
claims, and to meet expected properties” [214].
1.4.2 Food Authenticity: Olive Oil case
Olive oil is a product of added value which has been classified at number one of the top 10
products at highest risk of food fraud [217,232]. In 2019, olive oil was the most notified product
in the administrative assistance and cooperation system regarding suspected food fraud cases
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(AAC-FF system) [215]. Therefore, efficient analytical tools for food authenticity are especially
important in this sector.
This food product is obtained from the fruits of the olive tree and, contrarily to other vegetable
oils, it is the only one that can be consumed without any refining process [233], retaining all its
natural nutritional properties through mechanical extraction. Olive oil is recognized worldwide by
its health benefits and nutritional properties [234–236], and highly appreciated for its aroma and
taste, being considered a premium product in the agri-food industry compared to other vegetable
oils. Consequently, it is also very prone to adulteration either by blending with cheaper and lower
quality olive oils or other vegetable oils, using unapproved production processes or by
misrepresentation regarding origin, cultivar or category [233,237]. One frequent adulteration of
olive oil is its partial substitution with oil from other seeds such as hazelnut, soybean, rapeseed,
sunflower, almond, maize, or palm. This fraudulent practice, in addition to representing an unfair
practice towards consumers, may also cause severe health issues to allergic consumers [238].
EU is the main producer, exporter, and consumer of olive oil in the world, accounting for 69
% of the world production. According to the European Commission, 99 % of the production in EU
is obtained from Spain, Italy, Greece, and Portugal [239]. To reinforce the positive image and the
quality of European olive oils, the EU has implemented specific legislation for the olive oil sector,
regulating the categorization of olive oils, referencing relevant analytical methods to be used by
control authorities, and providing rules for respective labelling and packaging [240,241].
Within Europe, Spain is the largest producer of olive oil, representing 63 % of the whole EU
production [239]. In Spain, the main growing-areas for production of olive oil are in the South
(Andalusian region). However, efforts have been made to enhance the olive sector in the Northwest
(Galician region), either by producing Spanish varieties used worldwide, such as ‘Arbequina’ and
‘Picual’, or by recovering ancient autochthonous cultivars from Galicia, such as ‘Brava’ and
‘Mansa de Figueiredo’, to produce high quality extra virgin olive oil (EVOO) with specificity of
origin [242]. The interest in recovering these Galician autochthonous cultivars has been increasing
among olive oil producers in this region. Different studies have been performed to identify and
characterize these varieties, analyze their quality, expand their production, and evaluate their
business potential. A study on consumer acceptance of commercial EVOOs elaborated with
mixtures of local Galician cultivars and experimental monovarietal oils from ‘Brava’ and ‘Mansa
de Figueiredo’ showed that taste, color, and flavor intensity of these varieties were highly
appreciated by consumers [243]. In addition, monovarietal EVOOs from ‘Brava’ and ‘Mansa de
Figueiredo’ have also been suggested as potential candidates towards developing medicinal
preparations, nutraceuticals or functional foods for degenerative disorders [244]. In this context,
analytical methods and tools for the detection of fraud in olive oil, when mixed with other vegetable
oils, as well as for cultivar identification, are highly valuable for this sector [245,246]. However,
in addition to the richness of its genetic patrimony, the high occurrence of synonyms (different
names given to the same cultivar) and homonyms (same name given to different cultivars) among
many olive cultivars around the world makes its classification particularly difficult [247].
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1.4.2.1.

Traditional techniques for olive oil analysis

There are several methods commonly used for identification, characterization and analysis of
olive varieties and respective olive oils, as described in Figure 1-19. The two main approaches
used for olive oil analysis are targeted analysis, obtaining information from a specific or a small
number of analytes, and profiling/non-targeted analysis, including the contribution of known and
unknown analytes. Olive oil authenticity is conventionally verified through the analysis of its
metabolic content. The methods commonly used for this chemical analysis include
chromatographic methods, such as high performance liquid chromatography (HPLC) and gas
chromatography (GC), and spectroscopic methods, such as near infrared spectroscopy (NIR),
Fourier transform infrared spectroscopy (FTIR), Fourier transform Raman spectroscopy (FTRaman) and nuclear magnetic resonance (NMR) [248]. Although it is possible to discriminate
geographical origin of olive oil using these methods through application of chemometric tools, the
content and composition of the metabolites in the oil is highly dependent on environmental
conditions, making geographical origin discrimination and varietal composition of olive oil quite
challenging tasks [245,249]. For this reason, DNA-based methods are an attractive alternative,
being less affected by environmental conditions, and presenting high specificity, sensitivity, and
stability. With this in mind, many molecular markers have been evaluated through different
genotyping methods, such as random amplified polymorphic DNA (RAPDs) [250], amplified
fragment length polymorphisms (AFLPs) [251], simple sequence repeats (SSR) [252–255] and
single-nucleotide polymorphism (SNP) [256–258] to study the genetic diversity of olive oil
cultivars and to develop traceability and authenticity methods.

Figure 1-19. Methods for identification, characterization and analysis of olive varieties and olive oils.
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In the last decades, SSRs and SNPs have become the most popular markers for describing
genetic variations of a wide range of organisms. These single locus markers are simpler to analyze
and easier to combine with high-throughput platforms than multilocus markers (AFLP, RAPD).
SSRs, also known as microsatellites, are tandem repeats of short DNA motifs (1-6 bp), which are
locus-specific and highly polymorphic, showing allelic variation based on the number of repeats
[259]. The most common procedures for SSR genotyping involve amplification by PCR and
amplicon size determination by agarose gel electrophoresis, polyacrylamide gel electrophoresis, or
capillary electrophoresis with fluorescent markers [255,260]. More recently, combination of SSR
markers with high resolution melting (HRM) or sequencing techniques has also been implemented
for different applications [261–263]. On the other hand, SNPs, which are one of the most common
types of genetic variation, consist of a single nucleotide substitution through transitions (purinepurine or pyrimidine-pyrimidine) or transversions (purine-pyrimidine or pyrimidine-purine) at a
specific position in a DNA sequence. For it to be considered a SNP in genomic DNA, the least
frequent allele should have a frequency of 1 % or greater [264]. For SNP genotyping there are
several techniques available depending on the number of SNPs and population size to be studied.
Some examples include hybridization assays with immobilized allele-specific oligonucleotides
[258,265,266], combination of PCR with restriction fragment length polymorphism (PCR-RFLP),
also known as cleaved amplified polymorphic sequence (CAPS) [257,267], allele-specific PCR
(AS-PCR) methods [268,269] and variations such as amplification-refractory mutation system
(ARMS-PCR) [270,271] combined with gel electrophoresis, and PCR-based fluorescently-labelled
SNP assays, such as TaqMan® and KASP™ markers [272–274]. More recently, HRM [275–277],
and genotyping by sequencing (GBS) approaches [278–280], enabled by NGS techniques, have
also been highly explored for SNP genotyping.
1.4.2.2.

Challenges of DNA analysis from olive oil and potential of miniaturization

Although these traditional techniques are routinely used, they require complicated protocols,
sophisticated tools, and highly trained personnel, limiting their applicability in resource-limited
settings. With this in mind, miniaturized devices for DNA-based analysis are promising
alternatives. As previously described, a diversity of miniaturized devices has been developed to
perform specific DNA analysis steps. For example, several miniaturized devices have been used
for DNA extraction and purification, however, when working with olive oil samples, this is a
particularly challenging task. Firstly, DNA is an hydrophilic molecule that is present in olive oil in
minute amounts due to the fact that most of it goes into the wastewater separated during the olive
oil production process [281]. Secondly, DNA in olive oil has a high degree of fragmentation
[246,282]. Moreover, the matrix is complex with high concentration of lipids and, to a lesser extent,
of polyphenols and other compounds, that can affect the subsequent DNA analysis [245].
Therefore, to be able to develop miniaturized DNA-based methods for olive oil samples, it is very
important to maximize the DNA extraction yield with efficient purification and concentration steps.
Moreover, the optimization and evaluation of novel DNA purification devices and protocols
generally involve comparison of the DNA extraction profile among the different alternatives under
study [6,77,100]. Therefore, reliable DNA quantification after each step of analysis, as well as
careful evaluation of the effect of commonly used buffers on the quantification results, are highly
required.
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Regarding amplification, integration of miniaturized PCR devices with marker-assisted
genotyping methods has also been explored to achieve shorter analysis times, improved sensitivity,
and higher throughput. Some examples include commercial microfluidic arrays (e.g. Fluidigm®)
[283], microfluidic integration of amplification and detection steps, either based on allele-specific
hybridization strategies for SNP genotyping [284,285], or combined with microscale capillary
electrophoresis (µCE) for SSR markers [286]. Other strategies include integration of microfluidic
DNA amplification with microarrays [287], primer extension on microbeads [288] or
implementation of HRM analysis [204] at microscale.
Such miniaturized DNA-based platforms can have a high impact in the food and agricultural
sector for varietal discrimination, plant breeding and food authenticity applications by allowing onsite control of the raw materials before production and/or the final products. This can be particularly
interesting for authenticity and traceability applications in the olive oil sector, since the quality of
the products is strongly related with the cultivars used and the environmental conditions of the
growing area.
1.4.3 Food Allergen Detection: Gluten-containing cereals case
Prevalence of adverse food reactions has been increasing worldwide in the last few decades
[289]. These reactions can be classified in two main groups: immunologically mediated reactions
and non-immunologically mediated reactions. As described in Figure 1-20, immunologically
mediated reactions can be divided in food allergies and celiac disease. The term food allergy is
defined as an adverse health effect arising from a specific response from the immune system to a
particular food, which causes an allergic reaction when it mistakenly responds to a harmless
substance, like proteins found in food, as a threat. Typical food allergies are mediated by foodspecific immunoglobulin class E (IgE) antibodies (IgE-mediated), but several reactions involve
different immunologic mechanisms (cell-mediated and mixed) [290]. Food allergies are an
important food safety and public health concern, which symptoms may range from minor
manifestations to life-threatening reactions (anaphylactic shock) [290]. Contrarily to food allergies,
celiac disease is not mediated by IgE antibodies, being characterized by an autoimmune response
to food triggered by the ingestion of gluten. In this case, the immune system responds by attacking
healthy cells in the gut, which causes damage and affects its ability to absorb nutrients. On the
other hand, non-immunologically mediated reactions, also known as food intolerances, are adverse
food responses not controlled by the immune system. Food intolerance is a digestive disorder
caused by the inability to properly breakdown a particular food, as it is the case of lactose
intolerance which is caused by lack of enough lactase enzyme [290].
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Figure 1-20. Classification of adverse food reactions.

There are 14 food ingredients considered the most common food allergens in EU and that must
be declared in food packaging as established in regulation (EU) No 1169/2011 of the European
Parliament and of the Council of 25 October 2011 on the provision of food information to
consumers [226]. These include cereals containing gluten (e.g. wheat, rye, barley, oats),
crustaceans, eggs, peanuts, soybeans, milk, nuts (e.g. almonds, hazelnut, cashews, walnuts, pecan
nuts, pistachio nuts, macadamia nuts), celery, mustard, sesame seeds, sulfur dioxide and sulfites,
lupin, mollusks, and products thereof.
In the case of gluten, it is known that cereals containing gluten are ingredients with allergenic
potential. In addition to celiac disease, there are other adverse food reactions related with these
cereals, namely wheat allergy, which is a food allergy that can be mediated by IgE or by cellular
mechanisms, and non-celiac gluten sensitivity (NCGS), which is a condition characterized by
intestinal and extra-intestinal symptoms related to the ingestion of gluten-containing foods in the
absence of celiac disease or wheat allergy [290–293]. It is estimated that approximately 1 % of the
world population is affected by celiac disease [294]. Regarding the other types of adverse food
reactions, evidence suggests that, although food allergies have lower prevalence in adults, they
affect up to 10 % of infants in some countries [289]. On the other hand, food intolerances affect 15
to 20 % of the population, being caused by pharmacological effects of food components, non-celiac
gluten sensitivity or enzyme deficiencies [295].
The only effective way for sensitized individuals to prevent these adverse food reactions is to
avoid food products containing the specific ingredients. Therefore, these individuals must rely on
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the truthfulness of the labelling information of the food products they buy. With this in mind, EU
legislation regarding the indication of presence (or possible presence) of certain substances or
products causing allergies or intolerances has been established [226,296].
The development of rapid and sensitive methods for allergen detection is extremely important
not only for the food industry to detect allergen contamination in raw materials, during processing,
or in the final food products, but also for food inspection authorities, for market surveillance and
control of food fraud practices due to the potential presence of undeclared allergenic ingredients.
The techniques currently available for food allergen detection can be divided in protein-based
methods, such as immunological methods and mass spectrometry (MS), and DNA-based methods,
targeting the gene that encodes for the allergenic protein [297]. Among immunological methods,
enzyme-linked immunosorbent assay (ELISA) is currently the method of choice for the detection
and quantification of food allergens, which relies on the basic principle of antigen binding to its
specific antibody. This method offers good sensitivity compared to other immunological methods.
However, it also has several drawbacks, such as the possibility of false positive/negative results
due to insufficient blocking of the surface or cross-reactivity of the antibodies with other proteins,
the interference of the food matrix on signal detection, and the effect of food processing on the
proteins structure. In addition, the preparation of antibodies is labor-intensive and expensive, and
variability between manufacturers is usually found [297,298]. On the other hand, mass
spectrometry has also been used for the detection and quantification of food allergens, being
coupled with separation methods, such as gel electrophoresis and liquid chromatography [297].
These methods require the use of external or internal standards, being based on the comparison
between the MS signal intensities of the analyte and those of the standard [290]. MS-based methods
have been used as a confirmatory and complementary technique to the classical immunological
method, allowing detection of multiple allergens in a single analysis. However, in addition to the
impact of food processing on the sensitivity of these methods, instrument cost and the expertise
required are also important limitations.
Ideally, direct detection of the allergen would be preferred, however this is not always possible
due to lack of well-characterized compounds or low sensitivity of some techniques [292,297].
DNA-based methods allow detection of the allergenic food rather than the allergenic protein, being
complementary to immunological methods [290]. DNA-based analysis is rapid and simple,
provides high specificity and sensitivity, and allows multiplexing, being an effective screening tool
for specific detection of allergenic ingredients in food [299,300]. In addition, DNA is not affected
by geographical and seasonal variations, and presents higher stability than most of the identified
target proteins [297,300], being more suitable for processed foods. In addition to these advantages,
the combination of well-established DNA analysis methods with microfluidic technologies can
also contribute to further improve the applicability of these techniques in the field, by providing
portable and automated tools for allergen detection at different stages of food production. PCR is
the most common DNA amplification technique, being widely used in different research areas.
However, when considering miniaturization, the thermal cycling requirement is one of its main
limitations [5]. Consequently, alternative isothermal DNA amplification techniques, such as
LAMP and RPA among others, have revolutionized molecular biology for being highly compatible
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and flexible for point-of-care (POC) platforms, and have been highly explored for several
applications [301], as previously described. With these alternative techniques, miniaturization is
greatly simplified by being carried out at constant temperature, resulting in a more cost-effective
system. Different studies have been performed towards the development of isothermal DNA
amplification methods for allergen detection [302–305]. Miniaturization of these techniques could
offer a significant advance for on-site DNA-based detection of food allergens, having a positive
impact not only for food-manufacturing companies but also for consumers by allowing rapid
allergen detection before selling or consuming a food product.
1.5 APPLICATIONS OF MINIATURIZED DNA ANALYSIS ON INVASIVE ALIEN SPECIES DETECTION
Invasive alien species (IAS) are non-native species deliberately or accidently introduced
outside their natural habitat by human action, posing a real threat to biodiversity, human health, or
economy [306]. This is one of main causes of biodiversity loss, since IAS may outcompete native
species, act as predators and/or spread diseases, having a negative effect on the environment, and
compromising the recovery of native species [307]. In the EU, the estimated cost of IAS in the last
20 years was at least €12 billion/year [308].
Dreissena polymorpha is considered by the International Union for Conservation of Nature
(IUCN) as one of the 100 most harmful IAS in the world [309]. This small freshwater bivalve
mollusk, commonly known as zebra mussel due to the striped pattern of its shell, is native to the
Black, Caspian, and Azov seas (Ponto-Caspian region) but has already spread throughout Europe
and has been quickly spreading throughout the waterways of the United States and Canada [310].
It is believed that it reached the Great Lakes of North America, most likely in larvae form, through
ballast water discharges from transoceanic ships from Europe [311]. In the case of Spain, D.
polymorpha was first discovered in 2001 at the Ribarroja Reservoir (Ebro River) [312,313]. Since
its introduction, it has invaded a great part of the Ebro River basin and widely extended to other
rivers and lakes. In 2009 it was found in the Guadalquivir River basin, namely at Los Bermejales
Reservoir (Granada). Then, in 2011 it invaded the Iznájar Reservoir and in 2015 was found at La
Breña (both in Córdoba).
This rapid spreading of D. polymorpha is in large part due to their high reproductive capacity
and their wide range of tolerance to environmental conditions [314]. A female zebra mussel may
release over 40 000 eggs in a reproductive cycle and up to one million in a spawning season. The
eggs are released into the water where the fertilization takes place and, within 3-5 days, develop
into free-swimming larvae called veligers, which can be transported over long distances by water
currents and are the most invasive form of Dreissena [315]. After 2-3 weeks, the veligers begin
their juvenile stage by settling down, due to the weight of their forming shells, and attaching to
firm underwater surfaces using byssal threads [316,317]. After one year of growth, they are already
able to reproduce and, as adults, they can even survive 8-10 days out of water, under cool and
humid conditions [316,318]. This fast spreading and growing of D. polymorpha prevents the few
natural predators of this species from causing a steady and long-term decline in their population
level [319].
When attached to hard surfaces, zebra mussels can reach densities as high as 700 000
individuals/m2, causing several economic and environmental problems [313,316,320]. This
invasive species is capable of clogging intake pipes, grids, pumping systems and other
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infrastructures, as well as covering hydraulic turbines, ship motors and hulls [316]. They can also
attach to native crustaceans, snails and other bivalves, forming dense clusters and limiting their
ability to move, feed and reproduce and, eventually, leading to the death of these native species
[314,321]. In addition, each individual can filter up to one liter of water per day, which can strongly
affect and change the habitat they are invading due to their high densities [314], leaving less food
for other organisms and contributing for the proliferation of aquatic plants by increasing the
transparency of the water. Figure 1-21 illustrates some of the different ways that zebra mussels
affect the environment they are invading, as well as their impact on water plant facilities and other
infrastructures.

Figure 1-21. Examples of the economic and environmental impact of zebra mussel invasions: a) Zebra mussel-covered
gate (image used with license from Defense Visual Information Distribution Service (DVIDS) [322]); b) Zebra mussels
found in power plant equipment (image used with license from Defense Visual Information Distribution Service (DVIDS)
[323]); c) Mussel fouled propeller from Lake Mead, Arizona (image used with license from Government of Alberta
Flickr page [324]); d) Invasive zebra mussels on a shipwreck in Great Lakes (image used with license from National
Oceanic and Atmospheric Administration (NOAA) Fisheries [325]); e) Zebra mussels line the shore of Lake Michigan
at Red River County Park in Wisconsin (image used with license from Wikimedia Commons, author: Royalbroil [326]);
f) Current measurement instrument encrusted with zebra mussels (image used with license from NOAA Great Lakes
Environmental Research Laboratory (NOAA GLERL)) [327]); g) Experiment illustrating the filtration capacity of a small
clamp of zebra mussels in 24h (image used with license from Wikimedia Commons, author: Dmccabe [328]); h) Native
Great Lakes unionid mussel encrusted with zebra mussels (image used with license from NOAA GLERL [329]); i) Zebra
mussel infestation in a river lock (image used with license from US Army Corps of Engineers (USACE) [330]).
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There are several strategies to control zebra mussels in industry facilities, including
mechanical, chemical and biological methods [331,332]. Although these strategies can help
eliminating the invasion temporarily, they sometimes require long shutdowns and can be very
costly. It has been estimated that the cost of zebra mussel invasions to the United States economy
is at least $1 billion/year, with an average cost per facility of approximately $30 000/year [333].
For example, regarding the zebra mussel invasion in the Ebro Delta (Spain), over €4 million are
spent every year to repair damages and prevent further spreading [308]. In addition, these control
methods cannot be directly applied to the colonized reservoirs, lakes, or rivers, which remain an
active point for the species. Therefore, research is gradually turning towards treating the problem
in the natural aquatic environment [334]. However, complete eradication is not always possible.
When this species is already dispersed over a large area, its distribution can only be slowed down
by management measures to prevent further spreading because, once established, it is very difficult
to be eliminated, as is the case in Spain [335]. Recent studies have demonstrated that prevention
measures can be more cost-effective than control measures implemented after the establishment
and spread of IAS [336]. Some preventive measures currently applied to avoid the spread of D.
polymorpha include information and awareness campaigns, control and restrictions on navigation,
and installation of disinfection stations close to the affected water bodies [312].
The implementation of effective monitoring strategies for early detection of aquatic invasive
species would greatly improve the feasibility of rapid methods to eradicate or limit its spreading to
other water bodies, as well as reduce costs of control and the impact on ecosystems, being one of
the first priorities in management plans [336]. Therefore, there is an urgent need of methods for
the early detection of IAS [337]. However, early detection is not possible unless the density of the
target species surpasses a certain threshold, which depends on the monitoring method used [307].
Traditional methods relying on capture for visual inspection and identification of specimens have
several limitations, especially regarding the correct identification of closely related species [336].
Moreover, the sampling protocols typically used have low probability of detecting species unless
population density is already high [338].
Molecular identification of species through the analysis of environmental DNA (eDNA) has
been used to detect invasive species with greater sensitivity than traditional methods, being a highly
valuable tool for early warning [307,339–342]. This approach provides more accurate species
distribution data and can distinguish between different invasive mussel species [343], having the
potential to dramatically improve the ability for an early detection and monitoring [336,337,344].
Environmental DNA refers to genetic material obtained directly from environmental samples, such
as soil, freshwater, and seawater [345]. Sources of eDNA include secreted feces, mucous, gametes,
shed skin, and carcasses, and can be obtained from cellular remains or from free DNA in solution
[346]. The analysis of eDNA from water samples can provide important information regarding the
recent presence or proximity of the target invasive species at the moment of sampling, since eDNA
breaks down within a few days to a month in environmental water [337,347]. It can also provide
valuable information on management actions to evaluate their effect on the control of a target
invasive species. This technique has already been successfully applied for different IAS, such as
the American Bull frog, Italian crested newt and Red-swamp crayfish [337,348].
Recovering sufficient eDNA and processing enough water volumes during sample collection
are two important requirements for an accurate detection, being usually dependent on the
concentration of eDNA of the target species. Target organisms present in low abundance or
shedding eDNA at low rates result in low concentration of target eDNA, and the presence of DNA
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amplification inhibitors in the samples limit their detection even further in these conditions.
Considering environmental water samples with low abundance of target DNA, several methods
have been implemented for preconcentrating these samples. The most common are precipitation
and filtration methods [349], which allow the preconcentration of eDNA in a smaller volume before
the DNA extraction and purification steps. Precipitation is generally applied in the field to smaller
water volumes by the addition of a salt and absolute ethanol, being then preserved at -20 °C before
analysis. Another alternative is to store the water sample on ice, followed by a centrifugation step
shortly after collection, and then preserve the pellet in 95 % ethanol [349]. On the other hand,
filtration is generally used to process larger volumes of water and can also be performed in the
field. In addition to the larger volumes of processed water, another advantage of filtration is the
possibility for immediate preservation of the filters, which is particularly important in remote areas.
Preservation of filters can be done by immersion in ethanol [350] or in lysis buffer [351], by
freezing [339] or drying [349]. However, filtration methods may lose more of the free eDNA
present in solution than precipitation methods depending on the protocol and type of filter used
[352]. Additionally, filtration of large volumes of water is often difficult due to clogging issues.
With this in mind, several studies have proposed different approaches to improve eDNA yield,
such as including multi-filter isolation techniques for processing of larger volumes [353] or
comparison of different eDNA capture and extraction methods to maximize recovery [352,354].
Different filter materials have been successfully used for preconcentration of eDNA in water
samples, including cellulose nitrate [350], glass fiber [339], polycarbonate [355], nylon [356],
polyethersulfone [351] and cellulose acetate [342]. However, it is important to notice that the
selection and combination of filter material, pore size and DNA extraction method can greatly
influence the success of the eDNA detection [351,352,354].
After collection, the samples are usually transported from the field to a laboratory facility to
proceed with preconcentration and/or DNA extraction and purification steps before further
analysis, making the process more complex and time consuming. Figure 1-22 illustrates the
methods used for collection of water and zebra mussel samples for eDNA analysis, being collected
with the collaboration of Confederación Hidrográfica del Guadalquivir for this work. It has been
demonstrated that degradation is one of the main aspects affecting the detection of eDNA because
suspended eDNA in freshwater starts to deteriorate immediately after shedding due to mechanical
forces, chemical and enzymatic reactions, continuing after sample collection and during transport
until further analysis takes place [356,357]. Therefore, samples need to be preserved as soon as
possible, usually within a few hours after collection [349]. The development of miniaturized and
portable devices for eDNA analysis to be used in the field could greatly contribute for a faster and
more sensitive early detection. In addition, the possibility for integration and automation,
characteristic of such devices, would also reduce the hands-on requirements, making it more userfriendly, and consequently decrease the risk of contamination during analysis. Besides degradation,
another aspect affecting eDNA detection is its production. The rate of production of eDNA may
depend on the season, as well as the size, health, sex, and density of the target species [358].
Miniaturized devices would simplify eDNA analysis in situ, facilitating more frequent inspections
during the year or even real-time monitoring at a particular location. In addition, parallelization,
which is another characteristic commonly explored in miniaturized DNA analysis devices, can be
used to increase throughput and the number of locations analyzed.
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Figure 1-22. Sample collection at the Reservoir La Breña II in Córdoba (Spain) with the collaboration of Confederación
Hidrográfica del Guadalquivir: a) Collection of zebra mussel specimens from a depth measuring rope from the
Reservoir; b) Collection of water in depth; c) Collection of surface water.
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The development of rapid miniaturized DNA-based methods for early detection of invasive
species can provide time to take the appropriate control actions in water plant facilities or in ships,
for example. Although specialists may distinguish D. polymorpha adults from other species based
on internal and external shell features, this task may be more challenging for industry facility
managers. This task is even more challenging when considering its larvae form, which is the most
commonly form of D. polymorpha found in ballast waters of ships. Traditional microscope-based
methods have been used for the analysis of ballast and harbor waters, however these methods can
be expensive and slow, with ships reaching their destinations prior to the results from microscopic
analysis being available, and therefore compromising adequate intervention [359]. In addition,
morphological differentiation of D. polymorpha from other species in larvae form can also be
challenging. Therefore, DNA-based tools for rapid on-site identification of both adult and larvae
specimens are required for early detection. The versatility of DNA-based analysis is another
advantage of miniaturized devices implementing these techniques, which after being properly
implemented and optimized could be adapted for other applications by targeting other species, such
as endangered species, species of public health concern, and other invasive species.
The most common molecular method used for the detection of eDNA is PCR. However, novel
isothermal amplification techniques have emerged in recent years with the goal of providing an
analytical solution to some of the limitations associated with PCR/qPCR, specially due to their
simplicity and reduced thermal cost [5], which are particularly interesting features for the
development of devices for in situ applications. Among these alternative DNA amplification
techniques, LAMP has become one of the most popular, being performed at constant temperature,
while providing high specificity and the possibility for naked-eye detection through turbidity
observation [125,360], as described in the previous subchapters. Detection can also be performed
using intercalating dyes for fluorescence measurement in real-time assays [184,361]. The
development of miniaturized devices implementing this isothermal DNA amplification technique
allows the combination of the advantages of LAMP with the benefits of miniaturization previously
described. LAMP has been the most studied technique for isothermal DNA amplification and has
already been implemented in miniaturized devices for different applications, such as point-of-care
diagnostics of health issues [362,363] or food safety applications on the detection of foodborne
pathogens [165] and food allergens [303]. However, until now miniaturization of this technique
has not been as explored for applications on early detection of invasive species.
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2 OBJECTIVES
2.1 MOTIVATION

Nowadays, the major driving forces for developing new strategies for DNA-based analysis are
reduced hands-on-time, increased sensitivity, multiplexing and faster methods. Consequently, there
has been a strong interest in the miniaturization of such methods.
Since food and environmental samples represent complex matrixes, containing not only DNA
but also a mixture of many other compounds that can inhibit amplification, and considering that
the DNA present in these samples is often fragmented or in low abundance, its adequate isolation
is critical for a successful DNA analysis. Classical techniques for DNA purification, such as solid
phase extraction, can benefit from miniaturization thanks to microfluidic technologies, allowing an
increased surface area-to-volume ratio. Miniaturization of such methods allows automatization of
the procedure with less reagent consumption for a highly efficient DNA purification and
concentration from complex samples, and samples with minute DNA content. Likewise,
miniaturization of DNA amplification and detection also presents a number of advantages versus
conventional equipment, namely lower reaction volumes, reduction of thermal cycling times, high
potential for integration with upstream and downstream analytical steps, and the possibility of
being operated with lower energy consumption, facilitating on-site target DNA detection.
DNA analysis at macroscale has provided great advances for several applications in food
analysis, such as pathogen detection, identification of genetically modified organisms, detection of
allergenic ingredients and food authentication. Similarly, environmental DNA analysis has also
been extensively used for monitoring and biodiversity studies, detection of invasive species, and
detection of rare or endangered species. However, despite its unequivocal advantages, miniaturized
DNA analysis devices have had limited diffusion into food and environmental sectors when
compared to clinical and forensic applications. Therefore, the development of new tools, and
thorough evaluation of design and fitness-for-purpose of such devices and protocols, is necessary
to take advantage of their full potential and to accelerate their implementation in these sectors.
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2.2 MAIN OBJECTIVES

The main goal of this work was to develop and optimize miniaturized devices for DNA-based
analysis, and to contribute with these new solutions to the food industry and to environmental
control. Within the food sector, technologies for miniaturization of DNA analysis have been
gaining popularity for the development of rapid methods for foodborne pathogen detection.
However, other applications in this sector, such as food authenticity and allergen detection, have
not been as explored. For this reason, regarding food samples, these were the main applications
studied in this work. Regarding environmental samples, the main focus was the detection of
invasive species in river basins.
Devices for DNA purification and amplification were developed, fabricated, and optimized
separately using a modular approach to better understand the features that affect these processes at
the microscale before further integration. With this in mind, the specific objectives defined for this
work were:
•

To assess the challenges and limitations of DNA quantification methods used to evaluate the
performance of miniaturized DNA purification devices, and to develop, evaluate, and
implement alternative models for DNA quantification to maximize the accuracy of results in
challenging samples.

•

To optimize and evaluate the performance of washable and reusable miniaturized devices based
on µSPE and microfluidics for DNA extraction and purification from olive oil samples.

•

To design, fabricate, and evaluate disposable miniaturized devices for purification and
concentration of eDNA from river water.

•

To design and fabricate miniaturized devices for isothermal DNA amplification and detection,
and to evaluate their performance for the detection of gluten-containing cereals from food
products and IAS from river water.

•

To develop, optimize, and evaluate the miniaturization potential and reliability of molecular
methods for the identification of selected olive varieties.

•

To develop and evaluate specific methods based on qPCR and isothermal DNA amplification
techniques to be used as screening solutions for early warning of the presence of D. polymorpha
in river basins.
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2.3 THESIS ORGANIZATION

The introduction provided in chapter 1 was focused on microfluidic technologies and their
use on the development of miniaturized devices for DNA-based analysis. A brief introduction to
the main areas of application explored in this work (food and environment) was also provided, with
particular focus on food authenticity, food allergen detection and detection of invasive alien
species. The next two chapters include Methodology (chapter 3) followed by Results and
Discussion (chapter 4). Considering the different applications explored in this Thesis, the work
described in the following chapters was organized as separate projects:
•

Project 1 (P1) – Novel approach for accurate minute DNA quantification on microvolumetric
solutions
A novel approach for accurate DNA quantification of samples with low amounts of DNA and high
degree of fragmentation was developed in this project. The experimental protocols of miniaturized
devices for DNA purification are usually optimized using standard DNA solutions prior to testing
with real samples. However, this optimization is usually performed using standard solutions with
high molecular weight and purity, which are frequently not representative of complex and/or highly
processed food samples. With this in mind, this project aimed to evaluate the effect of parameters
like DNA fragmentation on the accuracy of the quantification results and provide a solution for
some of the limitations found in this regard.

•

Project 2 (P2) – Application of the DNA quantification approach on the optimization of a
reusable miniaturized device for DNA purification from olive oil
This project implemented the DNA quantification approach described in P1 on the optimization of
a washable and reusable miniaturized device using silica as the solid phase. After protocol
optimization, the device was adapted and tested for DNA extraction and purification from olive oil
samples, which is a complex food matrix with low DNA content and usually highly fragmented.

•

Project 3 (P3) – Evaluation of SSR-based and SNP-based methods in olive varieties from the
Northwest of Spain and potential for miniaturization
This project was mainly focused on the DNA amplification step, where genotyping strategies using
SSR markers and SNPs have been developed and explored for the identification and differentiation
of two varieties from the Northwest of Spain: ‘Brava’ and ‘Mansa de Figueiredo’. These genotyping
methods were compared and evaluated regarding their potential for integration in a microfluidic
setting, centering on their advantages and limitations when considering future miniaturization.

•

Project 4 (P4) – Miniaturization of isothermal DNA amplification: Proof-of-concept for
detection of gluten-containing cereals in food products by LAMP and RPA
Miniaturization of DNA analysis for allergen detection applications was addressed in this project,
with particular focus on the amplification step. A reusable, portable and miniaturized prototype with
an integrated heating system was developed for isothermal DNA amplification and applied for the
detection of gluten-containing cereals in food products. Performance of the prototype was evaluated
for LAMP and RPA methods and compared with conventional equipment, using different detection
chemistries.
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•

Project 5 (P5) – Development and optimization of a disposable microfluidic device for DNA
purification and concentration of river water samples for early detection of Dreissena
polymorpha
In this project, a disposable microfluidic device was designed and fabricated in PDMS and
functionalized with chitosan for a pH-dependent DNA purification. This device was thoroughly
optimized from the design and fabrication to the functionalization and purification protocols using
standard DNA solutions to improve performance. After optimization, the protocol was tested and
adapted for the purification and concentration of eDNA in water samples from the Guadalquivir
river basin, and the purified DNA was then subjected to amplification by real-time PCR (qPCR) for
the detection of D. polymorpha to evaluate the suitability of the microfluidic device for integration
with further steps of DNA analysis.

•

Project 6 (P6) – Development of qLAMP and qPCR methods for detection of Dreissena
polymorpha in the Guadalquivir River basin
Different DNA amplification approaches were developed and optimized in this project, using
conventional equipment for the detection of D. polymorpha in water samples from the Guadalquivir
river basin. These approaches included a real-time fluorescence-based LAMP (qLAMP) method
and two qPCR methods with different detection chemistries for comparison purposes. In addition,
a turbidity-based qLAMP method was also explored for this application using a real-time
turbidimeter.

•

Project 7 (P7) – Evaluation of miniaturized devices for isothermal DNA amplification for the
detection of Dreissena polymorpha by LAMP
In this project, the miniaturization of DNA amplification by LAMP was explored for the detection
of D. polymorpha. For this purpose, preliminary tests were performed using two miniaturized
devices: a disposable device, which was developed to facilitate future integration with the
microfluidic DNA purification device, and the reusable prototype described in P4, which was
adapted for this application with different color-based detection approaches being explored.

Finally, in chapter 5, a summary of the general conclusions from the work presented is
provided, as well as suggestions of future work to further improve implementation of such
miniaturized devices in these areas.
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3 METHODOLOGY

3.1 P1:

NOVEL APPROACH FOR
MICROVOLUMETRIC SOLUTIONS
3.1.1

ACCURATE

MINUTE

DNA

QUANTIFICATION

ON

Materials, reagents, and samples

Quant-iTTM PicoGreen® dsDNA Assay kit was obtained from Thermo Fisher Scientific
(Waltham, MA, USA). Bacteriophage λDNA (cIind 1 ts857 Sam7) and UltraPure TM salmon sperm
DNA solutions were purchased from Alfagene® (Alfagene, Carcavelos, Portugal). Low molecular
weight (LMW) salmon sperm DNA was obtained from Sigma-Aldrich (St. Louis, MO, US). TrisHydrochloride (Tris-HCl), ethylenediaminetetraacetic acid (EDTA), Tris-base, guanidine
thiocyanate (GuSCN), glycine, sodium chloride (NaCl), potassium chloride (KCl), ethanol,
isopropanol, Triton X-100, Tween-20 and sodium dodecyl sulfate (SDS) used to prepare the
different buffers required for this work, were also purchased from Sigma-Aldrich. All aqueous
solutions were prepared using DNAse, RNAse free water from the Milli-Q® integral water
purification system (Merck Millipore, Billerica, MA, US).
3.1.2

Microvolume DNA quantification

DNA quantification was performed using the fluorospectrometer NanoDrop 3300 (Thermo
Scientific™, Waltham, MA, US), which has the ability to measure a smaller volume (1 μL)
compared to the volumes commonly needed for conventional cuvette-based fluorospectrometers.
This ability allows the detection of significantly scaled-down volumes, which is crucial for the
evaluation of miniaturized devices. The UV-Vis spectrophotometer NanoDrop 2000c (Thermo
Scientific™) was used for DNA quantification of olive oil samples to acquire information
regarding purity.
LMW salmon sperm DNA was used for the evaluation and optimization of the microvolume
DNA quantification. This type of DNA was selected to better mimic the type of samples to be
analyzed, since it contains some impurities (e.g. proteins) and it is more fragmented than the
commonly used λDNA standard. A stock solution of 10 mg mL-1 of salmon sperm DNA was
prepared in Tris-Base buffer 50 mM, pH 8, as recommended by the supplier. Further dilutions to
prepare the standards for quantification were prepared using buffer TE (10 mM Tris-HCl, 1 mM
EDTA, pH 7.5). The Quant-iT TM PicoGreen® dsDNA assay was used in conjunction with
NanoDrop 3300 to quantify the salmon sperm DNA samples according to the specific protocol
“PicoGreen® assay for dsDNA” [364]. All quantification experiments performed with this
equipment used an excitation maximum of 470 nm and an emission maximum of 525 nm. To
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correlate the emitted fluorescence with the dsDNA concentration of the samples, a standard curve
was required.
3.1.2.1 Standard curve with λDNA
The standard curve was obtained by measuring serially diluted dsDNA solutions with a
concentration range from 0 to 1000 ng mL-1 prepared from the λDNA stock solution of 100 μg mL1
, which was the DNA supplied with the PicoGreen® kit and recommended for the standard curve.
These standards were diluted in TE buffer 1x, which was also used as a blank for the measurements,
according to the NanoDrop protocol [364]. This quantification method requires the preparation of
a fresh PicoGreen® working solution for each assay because the diluted dye is stable for only a
few hours. Therefore, it was freshly prepared through a two hundred-fold dilution of the
concentrated PicoGreen® dye stock, by mixing 5 µL of dye stock with 995 µL of buffer TE 1x.
All standard dilutions and samples measured had a sample: working solution ratio of 1:1 and a final
volume of 20 µL. After measuring the standard solutions, the curve type that best fitted the
standards data set was selected using NanoDrop software.
3.1.2.2 Standard curve with low molecular weight salmon sperm DNA
Another standard curve was obtained using LMW salmon sperm DNA instead of λDNA, since
this was the type of DNA used in the samples. To obtain this curve the same protocol described for
λDNA was followed, except that the stock solution used was 10 mg mL-1 of salmon sperm DNA.
The maximum concentration included in the curve was 1000 ng mL-1 and, considering that all
standard solutions were prepared with 2x the final concentration due to the 1:1 dilution with
PicoGreen® working solution, it was necessary to dilute the 10 mg mL-1 stock solution to 2000 ng
mL-1 (0.002 mg mL-1). This was a dilution of 5000-fold therefore, to guarantee adequate volumes
for thorough mixing, an intermediate 100 µg mL-1 DNA solution was prepared. Further dilutions
to prepare the standards were made following the manufacturer protocol. All DNA stock solutions
with concentration equal to or greater than 2000 ng mL-1 were confirmed by quantification using
NanoDrop 2000c. After measuring the standard dilutions, the curve type that best fitted the data
set was adjusted using NanoDrop software to correlate the fluorescence values with the respective
concentrations.
3.1.2.3 Standard curve evaluation for quantification of salmon sperm DNA
To evaluate both standard curves, 16 solutions of LMW salmon sperm DNA were prepared
and quantified using NanoDrop 3300. These solutions were prepared through serial dilutions,
starting from the 100 µg mL-1 salmon sperm DNA solution previously described, by adding the
adequate volume of buffer TE 1x to obtain the concentrations (2x dsDNA) provided in Table 3-1
in a final volume of 1 mL. After mixing these solutions with the PicoGreen® working solution, as
described in NanoDrop protocol, their final concentration was reduced to the half, being these the
concentrations expected on the quantification results. The evaluation of the standard curves
obtained with NanoDrop software was based on the minimum concentration detected and
respective percent errors calculated for the quantification experiment.
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Table 3-1. Concentration values of salmon sperm DNA solutions prepared for evaluation of the standard curves
obtained.
2x dsDNA
Final expected
2x dsDNA
Final expected
Sample ID
Concentration
Concentration
Sample ID
Concentration
Concentration
(ng/ml)
(ng/ml)
(ng/ml)
(ng/ml)
C1
2
1
C9
600
300
C2

10

5

C10

800

400

C3

20

10

C11

1000

500

C4

50

25

C12

1200

600

C5

100

50

C13

1400

700

C6

150

75

C14

1600

800

C7

200

100

C15

1800

900

C8

400

200

C16

2000

1000

3.1.3

Mathematical method and evaluation

After the evaluation of the standard curves obtained with NanoDrop software, another method
was developed to find a mathematical adjustment that would better fit the standards data obtained
with the salmon sperm DNA. Three different mathematical models were tested to obtain these
adjustments: least squares, weighted least squares and weighted ridge regressions.
3.1.3.1 Least squares and weighted least squares regressions
The least-squares estimator can be derived as the maximum likelihood estimator for a problem
with observations of the form described in Equation 3.1:
𝑦 = 𝑓(𝑥) + 𝜀, 𝑤ℎ𝑒𝑟𝑒 𝜀 ∼ 𝒩(0, 𝜎 2 )

3.1

i.e., the observations result by adding Gaussian distributed noise to an underlying function: 𝑓: 𝑋 →
𝑌. In this work, we dealt with univariate estimators, meaning that: 𝑋 = 𝑌 = ℝ.
The problem with this observation model and the resulting least-squares estimator in the
context of this work is that it assumes the same variance for the noise across the domain of the
function. This is the notion of homoscedasticity in statistics. This assumption is clearly violated in
our context, as for larger concentrations we observe larger variances in the measured fluorescence
values. This is the notion of heteroscedasticity in statistics. Ignoring this fact and using the leastsquares estimator to fit the observed data would yield a curve that comparatively puts too much
weight on fitting well fluorescence values for large concentrations than it does for small
concentrations. To correct this issue, a weighted least-squares fit was evaluated. This estimator can
be derived as the maximum likelihood estimator for an observation model as described in Equation
3.2:
𝑦 = 𝑓(𝑥) + 𝜀(𝑥), 𝑤ℎ𝑒𝑟𝑒 𝜀 ∼ 𝒩(0, 𝜎 2 (𝑥))

3.2

i.e., the variance of the observation depends on the specific point of the curve on which it is
evaluated. As typically the variance function 𝜎 2 : ℝ → ℝ is not known, it is necessary to estimate
it from the training data. Multiple fluorescence measurements were used for each concentration to
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estimate the variance at that concentration. These variance estimates were then used in the weighted
least-squares estimator. The weighted correction is a way of having measurements across different
concentrations that contribute according to their variance. Heteroscedastic linear regression has
been extensively studied in the statistics literature [365,366]. In both the weighted and unweighted
cases, a polynomial fit was performed, meaning that the functions 𝑓: ℝ → ℝ are of the form
described in Equation 3.3:
𝑘

𝑓(𝑥) = ∑ 𝑐𝑘 𝑥 𝑘

3.3

𝑖=0

where 𝑘 is the order of the polynomial being fitted. For the experiments in this work, it was
considered from 𝑘 = 1 to 𝑘 = 4.
3.1.3.2 Weighted ridge regression
A simple way of moving away from least-squares is to consider ridge regression [367], where
a complexity penalty was added to the optimization cost function that the estimator minimizes, i.e.,
rather than just fitting the model by minimizing a cost function (e.g. least-squares or weighted leastsquares) that computes how well the estimator fits the training data, it minimized a tradeoff between
goodness-of-fit and model complexity. This is called regularization in the statistics literature [368].
The complexity term is the sum of the squares of the coefficients for the fitted polynomial. Larger
coefficients of a polynomial result in faster changes which, even if fitting the training data well,
often do not generalize to unseen data, leading to high errors. The introduction of the complexity
term introduces a hyperparameter, i.e., a number that controls the tradeoff between the goodnessof-fit and the complexity criteria. Besides the hyperparameter controlling the tradeoff between
goodness-of-fit and complexity, an additional hyperparameter can be introduced for the degree of
the polynomial to fit. Given fixed values for these hyperparameters, i.e., for the complexity
goodness-of-fit tradeoff and for the degree of the fitted polynomial, it is possible to fit a polynomial
to the data. To determine specific values for the hyperparameters, 𝑚 fold cross-validation was
performed [369], i.e., the data was split into 𝑚 fractions and 𝑚 − 1 fractions were used to fit the
model and evaluate it on the remaining fraction of the data. Iteration over the fractions was
performed for the data, training the model on 𝑚 − 1 fractions and evaluating it on the remaining
fraction. The performance of the model was the average of the performances across different
fractions. The best values of the hyperparameters were chosen by considering a finite grid of values,
e.g., all pairs of complexity tradeoff and polynomial degree, with the complexity tradeoff in {1,
0.1, 0.01, 0.001, 0} and the polynomial degree in {1, 2, 3}, which gave 15 possible pairs. For a
complexity tradeoff of 0, the least-squares models discussed in the previous subsection is
recovered. The idea of incorporating weights or not in this model is orthogonal to the ideas
discussed in the previous subsection. For the models fitted in this approach, variances were also
estimated to weight the errors appropriately as in most of the statistical concepts discussed in this
section [368].
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3.1.3.3 Evaluation of mathematical method
Ten quantification assays were performed to evaluate the reproducibility and accuracy of the
adjustments obtained using the mathematical models described. For each assay, a different
PicoGreen® working solution was used and the 16 salmon sperm DNA solutions previously
described were measured with NanoDrop 3300. Each solution was measured up to ten times for
each assay. The fluorescence signals measured for calibration were then introduced in the algorithm
to generate the respective standard curves using the different mathematical models tested. The
curves obtained for each assay were used to quantify the LMW salmon sperm DNA samples based
on their fluorescence signal. The fluorescence measurements used to obtain the standard curves
were not the same as those used to quantify the samples. To evaluate the accuracy of the
quantification results, percent errors were calculated as an indication of the discrepancy between
the real concentration and the one measured with the different models according to the Equation
3.4:
𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝐸𝑟𝑟𝑜𝑟 (%) =

𝑣𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 − 𝑣𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙
× 100
𝑣𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

3.4

The selection of the best mathematical model for this type of DNA was therefore based on the
minimum concentration that could be detected (quantification range) and the respective percent
errors calculated for all the experiments performed.
As previously mentioned, a fresh PicoGreen® working solution was prepared for each assay.
Therefore, the intensity of the fluorescence measurements depended on the working solution
prepared for the respective assay and, consequently, the standard curves obtained also vary from
assay to assay, even using the same standard solutions every time. Considering this variation, in
addition to the percent error previously described, the relative standard deviation (RSD), also
known as coefficient of variation (CV), was also calculated as an expression of the precision and
repeatability of the assays to evaluate the mathematical adjustments from assay to assay, being
determined using the Equation 3.5:
𝑅𝑆𝐷 (%) =

𝜎
× 100
|𝑥̅ |

3.5

where 𝜎 is the standard deviation and 𝑥̅ corresponds to the mean.
3.1.4

Influence of DNA fragmentation on PicoGreen® assay

The effect of DNA fragment size was also analyzed by comparing the fluorescence signal,
measured in relative fluorescence units (RFU), of three different types of DNA: λDNA (48502 bp),
salmon sperm DNA ultrapure (≤ 2000 bp) and LMW salmon sperm DNA (≤ 300 bp). The
concentration of the stock solution of ultrapure salmon sperm DNA was 10 mg mL-1, therefore an
intermediate solution with 100 µg mL-1 was prepared. Different solutions, with the same
concentrations used to obtain the standard curves in NanoDrop 3300, were prepared from the 100
ng μL-1 stock solutions of these three types of DNA. These solutions were diluted in TE buffer 1x
and the measurements were performed according to NanoDrop protocol.
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3.1.5

Influence of compounds commonly used in silica-based SPE on PicoGreen® assay

Silica-based µSPE methods are widely used for DNA purification and this was also the
protocol approach selected for this study. Therefore, it is important to consider that such methods
require the use of buffers that can potentially interfere with further analytic steps, such as high ionic
strength buffers, detergents, and organic solvents. Some of these buffers may also affect DNA
quantification techniques and, for this reason, the effect of some compounds commonly found in
silica-based SPE buffers on the quantification method described was also analyzed. The
concentrations selected to prepare these buffers were based on the compositions commonly used
for this type of application according to the scientific literature. In order to evaluate the influence
of these compounds on the quantification result, different DNA solutions with known
concentrations (250, 500 and 750 ng mL-1) were prepared by diluting the stock solution in each of
the following buffers: TE 1x (as a control), GuSCN (2M and 6 M), NaCl (100 and 250 mM), KCl
(100 and 400 mM), Triton X-100 (0.1, 1 and 4 % (v/v)), Tween-20 (0.1, 1 and 5 % (v/v)), SDS
(0.1 and 1 % (w/v)), ethanol 80 % (v/v), isopropanol 80 % (v/v) and glycine (0.25 M). Then, the
fluorescence signal of these solutions was measured and the effect of each buffer on the result was
compared and analyzed. This study was performed for both λDNA and LMW salmon sperm DNA.
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3.2 P2: APPLICATION

OF THE DNA QUANTIFICATION APPROACH ON THE OPTIMIZATION OF A
REUSABLE MINIATURIZED DEVICE FOR DNA PURIFICATION FROM OLIVE OIL

3.2.1

Materials, reagents, and samples

For device assembly, polydimethylsiloxane (PDMS) Sylgard 184 Silicone elastomer kit and
the commercial disposable Whatman® glass microfiber filters GF/A were from purchased SigmaAldrich. Ethyl vinyl acetate (EVA) tubing 0.02" ID/ 0.06" OD was supplied by Thermo Fisher
Scientific, and 22 G blunt needle connectors were purchased from Instech Laboratories Inc.
(Plymouth Meeting, PA USA). For the DNA purification experiments with olive oil, extra virgin
olive oil (EVOO) was purchased from a local supermarket. In addition, samples of EVOO spiked
with 100 ng μL-1 of LMW salmon sperm DNA were also tested.
3.2.2

Miniaturized device for DNA purification from olive oil samples

After finding the mathematical model that best fitted the data for LMW salmon sperm DNA
samples, this model was implemented for quantification of DNA samples collected during the
optimization experiments of a washable and reusable miniaturized device designed for DNA
purification from olive oil samples.
3.2.2.1 Device assembly and Experimental setup
Once assembled, the miniaturized device had a total of 9 mm in height and a diameter of 57
mm, with one inlet and one outlet channel, both with 1.5 mm x 2 mm x 15 mm (width x height x
length), which were connected to a chamber with a volume capacity of approximately 500 μL. The
chamber was designed to fit a commercial disposable glass microfiber filter with a diameter of 21
mm and thickness of 260 μm, which was used as the solid phase for DNA capture. The prototype,
fabricated on PMMA, was designed so that the sample entered through the top, was distributed
equality over the membrane and flowed through the membrane towards the outlet, at the bottom.
For device assembly, two O-rings and one seal, with 1 mm thickness, were fabricated in PDMS for
single use. One of the O-rings was placed under the silica membrane and the other was placed over
it, while the seal was used to cover the region around the membrane, including the inlet and outlet
channels to avoid leakages, as illustrated in Figure 3-1.
PDMS was prepared on a 10:1 ratio (PDMS polymer:crosslinker) and thoroughly mixed. Then,
the mixture was centrifuged for 6 min at 4400 rpm. The liquid PDMS was poured into the O-ring
and seal molds, placed in a plastic vacuum desiccator to remove the air bubbles for approximately
30 min and then cured at 65 °C for 1h. The device is washable and reusable, being assembled before
each experiment with a new disposable silica membrane, new tubing, new O-rings, and seal, and
being washed with ethanol and Milli-Q water after each experiment. For the experiments, the
prototype was connected to a syringe pump (Pump systems Inc. NE-1800) with a constant flow
rate for each step of DNA purification. In each step, samples were collected for DNA
quantification, being the experimental set-up illustrated in Figure 3-2.
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Figure 3-1. Washable and reusable prototype for DNA purification: a) 3D design and assembly structure; b) Assembled
device with dye solution.

Figure 3-2. Experimental set up for the DNA purification experiments.

3.2.2.2 Optimization of DNA purification protocol
The optimization experiments for the DNA purification protocol were performed in a previous
work using a standard DNA solution of LMW salmon sperm DNA with an initial concentration of
50 ng μL-1. This standard DNA was selected for being more similar to DNA obtained from food
samples, particularly in samples like oil characterized for being complex matrixes with minute
DNA content and frequently fragmented. Several DNA purification protocols were tested and
optimized regarding buffer composition, applicability for automation on a miniaturized setting and
collected volumes for higher DNA yield, as described in detail by Carvalho et al. (2018) [370].
For each protocol tested, samples were collected in each step of DNA purification and quantified
to analyze and compare the performance for the different protocols. Considering the limitations
found for DNA quantification of fragmented DNA using this method [371], finding the
mathematical model that best fitted the data was a critical step for a more accurate DNA
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quantification. The mathematical model selected in this work was implemented for quantification
of the samples measured in the optimization experiments, using the fluorescence (RFU) data
previously acquired. For this type of DNA, the weighted least-squares regression was the model
used for the estimation of the DNA content in the analyzed samples. The optimized DNA
purification protocol, achieved using this quantification approach, is described in Table 3-2, as
well as the composition of the buffers used. In short, the protocol started with a conditioning step
by passing the binding buffer through the device to get the silica membrane to the right conditions
for the binding. Then, the binding step consisted in introducing the LMW salmon sperm DNA
sample, mixed with the binding buffer, in the device for DNA capture, followed by a washing step
to remove unbound DNA and/or contaminants. Finally, buffer TE was used in the elution step to
change the conditions of the silica membrane and recover the DNA previously bound.
Table 3-2. Optimized DNA purification protocol used in the miniaturized device for LMW salmon sperm DNA, and
respective buffer composition.
OPTIMIZED DNA PURIFICATION PROTOCOL
Membrane Pre-treatment:
BINDING
STEP

Flow rate:
Buffer:
Volume of Buffer:
No. samples collected:
Flow rate:

WASHING
STEP

Buffer:
Volume of Buffer:
No. samples collected:
Flow rate:
Buffer:

ELUTION
STEP

Incubation time:
Temperature:
Volume of Buffer:
No. samples collected:

Passing Binding Buffer through the device
10 μL min-1
Binding Buffer (0.25 M Glycine, 400 mM KCl, pH 5) mixed with
LMW salmon sperm DNA, volume ratio 1:1 (final conc. 50 ng μL-1)
1000 μL
4 (250 μl each)
20 μL min-1
Binding Buffer (0.25 M Glycine, 400 mM KCl, pH 5)
1000 μL
2 (500 μL each)
10 μL min-1
Elution Buffer TE (10 mM Tris-HCl, 1 mM EDTA)
Extra 5 minutes per sample
65 °C
2000 μL
4 (500 μL each)

3.2.2.3 DNA purification from olive oil samples using the miniaturized device
In the present work, the optimized DNA purification protocol was adapted for olive oil
samples. However, prior to DNA purification, a pre-treatment step was required for these samples
to separate the aqueous phase, in which the DNA is present, from the oily phase.
The pre-treatment step, illustrated in Figure 3-3, was based on a protocol described for
soybean oil [372] with some modifications, namely an initial volume of 50 mL of each oil divided
in two tubes with 25 mL, followed by a first preconcentration step by centrifugation at 257300 g
for 1h at 4 °C using Optima XE-100 Ultracentrifuge (Beckman Coulter, Brea, California, USA),
from which the pellet was transferred to 2 mL tubes for a second pre-concentration step by
centrifugation at 21380 g for 1h at 4 °C using Mikro 200R (Andreas Hettich GmbH & Co. KG,
Tuttlingen, Germany). After removing the supernatant, the lysis step was performed using 1 mL of
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buffer CF and 20 μL of Proteinase K (10 μg μL-1), with an incubation at 65 °C for 1.5 h and
continuous agitation at 1400 rpm. The lysate was then centrifuged at 21380 g for 10 min at 4 °C to
separate the aqueous phase from the oily phase (supernatant).

Figure 3-3. Schematic representation of the pre-treatment step for olive oil samples.

The aqueous phase was then used for the DNA purification step, which was performed in
parallel on the miniaturized device and with the commercial kit NucleoSpin® Food for comparison
purposes. Considering the complexity of the olive oil samples, the DNA purification protocol used
in the miniaturized device was adapted by increasing the volume of washing buffer to 1500 μL,
being collected three samples in this step for quantification. The DNA purification protocols used
with the commercial kit and the miniaturized device for the olive oil samples are summarized in
Table 3-3. These experiments were performed in duplicates using EVOO samples, spiked and nonspiked.
3.2.2.4 DNA quantification
For the optimization of the DNA purification protocol, the samples collected in each step of
the different protocols tested were quantified using the Quant-iT TM PicoGreen® dsDNA Assay kit
in conjunction with NanoDrop 3300.
For olive oil samples, total DNA quantification was performed using the NanoDrop 2000,
which not only allows DNA quantification using a low volume of sample (2 μL per measurement)
but also estimates DNA purity through determination of the absorbance ratios A260/A280 and
A260/A230. A DNA sample is generally accepted as “pure” for A260/A280 ratios of ∼1.8. Lower
ratios indicate protein contamination. The A260/A230 ratio for “pure” DNA samples is commonly
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in the range of 1.8-2.2 and it is a secondary measure of nucleic acid purity, indicating the presence
of other contaminants, such as organic compounds or chaotropic salts [373,374].
Table 3-3. Description of DNA purification protocols for the commercial kit NucleoSpin® Food and the miniaturized
device after pre-treatment of the olive oil samples.
PROTOCOL

MINIATURIZED DEVICE
Membrane
Pre-treatment:

BINDING
STEP

Flowrate:
Buffer:

Volume of Buffer:
No. samples collected:

Passing BB through
the device
10 μL min-1
BB mixed with pretreated
sample
(∼500 μL) in a
volume ratio 1:1
1000 μL
4 (250 μl each)

NUCLEOSPIN® FOOD KIT
Buffer:

Centrifugation:
No. samples collected:

Wash
I
(2x)

Buffer:
Volume of
Buffer:
Centrifugation:
No. samples
collected:

Flowrate:
WASHING
STEP

Buffer:
Volume of Buffer:
No. samples collected:

20 μL min-1
BB
1500 μL

Wash
II
(2x)

Buffer:
Volume of
Buffer:
Centrifugation:
No. samples
collected:

3 (500 μL each)

Wash
III
(2x)

Buffer:
Volume of
Buffer:
Centrifugation:
No. samples
collected:

Flowrate:
Buffer:
Incubation time:
ELUTION
STEP

Temperature:
Volume of Buffer:
No. samples collected:

10 μL min-1
EB
Extra 5 minutes per
sample
65 oC
2000 μL
4 samples
(500 μL each)

(4x)

Buffer:
Volume of
Buffer:
Buffer
Temperature:
Incubation
Time:
Centrifugation:
No. samples
collected:

Pre-treated sample (∼500
μL) mixed with same
volume of buffer C4 and
0.6 vol parts of ethanol
13,000 g for 1 min
Flow-through discarded

CQW
400 μL each time
11,000 g for 1 min
Flow-through discarded
C5
700 μL each time
11,000 g for 1 min
Flow-through discarded
C5
200 μL each time
11,000 g for 1 min (2min
for the second time)
Flow-through discarded
CE
200 μL (50 μL each time)
70 oC
5 min (Room
Temperature)
15,000 g for 2 min
4 (50μL each)
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3.3 P3: EVALUATION OF SSR-BASED AND SNP-BASED METHODS IN OLIVE VARIETIES FROM THE
NORTHWEST OF SPAIN AND POTENTIAL FOR MINIATURIZATION
3.3.1

Samples and Reagents

A total of 9 samples of Olea europaea were included in this study, which comprised 7 leaf
samples and 2 samples from fruit. Leaves were collected from different trees belonging to three
varieties: ‘Brava’ (3 trees), ‘Mansa de Figueiredo’ (3 trees), and ‘Arbequina’ (1 tree), including 3
samples from ‘Brava’, 3 from ‘Mansa de Figueiredo’ and 1 from ‘Arbequina’. Regarding fruits, 1
sample of ‘Brava’ and 1 sample of ‘Mansa de Figueiredo’ were included. The plant material was
previously located, characterized and authenticated by Reboredo-Rodríguez et al. [242]. Detailed
information about the samples analyzed in this work is provided in Table 3-4.
All reagents used for buffer preparation, including cetyltrimethyl ammonium bromide
(CTAB), sodium chloride (NaCl), (Ethylenedinitrilo)tetraacetic acid (EDTA), Tris-Base, Tris-HCl,
polyvinylpyrrolidone (PVP- 40), β- mercaptoethanol, ethanol, and chloroform-isoamyl alcohol
(24:1) were purchased from Sigma-Aldrich® (Darmstadt, Germany). Solutions were prepared with
DNAse, RNAse-free deionized (DI) water obtained with Milli-Q® system from Merk KGaA
(Darmstadt, Germany).
Table 3-4. List of olive variety samples analyzed in this work.
Variety Name

Plant Tissue

Number of
Samples

Brava

Leaves

3

Mansa de Figueiredo

Leaves

3

Arbequina

Leaves

1

Brava

Fruit

1

Mansa de Figueiredo

Fruit

1

Source*

University of Vigo
(Department of Analytical &
Food Chemistry)

* Plant material was provided by the Department of Analytical & Food Chemistry from University of Vigo.

3.3.2

DNA extraction and purification

Fresh leaves and fruit samples were homogenized by pestle and mortar in the presence of liquid
nitrogen. In the case of leaf samples, three different DNA extraction and purification protocols
were used for comparison purposes, including two commercial kits (NucleoSpin® Food kit and
NucleoSpin® Plant kit) and a precipitation method using CTAB buffer. DNA extraction and
purification methods were selected for being previously reported as providing high DNA yield
from olive oil and other vegetal samples [246]. For fruit samples, DNA extraction was performed
using both commercial kits only.
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3.3.2.1 Commercial NucleoSpin® Food kit
NucleoSpin® Food kit (Macherey-Nagel, Düren, Germany) was used according to the supplier
specifications with the following modifications in two of the steps. In the lysis step, 200 mg of
homogenized sample were mixed with 550 µL of buffer CF (preheated at 65 °C) and 10 µL of
Proteinase K (10 mg mL-1), and incubated for 30 min at 65 °C with constant agitation at 1200 rpm.
Then, a second incubation with 10 µL of RNAse A (10 mg mL-1) was performed for 30 min at
room temperature, followed by centrifugation for 10 min at 11000 g. In the elution step, DNA
elution was done in two steps, adding 50 µL of Buffer CE (preheated at 70 °C) each time.
3.3.2.2 Commercial NucleoSpin® Plant kit
NucleoSpin® Plant kit (Macherey-Nagel, Düren, Germany) was used following the supplier
specifications with few modifications. In the lysis step, 100 mg of homogenized sample were mixed
with 400 µL of buffer PL1 and 10 µL of RNAse A (10 mg mL-1), and incubated for 30 min at 65
°C with continuous agitation at 1200 rpm. A second incubation with 10 µL of Proteinase K (10 mg
mL-1) was performed in the same conditions. After lysis, the crude lysate was first centrifuged for
10 min at 11000 g, and the precleared supernatant was then filtered using NucleoSpin® Filters as
described in the original protocol. The remaining steps were performed as described in the protocol
provided with the kit.
3.3.2.3 Precipitation method using CTAB
The protocol used for DNA extraction by precipitation with CTAB was adapted from De la
Rosa et al. [375]. A total of 0.8 mL of CTAB buffer pH 8 (2 % (w/v) CTAB, 1.4 mM NaCl, 20
mM EDTA, 100 mM Tris, 2 % (w/v) PVP 40 and 1 % (v/v) β- mercaptoethanol), pre-heated at 65
°C, and 10 µL of RNAse A (10 mg mL-1) were added to 100 mg of homogenized sample, and
incubated for 30 min at 65 °C with continuous agitation (1200 rpm). The lysate was centrifuged for
10 min at 13000 g and the supernatant was then mixed by gentle inversion with an equal volume
of chloroform-isoamyl alcohol (24:1), followed by a second centrifugation for 10 min at 13000 g.
The volume of aqueous phase was collected and mixed with 0.75 volumes of cold isopropanol
(stored overnight at -20 °C). This mixture was left to incubate overnight at -20 °C. After incubation,
a centrifugation for 10 min at 13000 g and 4 °C was performed to obtain a pellet, which was washed
with 200 µl of ethanol 70 % (v/v) for 10 min at 4 °C with continuous agitation (500 rpm). The
excess of ethanol was removed, and the pellet was left to dry for 30 min at 37 °C. Finally, the dried
pellet was resuspended in 50 µL of TE buffer (10 mM Tris-HCl, 1 mM EDTA).
3.3.3

SSR-based Analysis

SSR analysis was performed by end-point PCR, followed by amplicon size determination by
gel electrophoresis and chip-based capillary electrophoresis.
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3.3.3.1 SSR marker selection
A total of 14 SSR markers were analyzed, including UDO99-011, UDO99-019, UDO99-024,
UDO99-043, ssrOeUA-DCA3, ssrOeUA-DCA9, ssrOeUA-DCA11, ssrOeUA-DCA15, ssrOeUADCA16, ssrOeUA-DCA18, GAPU59, GAPU71B, GAPU101, and GAPU103A. The primers used
for microsatellites prefixed as UDO99, ssrOeUA-DCA, and GAPU were as reported by Cipriani
et al. [376], Sefc et al. [377], and Carriero et al. [378], respectively. These markers have been
described as very efficient for olive cultivar identification studies [242,247,379]. The list of primers
used for SSR analysis is described in Table 3-5.
3.3.3.2 End-point PCR
Amplification was carried out in Veriti 96-well Thermal Cycler (Applied Biosystems™, Foster
City, CA, USA) and the thermal profile included an initial denaturation step at 95 °C for 5 min,
followed by 35 cycles of dissociation at 95 °C for 20 s, annealing for 30 s and extension at 72 °C
for 30 s. Final extension step was performed at 72 °C for 8 min. Annealing temperature and primer
concentration were optimized for each set of primers, being the optimal conditions described in
Table 3-5. The final reaction volume was 20 µL, with 2 µL of template DNA, 1x PCR buffer
(Biotools B&M Labs S.A., Madrid, Spain), 1.5 mM MgCl2 (Biotools B&M Labs S.A., Madrid,
Spain), 200 μM dNTPs (Thermo Fisher Scientific Inc., Waltham, MA, USA), and 0.025 U μL -1
Taq polymerase (Biotools B&M Labs S.A., Madrid, Spain). The remaining volume was completed
with DNAse, RNAse free water.
3.3.3.3 Evaluation of SSR markers
Two methods were used for fragment separation and amplicon size measurement. The first
one was agarose gel electrophoresis, which was used to easily confirm the success of the
amplification reaction and to determine the fragment sizes, in particular for the SSR markers with
larger base pair differences. Gel electrophoresis was performed using 2 % (w/v) agarose gel,
prepared with 100 mL of sodium borate (SB) buffer and 5 µL of GreenSafe Premium dye for
staining (NZYtech Lda, Lisbon, Portugal). Gel loading was done using 6x NZYDNA loading dye
(NZYtech Lda, Lisbon, Portugal) mixed with the samples in a total volume of 6 µL. The ladder
used for amplicon size reference was NZYDNA Ladder VI (NZYtech Lda, Lisbon, Portugal). The
gel was run in SB buffer at 125 V for 1h30 using Midi 13 horizontal gel electrophoresis system
(VWR International LLC, Lutterworth, UK), and gel imaging was obtained using Gel Doc EZ
System (Bio-Rad Laboratories Inc., Hercules, CA, USA). The second method tested was a chipbased capillary electrophoresis, which was used to evaluate the performance of a miniaturized
system for amplicon size determination. This method was performed with the 2100 Bioanalyzer
system (Agilent technologies Inc., Santa Clara, CA, USA) and the Agilent DNA 1000 Kit (Agilent
technologies Inc., Santa Clara, CA, USA) according to manufacturer’s instructions. Fragment sizes
were determined using the 2100 Expert Software (Agilent technologies Inc., Santa Clara, CA,
USA). Results of SSR analysis with both methods were then compared with the previous study
performed by Reboredo-Rodríguez et al. [242] for the genotypic characterization of ‘Brava’ and
‘Mansa de Figueiredo’, which used an automatic capillary sequencer and fluorescently-labelled
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primers. This method was performed for the pure varieties tested using DNA extracts obtained
from leaves with the commercial NucleoSpin® Plant kit. For comparison purposes, some of the
markers were also tested using DNA extracts obtained from leaves with the commercial
NucleoSpin® Food kit and the precipitation method with CTAB.
Table 3-5. List of primers and respective annealing temperature and primer concentration used for SSR-based
analysis.
PCR Conditions
Annealing
Primer
Locus
Primer Sequence (5’ → 3’)
Reference
Temperature
Concentration
(°C)
(nM)
F: TGACTCCCTTTAAACTCATCAGG
UDO99–011
52
200
R: TGCGCATGTAGATGTGAATATG
F: TCCCTTGTAGCCTCGTCTTG
UDO99–019
52
200
R: GGCCTGATCATCGATACCTC
[376]
F: GGATTTATTAAAAGCAAAACATACAAA
UDO99-024
50
200
R: CAATAACAAATGAGCATGATAAGACA
F: TCGGCTTTACAACCCATTTC
UDO99-043
52
200
R: TGCCAATTATGGGGCTAACT
F: CCCTGCTTTGGTCTTGCTAA
GAPU59
55
200
R: CAAAGGTGCACTTTCTCTCG
F: GATCAAAGGAAGAAGGGGATAAA
GAPU71B
58
200
R: ACAACAAATCCGTACGCTTG
[378]
F: CATGAAAGGAGGGGGACATA
GAPU101
52
400
R: GGCACTTGTTGTGCAGATTG
F: TGAATTTAACTTTAAACCCACACA
GAPU103 A
52
200
R: GCATCGCTCGATTTTTATCC
F: CCCAAGCGGAGGTGTATATTGTTAC
ssrOeUA-DCA3
65
200
R: TGCTTTTGTCGTGTTTGAGATGTTG
F: AATCAAAGTCTTCCTTCTCATTTCG
ssrOeUA-DCA9
57
200
R: GATCCTTCCAAAAGTATAACCTCTC
F: GATCAAACTACTGCACGAGAGAG
ssrOeUA-DCA11
52
200
R: TTGTCTCAGTGAACCCTTAAACC
[377]
F: GATCTTGTCTGTATATCCACAC
ssrOeUA-DCA15
52
200
R: TATACCTTTTCCATCTTGACGC
F: TTAGGTGGGATTCTGTAGATGGTTG
ssrOeUA-DCA16
50
200
R: TTTTAGGTGAGTTCATAGAATTAGC
F: AAGAAAGAAAAAGGCAGAATTAAGC
ssrOeUA-DCA18
52
200
R: GTTTTCGTCTCTCTACATAAGTGAC
F – Forward primer; R – Reverse primer

3.3.4

SNP-based Analysis

For SNP-based analysis, no previous studies were found in literature for ‘Brava’ and ‘Mansa
de Figueiredo’ varieties. Therefore, DNA sequencing was performed targeting two genes for SNP
identification in these varieties. Selected SNPs were then analyzed by two approaches: one based
on real-time allele-specific PCR and the other based on HRM analysis.
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3.3.4.1 Target genes and PCR amplification
Genes OEX (cycloartenol synthase) and OEW (lupeol synthase), which have been previously
used for olive cultivar discrimination [256,257,380,381], were targeted for SNP identification in
‘Mansa de Figueiredo’, ‘Brava’ and ‘Arbequina’ varieties. Two different sets of primers were
selected from literature for amplification of partial genomic fragments of each target gene, as
detailed in Table 3-6. In this step, DNA extracts obtained from leaves using NucleoSpin® Food
kit were amplified by PCR. Amplification was carried out in Veriti 96-well Thermal Cycler
(Applied Biosystems™, Foster City, CA, USA) with the following thermal profile: initial
denaturation step at 94 °C for 2 min, followed by 40 cycles of dissociation at 94 °C for 15 s,
annealing at 60 °C for 15 s and extension at 68 °C for 15 s. Each reaction was performed in a final
volume of 20 µL, with 2 µL of template and 10 µL of 2x Invitrogen Platinum II Taq Hot-Start PCR
Master Mix (Thermo Fisher Scientific Inc., Waltham, MA, USA). The reaction was optimized
attending to primer concentration, being the optimal conditions for each set of primers described
in Table 3-6. The remaining volume was completed with DNAse, RNAse free water. Quality and
size of PCR products was verified by agarose gel electrophoresis and chip-based capillary
electrophoresis using the 2100 Bioanalyzer system with the Agilent DNA 1000 Kit. DNA
quantification and PCR product purification using NucleoSpin® Gel and PCR Clean-Up kit
(Macherey-Nagel, Düren, Germany) were performed before sequencing.
Table 3-6. List of primers selected for amplification of partial genomic fragments from lupeol synthase and
cycloartenol synthase genes.
Target
Gene
OEW
(Lupeol
Synthase)
OEX
(Cycloartenol
Synthase)

PCR conditions
Primer

Primer sequence (5’→3’)

Lup1-F
Lup1-R
Lup2-F
Lup2-R
Cyc1-F
Cyc1-R
Cyc2-F
Cyc2-R

GGAGCATGTTCATTATGAGG
AAAATAACCTGCATTTTCAGG
CTAACTCGATGGCCGTTTTCTAA
GCAACTCAAATGAATGAATCATGAT
GCCCATTTCAGATTGCAC
GGGATTCTCAGGTCAGGA
TGTTGGTGAACCACTGGATG
CAGCAACAAAATCCAGGAAG

Reference

Primer Concentration
(nM)

[381]

200

[257]

125

[381]

140

[257]

200

F – Forward primer; R – Reverse primer

3.3.4.2 DNA sequencing
Purified PCR products were sent to Macrogen (Macrogen Inc., Seoul, South Korea) for Sanger
sequencing. Bidirectional sequencing was performed by using the respective forward and reverse
PCR primers to sequence both strands for each sample, reducing sequencing errors. In addition,
each sample was sequenced at least twice, making it a minimum of 4 sequences per sample for
each set of primers. Two different sets of primers were used for each target gene: primers Cyc1
and Cyc2 for cycloartenol synthase, and primers Lup1 and Lup2 for lupeol synthase. Consequently,
at least 8 partial sequences were obtained per sample for each target gene, making a total of at least
56 partial sequences per target gene considering all the samples sequenced. In addition to Sanger
sequencing, PCR products targeting cycloartenol synthase gene obtained with primers Cyc1
(longest fragment) were also sequenced with MinION (Oxford Nanopore Technologies, Oxford
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Science Park, UK) using the Rapid Barcoding sequencing kit, obtaining more than 7000 reads per
sample.
3.3.4.3 SNP identification
After Sanger sequencing, sequences were filtered regarding base call quality, and aligned using
Geneious Prime software Version 2019.2.3 (Biomatters Ltd., Auckland, New Zealand) to generate
the consensus partial sequence of each target gene for each sample. Regarding MinION
sequencing, the vast number of reads obtained for each sample was first filtered by size, according
to the expected size of the PCR product obtained. The filtered reads were then aligned to obtain
the consensus sequences of each sample by performing the Multiple Alignment using Fast Fourier
Transform (MAFFT) alignment in Geneious Prime. Consensus sequences obtained for ‘Brava’,
‘Mansa de Figueiredo’ and ‘Arbequina’ samples with both sequencing methods were compared.
The consensus sequences obtained for each sample were then aligned with sequences of other olive
varieties available in GenBank database [382] for the same target genes. For OEW gene (lupeol
synthase), there were 8 sequences of olive varieties available in GenBank, including 5 varieties
from Italy (‘Caiazzana’, ‘Cassanese’, ‘Dolce’, ‘Mignola’, and ‘Ottobratica’), 2 from Greece
(‘Kerkyras’, ‘Mastoidis’), and 1 from Spain (‘Picual’). For OEX gene (cycloartenol synthase), only
1 sequence was available, namely an olive variety from Portugal (‘Cordovil de Serpa’). After the
respective alignments, SNP identification was performed for each target gene using Geneious
Prime tools. A list of the olive varieties and samples included in the alignments, with the respective
GenBank accession numbers, is described in Table 3-7. A total of 5 SNP positions were then
selected for the SNP genotyping experiments performed in this study.
Table 3-7. List of olive varieties included in the alignments for SNP discovery, including country of origin and
respective GenBank accession numbers.
Olive Varieties for
Target Gene
Country
GenBank Accession number
sequence alignment
Brava*
Spain
MW033194
Mansa de Figueiredo*
Spain
MW033195
Arbequina*
Spain
MW033193
Mastoidis
Greece
JN656241.1
OEW
Mignola
Italy
JN656235.1
(Lupeol
Ottobratica
Italy
JN656237.1
Synthase)
Picual
Spain
AY847066.1
Caiazzana
Italy
JN656238.1
Cassanese
Italy
JN656236.1
Dolce
Italy
JN656239.1
Kerkyras
Greece
JN656240.1
Brava*
Spain
MW033197
OEX
Mansa de Figueiredo*
Spain
MW033198
(Cycloartenol
Arbequina*
Spain
MW033196
Synthase)
Cordovil de Serpa
Portugal
AY847065.1
*Sequences obtained in this work (submitted to GenBank database).

77

JOANA CARVALHO

3.3.4.4 Real-time allele-specific PCR method
Primers for real-time allele-specific amplification were designed targeting the 5 SNPs selected
for cycloartenol synthase gene (SNP1-SNP5). A total of 3 primers were designed for each SNP
position, including 2 forward primers, each one specifically targeting one of the alleles, and 1
reverse primer, common to both alleles. Forward primers were designed to include the target SNP
site at the 3’ end, and an extra mismatch at the antepenultimate nucleotide (3rd to the terminal) to
improve allele discrimination, by inhibiting or significantly delaying amplification, when
mismatch at the SNP site is observed. This position has been reported as the best to place the
additional mismatch base in, allowing higher polymorphic percentages [383,384]. The list of
primers designed for the selected SNPs is described in Table 3-8. For each sample, 2 PCR reactions
were performed for genotyping of each SNP position, using the primer sets that target each allele
separately. Primers designed only including the target SNP site at the 3’ end (without an extra
mismatch) did not significantly affect the amplification efficiency when the mismatch at the SNP
site was observed (data not shown). Amplification was carried out in QuantStudio™ 5 Real-time
PCR System (Applied Biosystems™, Foster City, CA, USA) with QuantStudio™ Design &
Analysis Software v1.5.1. The final reaction volume was 20 µL, including 2 µL of template DNA
and 10 µL of PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific Inc., Waltham,
MA, USA). The concentration of primers used was 200 nM. The remaining volume was completed
with DNAse, RNAse free water. The thermal profile included an initial Uracil-DNA Glycosylase
(UDG) treatment at 50 °C for 2 min and a hot start polymerase activation at 95 °C for 2 min,
followed by 40 cycles of dissociation at 95 °C for 15 s and annealing-extension at 60 °C for 1 min.
A melt curve step was included after the qPCR amplification, consisting of heating up to 95 °C for
15 s, cooling down to 60 °C for 1min, and heating up again to 95 °C for 15 s, acquiring fluorescence
every 0.3 °C. All samples were analyzed in duplicates and a non-template control (NTC) was
always included.
3.3.4.5 HRM method
Primers for high resolution melting analysis were also designed targeting the same 5 SNPs
selected for cycloartenol synthase gene (SNP1-SNP5). In this case, primers were designed targeting
conserved regions flanking the target SNP position. Considering that CYC-SNP3, CYC-SNP4, and
CYC-SNP5 were relatively close to each other, only one set of primers was designed for this group
of SNPs. With this in mind, a total of 3 different sets of primers were designed for HRM analysis,
targeting CYC-SNP1, CYC-SNP2, and CYC-SNP3-5, respectively. The detailed list of primers
designed for this SNP genotyping approach is described in Table 3-8. PCR amplification was
carried out in StepOne Plus™ Real-Time PCR system (Applied Biosystems™, Foster City, CA,
USA) with StepOne™ Softwarev2.2.2. Duplicates of each sample were amplified in a final reaction
volume of 20 µL, including 2 µL of template DNA and 10 µL of MeltDoctor™ HRM Master Mix
(Thermo Fisher Scientific Inc., Waltham, MA, USA). The primer concentration was 300 nM, and
the remaining volume was completed with DNAse, RNAse free water. The thermal profile included
an initial step at 95 °C for 10 min, followed by 40 cycles of dissociation at 95 °C for 15 s, and
annealing-extension at 60 °C for 1 min. The melting curve was obtained in continuous by heating
up to 95 °C for 15 s, cooling down to 60 °C for 1 min, heating up again to 95 °C for 15 s, acquiring
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fluorescence every 0.3 °C, and cooling down once more to 60 °C for 15 s. High Resolution Melt
Software v3.0.1 (Applied Biosystems™, Foster City, CA, USA) was used to analyze the data.
Table 3-8. List of primers designed for
methods.
Genotyping Target
Primer
Method
SNP
SNP1_a1_F
CYCSNP1_a2_F
SNP1
SNP1_a_R
SNP2_a1_F
CYCSNP2_a2_F
SNP2
SNP2_a_R
Real-time
SNP3_a1_F
Allele
CYCSNP3_a2_F
Specific
SNP3
SNP3_a_R
PCR
SNP4_a1_F
CYCSNP4_a2_F
SNP4
SNP4_a_R
SNP5_a1_F
CYCSNP5_a2_F
SNP5
SNP5_a_R
CYCSNP1_F
SNP1
SNP1_R
High
CYCSNP2_F
Resolution
SNP2
SNP2_R
Melting
CYCSNP3-5_F
SNP3-5 SNP3-5_R

SNP genotyping by real-time allele-specific PCR and high resolution melting
Primer Sequence (5’→3’) *
ACTGGATGCCAGGCGATTGGAT
ACTGGATGCCAGGCGATTGGAC
GCTACAGCAACAAAATCCAGGA
TCCTGGATTTTGTTGCTGTAGCTTA
TCCTGGATTTTGTTGCTGTAGCTTC
TGTCCTGTAAGATGCTTATTTTTGA
AATTTAGCAGAAAATGATAGGTTAA
AATTTAGCAGAAAATGATAGGTTAG
GTAAGCCCAGTACTATCGCAAGA
CTTGAGACGTGTTAGATTGAATGG
CTTGAGACGTGTTAGATTGAATGA
CAGTACTATCGCAAGATTTTCTC
AAGGATAACTGGATATTGTAA
AAGGATAACTGGATATTGTAC
CCAGTACTATCGCAAGATTT
ACTGGATGCCAGGCGATTG
CATCACAATGTAATGTATTACAACCA
GAAAGGGATAATTTTACAGAATTGG
TCACCTATCATTTTCTGCTAAATTTCA
TTTAGCAGAAAATGATAGGTGA
AATTCTTCCAAAGCATTATTATCGA

Mismatch [383]

Amplicon
size (bp)

3’: TG
Extra: AG

231

3’: GA
Extra: TT

212

3’: CA
Extra: CT

226

3’: GT
Extra: TT

186

3’: GA
Extra: CT

167

-

105

-

139

-

124

* Nucleotides marked in bold represent the extra mismatch added to the allele-specific primers; Underlined nucleotides
represent the SNP position in allele-specific primers.

3.3.4.6 Evaluation of SNP-based methods
For SNP genotyping by real-time allele-specific PCR, result evaluation was performed by
comparison of the amplification results obtained for each sample using the two allele-specific
primer sets designed for each SNP position. For instance, for a particular SNP position, varieties
in which both allele variants are present (heterozygous) are expected to have similar amplification
for both PCR reactions. On the other hand, varieties in which only one of the allele variants is
present (homozygous) are expected to have amplification for that allele variant only, and no
amplification (or a significant delay) for the other target allele. With this in mind, it was possible
to verify which alleles were present at a particular SNP position for each variety. Combining the
information obtained in each SNP position, it was possible to define the profile expected for the
pure varieties tested. For HRM, analysis was performed using the same set of primers to amplify
both alleles, and any variation was identified through the analysis of the melting curves for each
SNP position. Combining the information obtained from each set of primers also allowed to define
the profile expected for the pure varieties using this method. Both methods were tested for pure
varieties using DNA extracts obtained from leaves and fruits with NucleoSpin® Food and
NucleoSpin® Plant kits to evaluate the effect of the plant tissue and DNA extraction protocol on
the SNP genotyping results. In addition, mixtures of DNA extracts from the different varieties were
prepared in different proportions and tested using both genotyping methods to evaluate their
potential to distinguish pure from mixed samples.
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3.3.4.7 DNA quantification
After DNA extraction and purification, total DNA quantification and DNA purity based on
absorbance ratios A260/A280 and A260/A230 were determined for each sample using the
NanoDrop™ 2000c spectrophotometer (Thermo Scientific™, Waltham, MA, United States), as
described in subsection 3.2.2.4. PCR products targeting OEX and OEW genes from the ‘Brava’,
‘Mansa de Figueiredo’ and ‘Arbequina’ samples analyzed in this work were quantified using
Invitrogen™ Qubit™ 4 Fluorometer and the Qubit™ dsDNA High Sensitivity (HS) Assay Kit
(Thermo Scientific™, Waltham, MA, United States) before sequencing.
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3.4 P4: MINIATURIZATION OF ISOTHERMAL DNA AMPLIFICATION: PROOF-OF-CONCEPT FOR
DETECTION OF GLUTEN-CONTAINING CEREALS IN FOOD PRODUCTS BY LAMP AND RPA
3.4.1

Materials

Transparent PMMA plates used for mold fabrication were purchased from Prexicril (Braga,
Portugal). Tetrachloroauric acid (HAuCl4 3H2O), trisodium citrate dihydrate, 11mercaptoundecanoic acid (MUA), poly(ethylene glycol) methyl ether thiol (Mw = 2000 Da, PEG),
dimethyl sulfoxide (DMSO), sodium phosphate monobasic and sodium phosphate dibasic were
purchased from Sigma-Aldrich (Algés, Portugal). Magnesium sulfate and potassium
pyrophosphate were acquired from Acros Organics (Enzymatic S.A., Santo Antão do Tojal,
Portugal) and Alfa Aesar (Enzymatic S.A., Santo Antão do Tojal, Portugal), respectively. All
laboratory glassware used for the gold nanoparticle synthesis was washed with aqua regia and
Milli-Q® ultrapure (18.2 MΩ.cm, Merck, Madrid, Spain).
3.4.2

Miniaturized isothermal DNA amplification prototype
3.4.2.1 Design and fabrication

The prototype includes a Peltier module to keep the temperature constant, and a supporting
box with aluminum heat sinks and PMMA plates, as illustrated in Figure 3-4(a). Standard passive
heat sinks combined with the Peltier module were used to create a uniform temperature distribution
during the cooling and heating process. The prototype was designed to accommodate disposable
standard tubing, reducing the cost per analysis. A PMMA holder with milled channels was
fabricated to hold the tubes close to the aluminum plate, presenting different position options to
include tubes with different lengths. The length of the tubes depends on the respective diameters
and volume required for the reactions. The prototype was designed to accommodate volumes
ranging from 10 to 30 µL. The platform for the isothermal DNA amplification prototype was
fabricated in PMMA using a laser cutter, and included heating elements, temperature control, fan
for cooling, electrical wires, and a display.
3.4.2.2 Temperature control and software
A thermoelectric cooler (TEC) controller, TEC-1091 (Meerstetter Engineering GmbH,
Switzerland), was used for temperature control. This product is a small, highly efficient mono
channel driver for precise and intelligent temperature control, presenting a temperature
precision/stability of at least 0.01oC, and high current limit (4A), allowing fast temperature ramping
if required. Temperature was monitored by a precision platinum sensor, connected to the highperformance closed-loop Peltier controller. The device was connected to a DPY-1113 TEC status
display (Meerstetter Engineering GmbH, Switzerland), showing temperature and current
parameters, as illustrated in Figure 3-4(b). Parameters were fully configured using the TEC
Service Software (Meerstetter Engineering GmbH, Switzerland), which is a powerful tool that
allows monitoring, data logging and full configuration of the TEC-1091 via a standard USB
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connection from a PC running Windows. Once configured, the prototype does not require a
computer for operation, working as a stand-alone device.
3.4.2.3 Experimental setup
The experimental setup is illustrated in Figure 3-4(c). The isothermal DNA amplification
experiments were performed using standard silicone tubing (Instech laboratories, Inc., PA, USA)
with inner and outer diameters of 1.02 mm and 2.16 mm, respectively. Amplification reactions
were first prepared in 0.2 mL tubes and then transferred to the prototype tubing. The miniaturized
prototype is reusable and includes disposable tubing, therefore only the tubing needs to be replaced
to avoid cross contamination between samples. It is portable and does not require any additional
equipment to perform the isothermal DNA amplification reactions.
3.4.3

Samples

A total of 6 food products were purchased from local retail stores and analyzed by LAMP and
RPA methods for performance evaluation of the miniaturized prototype and comparison with
conventional equipment. These samples were analyzed as a proof-of-concept demonstration to
verify the feasibility and application potential of the prototype and its integrated heating system.
The list of samples analyzed is detailed in Table 3-9.

3.4.4

DNA extraction and purification

DNA extraction and purification from the samples was performed using the commercial
NucleoSpin® Food kit (Macherey-Nagel, Düren, Germany) according to the supplier
specifications with the modifications described by Garrido-Maestu et al. (2018) [292]. Briefly, 100
mg of homogenized sample were mixed with 700 μL of CF lysis buffer, preheated at 65 °C, and 10
μL of proteinase K (20 mg mL-1), and left to incubate at 65 °C for 1h with continuous agitation. A
second incubation step was done at 37 °C for 10 min after adding 4 μL of RNase A (10 mg mL-1).
Samples were then centrifuged at 18500 g for 10 min at 4 °C, and the supernatant was submitted to
a second centrifugation under the same conditions. The volume of the new supernatant was mixed
with equal volumes of C4 solution and 100 % ethanol, transferred to a spin column, and centrifuged
at 13000 g for 1 min at room temperature. The flowthrough was discarded and the spin column
was washed three times in the following order: 400 μL of CQW solution, 700 μL of C5 solution
and 200 μL of C5 solution, followed by a 1 min centrifugation step after the two first washes, and
a 2 min final centrifugation after the third one, performed at 13000 g and room temperature. Finally,
DNA elution was achieved by adding 100 μL of CE buffer at 70 °C, followed by 5 min incubation
at room temperature and centrifugation at 13000 g for 1 min at room temperature. All DNA
extractions were performed in duplicates.
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Figure 3-4. Miniaturized prototype for isothermal DNA amplification: a) Peltier module, supporting box with
aluminum heat sinks and PMMA plates; b) TEC controller and display; c) Tubing chamber and experimental setup.

Table 3-9. List of food samples analyzed and result comparison between the miniaturized prototype and traditional
equipment for LAMP and RPA methods.
LAMP
Sample

LoopAMP

RPA

Miniaturized Device

Thermocycler

Miniaturized Device

Wheat Flour

+

+

+

+

Pasta

+

+

+

+

Couscous

+

+

+

+

Corn Flour

-

-

-

-

Popcorn

-

-

-

-

Gluten-free
cookies

-

-

-

-

Samples were analyzed in duplicates for proof-of-concept of the miniaturized isothermal DNA amplification prototype and
comparison with conventional equipment.
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3.4.5

DNA quantification

After DNA extraction and purification, total DNA quantification was done using the
spectrophotometer NanoDrop™ 2000 (Thermo Scientific™, Waltham, MA, United States) for all
the DNA extracts obtained. DNA purity based on absorbance ratios A260/A280 and A260/A230
was also assessed using this equipment, as described in subsection 3.2.2.4.
3.4.6

Target gene and primers selection

The target gene selected for the isothermal DNA amplification experiments performed in this
work was α2-gliadin, which has been previously reported to provide good sensitivity for the
detection of wheat DNA and gluten-containing cereals in food products by real-time PCR and realtime LAMP [292,385]. The 33-mer peptide, encoded by a fragment of this gene, is responsible for
triggering the immune response associated with the celiac disease, being one of the most well
studied peptides related with this disorder [385]. The majority of the primers selected for this study
were reported by Garrido-Maestu et al. (2018) in a previous work from our group for the detection
of gluten-containing cereals in food products [292]. For DNA amplification by LAMP, the primers
selected were the ones previously designed for real-time LAMP, with the addition of one extra
primer (loop primer F), which was also designed and included in the current work. Loop primers
hybridize to the stem-loops and are used to accelerate the LAMP reaction [127]. For this purpose,
one or two loop primers (loop primer F and/or loop primer B) can be included in the LAMP primer
set. On the other hand, the amplification by RPA was performed using the primers previously
designed for real-time PCR. A detailed list of the primers used in this work is described in Table
3-10.
Table 3-10. List of primers selected for LAMP and RPA methods.
Amplification
Primer
Sequence (5’→3’)
Method
a2g-F3
GCCAAGCCATCCACAATGT
a2g-B3
LAMP

a2g-LF

CAACTGGAGCAATGGTGC
GGAAGGAGCCCTGGCCTGATCAACCGTTGAGCCAGGTCT
CAGGGCTCTGTCCAGCCTCATGCAGGTAGCGTCTCTAGC
TGTTGTTGAGGCTGTTGGAAG

a2g-F

CAGGGCTCTGTCCAGCCTCAAC

a2g-R

TGCCAACTGGAGCAATGGTGCAA

a2g-FIP
a2g-BIP

RPA

Reference

Garrido-Maestu et al. (2018)
[292]

Current work
Garrido-Maestu et al. (2018)
[292]

F3/B3: outer primers; FIP/BIP: inner primers; LF: loop primer; F: forward primer; R: reverse primer.
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3.4.7

LAMP
3.4.7.1 Detection by turbidity

LAMP reactions for turbidity-based detection were performed using an in-house master mix
prepared in a total volume of 25 µL per reaction, including a sample volume of 3 µL. Each reaction
was prepared with 2.5 µL of 10X Isothermal Amplification Buffer (New England BioLabs, Inc.,
Ipswich, Mass., USA), and a final concentration of 1.4 mM of dNTP mix (Thermo Fisher Scientific
Inc., Waltham, MA, USA), 0.32 U µL-1 of Bst 2.0 DNA Polymerase (New England BioLabs, Inc.),
and 5 % of DMSO (Sigma-Aldrich, Darmstadt, Germany). The concentration of primers used was
1600 nM of FIP/BIP and 200 nM of F3/B3. The effect of including primer LF in the LAMP reaction
was analyzed using a concentration of 200 nM. The remaining volume was completed with
DNAse-, RNAse-free water. For comparison purposes, reactions were performed in duplicates at
65 °C for 1h using the real-time turbidimeter LoopAMP LA-500 (Eiken chemical Co. Ltd, Japan)
and the miniaturized isothermal DNA amplification prototype in parallel.
3.4.7.2 Detection using PEG/MUA-AuNPs
Similarly to the reactions for turbidity-based detection, LAMP reactions combined with
AuNPs functionalized PEG and MUA were prepared in a final volume of 25 µL, including 3 µL
of sample volume. The reactions were performed in the conditions detailed above using the realtime turbidimeter LoopAMP and the miniaturized prototype in parallel. The only difference was
the addition of PEG/MUA-AuNPs to the master mix for a final particle concentration of 4.7 nM
per reaction. The remaining volume was completed with DNAse-, RNAse-free water.
3.4.7.2.1

Synthesis and functionalization of AuNPs

Gold nanoparticles with a diameter of 13 nm were prepared by the Turkevich method
[386,387]. Briefly, 12.5 mL of trisodium citrate ([Na3Cit] = 0.43 mM) were added in a single step
to 250 mL of a boiling aqueous gold salt solution ([Au] = 0.5 mM) under vigorous magnetic
stirring. Upon the addition of the trisodium citrate, the solution was kept under magnetic stirring
and boiling until the color changed from yellow to dark red. The heater was then turned off and the
dispersion was left under magnetic stirring for 15 minutes. After that, the dispersion was cooled
down to room temperature. The resulting dispersion was centrifuged for 90 minutes at 7000 g, redispersed in ultrapure water to reach a gold concentration of 6.1 mM (89.8 nM of particle
concentration) and stored at 4 °C until further use.
To produce functionalized AuNPs, 10 mM of PEG aqueous solution and 10 mM of MUA in
DMSO were prepared. The PEG solution was previously sonicated for 15 min. Both solutions were
added to 100 µL of 2 mM (29.4 nM) AuNPs buffered with 5 mM of sodium phosphate buffer (PB)
to provide 5 PEG molecules/nm2 and 2.5 MUA molecules/nm2. The mixture was left to react
overnight under shaking at room temperature. Purification of the (2.5MUA:5PEG)-AuNPs was
performed by centrifugation at 10200 g for 35 min and the functionalized particles were redispersed
in 100 µL of 5 mM of PB, being kept at 4 °C until further use.
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3.4.7.2.2

Characterization of AuNPs

Characterization of size and shape of AuNPs was performed by transmission electron
microscopy (TEM) using a JEOL 2100 200 kV TEM (Izasa Scientific, Carnaxide, Portugal). A
total of 10 μL of AuNPs dispersion was drop casted onto a 200 mesh carbon/formvar-coated copper
grid (Ted Pella, Monocomp, Madrid, Spain) for analysis. The Ultraviolet-Visible (UV-Vis)
extinction spectra of the AuNPs in water was acquired at room temperature with a Perkin-Elmer
LAMBDA 950 spectrophotometer (Scientific Laboratory Suppliers, Wilford, Nottingham, UK)
using a 10 mm path length quartz suprasil cuvette (Hellma Analytics). The hydrodynamic
diameters were measured by dynamic light scattering (DLS) at a scattering angle of 173° in water
using a SZ-100 device (Horiba ABX SAS, Amadora, Portugal). Characterization of AuNPs and
measurements of hydrodynamic diameters are described in Figure 3-5.

Figure 3-5. Characterization, hydrodynamic diameters and zeta potential values of AuNPs: a) TEM image of citratecoated AuNPs used as core in the preparation of the PEG/MUA-AuNPs and histogram of size distribution, showing
AuNPs with an average diameter of 11 nm and standard deviation (SD) of 2 nm (230 particles were measured); b) UVVis spectra of citrate-AuNPs (black spectrum) and (2.5MUA:5PEG)-AuNPs (red spectrum), showing that AuNPs are
colloidally stable after functionalization.
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3.4.8

RPA

Amplification by RPA was performed using the TwistAmp® Basic Kit (TwistDx, Cambridge,
UK), and the reactions were run in a final volume of 25 µL, with 2 µL of DNA sample. Each
reaction was prepared with a final primer concentration of 480 nM, and the rehydration buffer and
magnesium acetate provided with the kit were added in the proportions recommended by the
manufacturer. The remaining volume was completed with DNAse-, RNAse-free water. For
comparison purposes, reactions were performed in duplicates at 39 °C for 20 min using the Veriti
96-well Thermal Cycler (Applied Biosystems™, Foster City, CA, USA) and the miniaturized
isothermal DNA amplification prototype in parallel. After amplification, 2 µL of SYBRTM Green I
400X (Thermo Fisher Scientific Inc., Waltham, MA, USA) were added to each reaction for nakedeye color-based detection as well as for fluorescence detection using UV light. In addition,
amplification products were also confirmed by agarose gel electrophoresis.
3.4.9

Evaluation of limit of detection with pure DNA

The limit of detection was determined for both isothermal DNA amplification approaches
(LAMP and RPA) using the conventional equipment previously described and the miniaturized
prototype for performance comparison. For this purpose, ten-fold dilutions of wheat flour DNA
extract were prepared in Tris-EDTA 1X (100mM Tris-HCl, 1mM EDTA, pH 7.5), ranging from
180 ng µL-1 to 0.00180 ng µL-1. The reactions were run in duplicates for each dilution tested. In
addition, the results obtained regarding the limit of detection were also compared with the previous
study performed by our group for the detection of gluten-containing cereals in food products by
real-time LAMP and real-time PCR [292].
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3.5 P5: DEVELOPMENT AND OPTIMIZATION OF A DISPOSABLE MICROFLUIDIC DEVICE FOR DNA
PURIFICATION AND CONCENTRATION OF RIVER WATER SAMPLES FOR EARLY DETECTION OF
DREISSENA POLYMORPHA

3.5.1

Materials, reagents, and samples

Silicon wafers used for mold fabrication were purchased from Siegert Wafer GmbH (Aachen,
Germany). Device replicas were fabricated using Sylgard® 184 poly(dimethylsiloxane) silicone
elastomer kit from Dow (Midland, USA). Inlet and outlet ports were punched using a 1.5 mm
biopsy punch from Kai Medical (Kai Europe GmbH, Solingen, Germany). For device assembly,
microscope slides 76 mm x 26 mm x 1 mm (L x W x H) were acquired from Gerhard Menzel
GmbH (Brunswick, Germany), ethyl vinyl acetate (EVA) tubing 0.02" ID/ 0.06" OD was supplied
by McMaster-Carr (Douglasville, GA, USA), and 22 G blunt needle connectors were purchased
from Needlez (Hoyland, UK). For filtration of insoluble particles on chitosan solutions, a 5 µm
polyethersulfone (PES) syringe filter with diameter of 32 mm was purchased from PALL (Port
Washington, NY, USA).
For device functionalization, three types of chitosan with different molecular weights (MW),
and degrees of deacetylation (DD) were tested. These included low molecular weight chitosan
(MW 50-190 kDa; DD 75-85 %) and chitosan oligosaccharide lactate (MW ≤ 5 kDa; DD > 90 %)
from Sigma-Aldrich® (Darmstadt, Germany), and chitosan oligomer (MW ≤ 5 kDa; DD ≥ 75 %)
from Heppe Medical Chitosan GmbH (Halle (Saale), Germany). For DNA purification, λDNA
(48502 bp) and UltrapureTM salmon sperm DNA (≤ 2000 bp) were purchased from InvitrogenTM
(Carlsbad, CA, USA), while low molecular weight salmon sperm DNA (≤ 300 bp) was from
Sigma-Aldrich® (Darmstadt, Germany). All the other reagents used in this work (NaCl, KCl,
ethanol,
(3-Glycidyloxypropyl)trimethoxysilane
(GPTMS),
trichloro(1H,1H,2H,2Hperfluorooctyl)silane, acetic acid, 2-(N-Morpholino)ethanesulfonic acid (MES), Tris-Base, TrisHCl, and (Ethylenedinitrilo)tetraacetic acid (EDTA)) were also obtained from Sigma-Aldrich®
(Darmstadt, Germany). Solutions were prepared with DNAse, RNAse-free deionized water
obtained with Milli-Q® system from Merk KGaA (Darmstadt, Germany).
Samples from zebra mussels and river water containing zebra mussels were collected from La
Breña II Reservoir (Guadalquivir River, Córdoba, Spain) in collaboration with Confederación
Hidrográfica del Guadalquivir. Samples from contaminated water were stored at -20 °C until
further analysis with the miniaturized device
3.5.2

Device design and fabrication
3.5.2.1 Silicon masters design and fabrication

Eight microfluidic devices were designed using AutoCAD 2013 software comprising each a
chamber filled with thousands of micropillars for increased surface area, and varying on micropillar
diameter and spacing, as illustrated in Figure 3-6. In total, four micropillar diameters were
considered (20 μm, 30 μm, 40 μm and 50 μm) and, for each diameter, two different spacings
between pillars were selected (20 μm and 40 μm).
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Figure 3-6. CAD designs for the silicon masters with respective features and dimensions.

All masters were fabricated simultaneously in the cleanroom through photolithography and
etching techniques using a 200 mm silicon wafer. The fabrication process of the silicon masters is
illustrated in Figure 3-7 (steps 1-8). In short, the fabrication of the silicon masters started with a
2500 nm SiO2 coating by SPTS plasma enhanced chemical vapor deposition (SPTS CVD MPX,
Newport, RI, USA). The wafer was then coated with a 1035 nm AZ1505 positive photoresist and
patterned using a direct write laser (DWL 2000, Heidelberg, Germany). After development with
AZ400K, the exposed areas were removed. SPTS Advanced Plasma System (SPTS APS LPX,
Newport, RI, USA) was then used to etch the exposed SiO2 layer, followed by a plasma asher
process (PVA TEPLA, Wettenberg, Germany) to remove the remaining photoresist. After that, the
exposed silicon substrate was etched through deep reactive ion etching (SPTS Pegasus, Newport,
RI, USA) in steps of 2.5 min, measuring the trench depth after each step using optical profilometry
(OPM Hyperion, Ettlingen, Germany), until reaching 50 μm. To remove residues, an oxygen
plasma step was performed in the SPTS Pegasus, followed by hydrofluoric acid (HF) vapor etching
(SPTS Primaxx, Newport, RI, USA) to remove any remaining SiO2. Finally, the wafer was cut
using an automatic dicing saw (Disco DAD 3350, Tokyo, Japan) to separate the individual silicon
masters for each of the devices designed.
Masters were then rinsed with 2-propanol and deionized water, dried with a N2 gun, and
visually inspected using FEI Quanta scanning electron microscope (SEM) (Hillsboro, OR, USA),
as described in Figure 3-8.
After fabrication, topography characterization of the silicon masters was also done by scanning
white-light interferometry (Polytec MSA-500, Waldbronn, Germany) to measure the homogeneity
of the wafer and the depth of the features.
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Figure 3-7. Fabrication process done for the silicon masters in the cleanroom (1 – Silicon wafer; 2 – SiO2 coating; 3 –
Pattern design using direct write laser; 4 – SiO2 etching; 5 – Plasma Asher for photoresist AZ1505 removal; 6 – Deep
reactive ion etching of exposed silicon; 7 – HF Vapor etching for removal of SiO2; 8 – Fabricated silicon master).

Figure 3-8. SEM inspection of silicon master features: a) Fabricated silicon master before dicing; b) Feature
distribution in the micropillars region (1500x); c) Inlet/outlet region (250x); d) Detailed inspection of the features of
the master for micropillar fabrication (13000x).
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3.5.2.2 Device fabrication and experimental setup
Silicon masters were hydrophobized by coating them with a vapor phase
trichloro(1H,1H,2H,2H-perfluorooctyl) silane layer using a vacuum desiccator at 65 °C for 1 h.
After silanization, the silicon masters were rinsed with ethanol and dried with a N2 gun. Polymer
replicas were fabricated by standard soft lithography techniques. PDMS was prepared at a 10:1
mix ratio (w/w) of silicone elastomer base/curing agent, and thoroughly mixed. The polymer
mixture was centrifuged at 4400 rpm for 6 min to remove air bubbles, poured onto the silicon
masters, degassed in a vacuum desiccator, and cured in the oven at 65 °C for 2 h. After curing, the
PDMS replicas were cut, and inlet and outlet ports were punched using a 1.5 mm biopsy punch.
For surface activation, glass slides and PDMS replicas were treated for 2 min at medium RF power
in oxygen plasma (PDC-002-CE, Harrick Plasma Cleaner, USA). Finally, the active surfaces of
PDMS and glass were brought in contact to perform irreversible bonding and device inspection
was performed using bright field microscopy microscope (MA200, Nikon, Melville, NY, USA) to
ensure the quality of the bonding. EVA tubing and syringe connectors were then attached to the
inlet and outlet ports to complete device assembly. Figure 3-9(a) (Steps 1-5) illustrates the
fabrication process of the PDMS device, while photographs of the final bonded devices are
included in Figure 3-9(b).

Figure 3-9. Fabrication process of the microfluidic device: a) Fabrication process for the PDMS replicas after
hydrophobization of the masters (1 – Fabrication of PDMS slab by pouring it onto the hydrophobized silicon molds and
curing; 2 – PDMS slab; 3 – Punching of inlet and outlet ports; 4 – PDMS and Glass surface activation with O2 Plasma; 5
– Final replica after PDMS-Glass irreversible bonding); b) Final assembly of microfluidic device and bonding inspection
on microscope (20x).

For the experimental setup, the devices were connected to a multichannel syringe pump
(Harvard Apparatus PHD ULTRA™, Holliston, MA, USA) and the experiments were performed
in triplicates. In this setting, different buffers were flowed through the device to change the
conditions for controlled DNA capture and release, and several samples were collected at the
different steps of the several DNA purification protocols tested, as illustrated in Figure 3-10.
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Figure 3-10. Schematic representation of the experimental setup used for the microfluidic DNA purification and
concentration devices.

3.5.3

Device functionalization
3.5.3.1 Functionalization protocol

Following device fabrication and assembly, ethanol was flowed through the chamber to
increase wettability. Afterwards, the inner walls of the chamber and micropillars were
functionalized with chitosan, using GPTMS as a cross-linker between the PDMS surface and the
chitosan polymer.
Functionalization was performed using a flow rate of 20 μL min-1 by first flowing the GPTMS
solution for 30 min, followed by a 15 min rinse with ethanol to remove GPTMS excess. Chitosan
was then flowed through the chamber for 15 min and left for incubation. After chitosan, NaCl
aqueous solution was flowed through the system for 30 min to remove excess of chitosan. The
composition of solutions and buffers used for functionalization is detailed in Table 3-11.
Optimization of the functionalization protocol was focused on the effect of different types of
chitosan, chitosan concentration, and incubation time. The different protocols tested for
optimization of this step are described in Table 3-12. Three types of chitosan were tested using
protocols F1-1 to F1-3, including low molecular weight chitosan (MW 50-190 kDa; DD 75-85 %),
chitosan oligosaccharide lactate (MW ≤ 5 kDa; DD > 90 %), and chitosan oligomer (MW ≤ 5 kDa;
DD ≥ 75 %), respectively. In the case of low molecular weight chitosan, some insoluble chitosan
particles were observed on the microscope after flowing it through the device, therefore this
solution was filtered before use to avoid clogging issues in the microfluidic system. The effect of
chitosan concentration was explored by implementation of protocols F2-1 to F2-6. Concentrations
of 1 % (w/v) and 0.15 % (w/v) were tested for the first two types of chitosan, while concentrations
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of 1 % (w/v) and 2 % (w/v) were tested for the last one. Finally, the effect of chitosan incubation
time was analyzed using protocols F3-1 and F3-2, testing 1h and overnight incubations.
3.5.3.2 Control tests
Non-functionalized devices were used as controls to check if there was interaction of DNA
with the materials of the device or with other compounds used for the functionalization, and to
compare with the DNA purification profile of properly functionalized devices. With this in mind,
two control tests were performed. One without the functionalization step, starting directly with the
DNA purification protocol, and the other with all the functionalization steps but without chitosan.
3.5.3.3 Protocol evaluation
The effect of the functionalization parameters on the final DNA yield was evaluated by
collecting several samples for DNA quantification in each step of the DNA purification protocol.
Since this evaluation method was an indirect approach to analyze the functionalization step,
complementary tests were also performed before optimization. One of these tests was focused on
mimicking the basic functionalization protocol on a quartz crystal microbalance – QCM
(openQCM, Pompeii, Italy). In order to mimic the PDMS chemistry, the commercial openQCM
gold (Au) sensor was first coated with a 50 nm layer of SiO2 by SPTS PECVD, using a 5 nm layer
of titanium-tungsten (TiW) deposited by Timaris Flexible Target Module (FTM) sputtering (Kahl
am Main, Germany) as an interface between Au and SiO2 to improve adhesion. The SiO2-coated
QCM sensor was then subjected to the same protocol as the PDMS device, starting with oxygen
plasma treatment, and followed by functionalization using GPTMS, ethanol, chitosan and NaCl.
For this experiment, 0.15 % (w/v) low molecular weight chitosan (MW: 50-190 kDa; DD: 75-85
%) and 1 h of incubation time were used. In addition, a microscope inspection test was performed
to visualize the chitosan coating in the microfluidic device, using the same functionalization
protocol described but using chitosan mixed with a fluorescein dye.
Table 3-11. Composition of solutions and buffers used for the functionalization protocol.
Functionalization
Buffer Description
Buffer Composition
Step
1. Surface wetting
2. Cross-linker
3. 1st Wash

4. Chitosan

5. 2nd Wash

Ethanol
GPTMS
Ethanol
LMW chitosan
(MW 50-190 kDa; DD 75-85 %)
Chitosan oligosaccharide lactate
(MW ≤ 5 kDa; DD > 90 %)
Chitosan oligomer
(MW ≤ 5 kDa; DD ≥ 75 %)
NaCl

100 % Ethanol
0.1 % (v/v) GPTMS in ethanol
100 % Ethanol
0.15 % (w/v)
in 1 % (v/v) acetic
acid / 0.15M NaCl
1 % (w/v)
0.15 % (w/v)
1 % (w/v)
1 % (w/v)
2 % (w/v)

pH
5.5

in 1 % (v/v) acetic
acid / 0.15M NaCl

5.5

in 1 % (v/v) acetic
acid / 0.15M NaCl

5.5

0.15 M NaCl

5.5

MW – Molecular weight; LMW – Low molecular weight.
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Table 3-12. Detailed description of protocols implemented for optimization of the functionalization step in the
microfluidic device.
Functionalization: Chitosan Step
Parameters

(F1) Effect of chitosan type
(molecular weight and
deacetylation degree)

Protocol
F1-1

F1-2

F1-3
F2-1

(F2) Effect of
chitosan
concentration

F2-2
F2-3
F2-4
F2-5

(F3) Effect of
chitosan
incubation time

F2-6

a

F3-1

F3-2

a, b

Chitosan Type

Chitosan
Concentration

Volume
(µL)

Flow rate/
direction c

Time

LMW chitosan
(MW 50-190 kDa;
DD 75-85 %)
Chitosan
oligosaccharide
lactate
(MW ≤ 5 kDa;
DD > 90 %)
Chitosan oligomer
(MW ≤ 5 kDa;
DD ≥ 75 %)

1 % (w/v)

300

20 µL/min
NF

15 min +
1h
incubation

300

20 µL/min
NF

15 min +
1h
incubation

20 µL/min
NF

15 min +
1h
incubation
15 min +
overnight
incubation
(~18 h)

LMW chitosan
(MW 50-190 kDa;
DD 75-85 %)

0.15 % (w/v)

Chitosan
oligosaccharide
lactate
(MW ≤ 5 kDa;
DD > 90 %)

0.15 % (w/v)

Chitosan oligomer
(MW ≤ 5 kDa;
DD ≥ 75 %)

1 % (w/v)

Chitosan
oligomer
(MW ≤ 5 kDa;
DD ≥ 75 %)

1 % (w/v)

1 % (w/v)

2 % (w/v)

1 % (w/v)

300

Modifications were only applied in the chitosan step, therefore conditions used in the other steps were kept as previously
described.
b
The DNA purification protocol implemented during optimization of the functionalization parameters was protocol P1-1
detailed in Table 3-14.
c
NF (normal flow – from inlet to outlet).
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3.5.4

DNA purification and concentration
3.5.4.1 Protocol optimization

The DNA purification protocol was performed starting with a conditioning step to decrease
the pH and favor binding of DNA to chitosan. Following this step, a standard λDNA solution was
prepared in conditioning buffer with a final concentration of 1 ng μl-1 and passed through the device
for DNA binding. The conditioning buffer was also used for the washing step to remove unbound
DNA. Finally, DNA elution was achieved by increasing pH conditions, for which the chitosan is
deprotonated, being electrically neutral and allowing the captured DNA to be released from the
device. The buffers selected for protocol optimization were adapted from the literature
[97,388,389], and their composition is detailed in Table 3-13.
Table 3-13. Composition of solutions and buffers used for optimization of the DNA purification protocol.
DNA Purification Step
1.
2.
3.
4.

Buffer Description

Buffer Composition

pH

MES

10 mM MES

3,4,5

10 mM Tris-Base, 50 mM KCl
10 mM Tris-Base, 50 mM KCl
10 mM Tris-HCl, 1 mM EDTA
10 mM Tris-HCl, 1 mM EDTA

9
10
9
10

Conditioning
Binding
Washing
Elution

EBI
EBII
EBIII
EBIV

Elution
Elution
Elution
Elution

Buffer
Buffer
Buffer
Buffer

I
II
III
IV

Optimization of DNA purification and concentration protocol was mainly focused on the effect
of flow rate and flow direction, buffer composition, and pH conditions, on each step of DNA
purification. Detailed description of the protocols evaluated for this optimization is provided in
Table 3-14. For binding (protocols P1-1 to P1-5) and elution (protocols P2-1 to P2-4), the effect
of flow rate and flow direction on binding and elution efficiencies was evaluated, including singledirection flow (passing through the system from inlet to outlet in normal flow) and alternatingdirection flow (alternating between pumping it from inlet to outlet and pumping it from outlet to
inlet by reversing the flow). For the elution step, the effect of two buffer compositions and two pH
conditions (pH 9 and pH 10) was also analyzed (protocols P3-1 to P3-4). For conditioning, binding,
and washing steps, three pH conditions were evaluated (pH 3, pH 4, and pH 5) (protocols P4-1 to
P4-3).
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Table 3-14. Detailed description of protocols analyzed for optimization of DNA purification using standard λDNA solutions in the microfluidic device.
1. Conditioning
(20 µL/min NF)

Steps:
Parameters

(P1) Effect of flow rate
and flow direction
in Binding

Protocol

Buffer

Vol
(µL)

Nr. of
Samples
collected

2.
Time
(min)

(P2) Effect of flow rate and
flow direction
in Elution
(P3) Effect of
Elution buffer
composition
(P4) Effect of pH
in Conditioning/
Binding/ Washing
b

Buffer

Vol
(µL)

Nr. of
Samples
collected

Time
(min)

P1-1

20 µL/min NF

50

P1-2

10 µL/min NF

100

P1-3

40 µL/min NF
+ 40 µL/min
RF + 20
µL/min NF

100

P1-4

MES
pH 5

200

2

10

50 µL/min NF
+ 50 µL/min
RF + 50
µL/min NF

λDNA
(1 ng/µL)
MES pH 5

1000

5
60

100 µL/min
NF + 100
µL/min RF +
100 µL/min
NF

P1-5

a

Flow Rate/
Direction a

3. Washing
(20 µL/min NF)

Binding

4.

Elution

Buffer

Vol
(µL)

Nr. of
Samples
collected

Time
(min)

Flow Rate/
Direction a

Buffer

Vol
(µL)

MES
pH 5

500

5

25

20 µL/min
NF

EBIII
pH 9

300

Nr. of
Samples
collected

12

b

Time
(min)

15

30

P2-1

20 µL/min
NF

15

P2-2

20 µL/min
NF + 10 min
stop

125

MES
pH 5

200

2

10

P2-3

40 µL/min NF
+ 40 µL/min
RF + 20
µL/min NF

λDNA
(1 ng/µL)
MES pH 5

1000

5

30

MES
pH 5

500

5

25

20 µL/min
NF + 20
µL/min RF
+20 µL/min
NF

MES
pH 5

200

2

10

100 µL/min
NF + 100
µL/min RF +
100 µL/min
NF

λDNA
(1 ng/µL)
MES pH 5

100 µL/min
NF + 100
µL/min RF +
100 µL/min
NF

λDNA
(1 ng/µL)
MES pH 3
λDNA
(1 ng/µL)
MES pH 4
λDNA
(1 ng/µL)
MES pH 5

1000

5

30

MES
pH 5

b

MES
pH 3

P4-2

MES
pH 4

P4-3

MES
pH 5

200

2

10

3

500

5

25

20 µL/min
NF

500

5

25

20 µL/min
NF

EBIV
pH 10

P3-4
P4-1

12

45

EBI
pH 9
EBII
pH 10
EBIII
pH 9
EBIV
pH 10

P3-1

P3-3

300

100 µL/min
NF

P2-4

P3-2

EBIII
pH 9

300

12

b

15

300

12

b

15

MES
pH 3
1000

5

30

MES
pH 4
MES
pH 5

NF (normal flow – from inlet to outlet), RF (Reverse flow – from outlet to inlet).
First elution sample (E1) was collected in a volume of 80 µL while the following ones (E2-E12) were collected in volumes of 20 µL.
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3.5.4.2 Protocol evaluation
The effect of the optimization parameters on each DNA purification step, and on the final
DNA yield, was evaluated by collecting several samples for DNA quantification in each step: a
total of 2 samples of 100 µL were collected during the conditioning step, 5 samples of 200 µL were
collected during binding, 5 samples of 100 µL during washing, and 12 samples during the elution
step (for the first elution sample a total of 80 µL were collected, while for the remaining elution
samples the volume collected was 20 µL). After optimization, the designs fabricated for the device,
featuring different micropillar diameters and spacings, were tested to check if it would significantly
contribute for an increased DNA yield based on the surface area available. In addition, a parallel
test was performed using the optimized conditions to evaluate the effect of DNA fragmentation on
protocol efficiency. For this test, two other standard DNA solutions were tested, including
UltrapureTM salmon sperm DNA (≤ 2000 bp) and low molecular weight (LMW) salmon sperm
DNA (≤ 300 bp), both prepared in the conditioning buffer with a final DNA concentration of 1 ng
μL-1 for comparison with λDNA (48502 bp). The LMW salmon sperm DNA was supplied as
lyophilized powder, therefore a stock solution with concentration of 10 mg mL-1 was first prepared
in buffer Tris-Base (50 mM, pH 8) as recommended by the supplier, and then an intermediate
dilution to 100 ng μL-1 was done before preparing the final concentration of 1 ng μL-1 in
conditioning buffer.
3.5.5

Purification and concentration of eDNA from river water samples

The optimization experiments previously performed on the microfluidic DNA purification
device using standard λDNA solutions allowed to improve the DNA yield of the initial protocol
from 12.6 % to 76.9 %. After optimization, the device was tested for the analysis of environmental
DNA. In this study, the optimized functionalization protocol was used, and the DNA purification
protocol was adapted for the analysis of river water samples.
3.5.5.1 Sample preparation
The river water sample naturally contaminated with zebra mussels was thawed, thoroughly
mixed, and left to sediment for 10 min to separate any solid contaminants present in the sample
before being tested. Non-spiked samples were tested using the optimized protocol by preparing
several dilutions from the contaminated river water sample, which initial total DNA concentration
was 440 ng mL-1 (Dilution 0). In addition to the non-spiked samples, contaminated river water was
also spiked with λDNA (1 ng μL-1) and analyzed with the microfluidic device as a control test to
check if the river water matrix and its composition would interfere with the DNA purification
protocol.
The sample used as positive control for the qPCR method was the DNA extracted directly
from zebra mussel meat using the commercial NucleoSpin® Food kit (Macherey-Nagel, Düren,
Germany), according to the manufacturer instructions with with two modifications to the protocol.
The first modification included the addition of 10 µL of RNase A (10 mg mL-1) in the lysis step,
which was performed at 65 °C for 1 h with continuous agitation (1200 rpm), while the second one

97

JOANA CARVALHO

included an elution step performed in two stages, adding 50 µL of Buffer CE (preheated at 70 °C)
in each time.
3.5.5.2 Purification protocol
Spiked and non-spiked river water samples were analyzed in the microfluidic device using the
optimized functionalization protocol and adapting the DNA purification protocol as described in
Table 3-15.
Table 3-15. Optimized protocols for functionalization and DNA purification adapted for river water samples.

DNA Purification Protocol
(~1h30min)

Protocol

Step
1.

Conditioning

Buffers and Solutions

Volume (µL)

MES, pH 5

200

Flow Rate/ Direction

a

Time

Single-direction flow
20 µL/min NF

10 min

Alternating-direction flow
(100 µL/min NF +
100 µL/min RF +
100 µL/min NF)

30-60 min

2.

Binding

For river water samples:
Water sample mixed
with MES pH 5
at ratio 1:1

3.

Washing

MES, pH5

500

Single-direction flow
20 µL/min NF

25 min

4.

Elution

EBIV, pH 10

300

Single-direction flow
20 µL/min NF

15 min

1000-2000

b

a

NF (normal flow – from inlet to outlet), RF (Reverse flow – from outlet to inlet).
River water samples, after mixing with MES pH 5 (ratio 1:1), were first tested in a total volume of 1000 µL, which was afterwards
increased to 2000 µL for highly diluted samples.
b

3.5.5.3 Detection of D. polymorpha by qPCR
DNA extracts from river water samples obtained with the microfluidic device were then
analyzed by qPCR for the detection of D. polymorpha following the method described in
subchapter 3.6. In summary, DNA extract from D. polymorpha meat was used as positive control.
The primers and probe described in our previous study were designed to amplify a DNA fragment
with 128 bp of the mitochondrial COI gene. The final reaction volume was 20 µL, with 2 µL of
template. For each reaction, 10 µL of TaqMan™ Universal PCR Master Mix (Applied
Biosystems™, Foster City, CA, USA) were used. The concentration of primers and probe used was
100 nM and 150 nM, respectively. The thermal profile included an initial Uracil-DNA Glycosylase
(UDG) treatment at 50 °C for 2 min and a hot start polymerase activation at 95 °C for 10 min,
followed by 40 cycles of dissociation at 95 °C for 15 s and annealing-extension at 62 °C for 1 min.
All experiments were carried out in a QuantStudio™ 5 Real-time PCR System (Applied
Biosystems™, Foster City, CA, USA) with QuantStudio™ Design & Analysis Software v1.5.1.
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3.5.6

DNA quantification

Total dsDNA quantification was performed for all the samples collected in each step of DNA
purification using the Qubit™ 1X dsDNA high sensitivity assay kit (InvitrogenTM) and Qubit™ 4
fluorometer (InvitrogenTM). This assay is highly sensitive for double-stranded DNA and is designed
to be accurate for initial sample concentrations from 10 pg µL-1 to 100 ng µL-1. Two DNA standards
were provided with the kit for calibration. The samples collected for quantification and the
standards provided for calibration were prepared following manufacturer’s protocol. The standards
provided with the kit are prepared with λDNA. Similarly to what was observed in a previous study
from our group using Quant-iTTM PicoGreen® dsDNA Assay kit (Invitrogen ™) [390],
discrepancies were also observed on quantification of samples with shorter DNA fragments using
the QubitTM kit. With this in mind, for quantification of DNA samples from UltrapureTM salmon
sperm DNA (≤ 2000 bp) and LMW salmon sperm DNA (≤ 300 bp), the calibration curves were
obtained by replacing the λDNA standards provided with the kit for the respective shorter DNA
standards, prepared from UltrapureTM salmon sperm DNA and LMW salmon sperm DNA,
according to the samples to be quantified. In addition, interference of buffers used for the DNA
purification protocols on the fluorescence measurements was verified. Quantification of the river
water samples was performed using the same method, allowing to measure the initial DNA amount
introduced in the device, which corresponds to the total DNA present in the water sample (DNA
from living organisms present in the water) and not only target DNA from D. polymorpha.
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3.6 P6: DEVELOPMENT

OF QLAMP AND QPCR METHODS FOR DETECTION OF
POLYMORPHA IN THE GUADALQUIVIR RIVER BASIN

3.6.1

DREISSENA

Samples

A total of 63 samples were tested for the fluorescence-based qLAMP and qPCR approaches,
including both negative and positive samples. For the turbidity-based qLAMP approach, a total of
59 samples were analyzed. The main goal of this evaluation was to ensure no false positive signal
from other organisms, especially from the ones that could potentially be present in the Guadalquivir
River basin. A detailed list of all the samples analyzed in this study is provided in Table 3-16.
3.6.2

DNA extraction and purification

DNA extraction and purification from the previously mentioned samples was performed with
NucleoSpin® Food Kit (Macherey-Nagel, Düren, Germany) with the modifications previously
described in subsection 3.5.5.1. After extraction, total DNA quantification was performed for each
sample using the spectrophotometer NanoDrop TM 2000 (Thermo Scientific TM, Waltham, MA,
USA).
3.6.3

Gene selection and primers design for qPCR and qLAMP

The detection of D. polymorpha was accomplished by targeting a specific region of the
mitochondrial gene cytochrome C oxidase subunit I (COI). This gene has been previously used to
identify D. polymorpha as well as other species, such as Dreissena bugensis, Limnoperna fortunei
and Eriocheir sinensis [36-38]. A total of 40 genetic sequences for D. polymorpha COI gene were
obtained from the NCBI GenBank and aligned with the CLC Sequence Viewer 7.7 software (CLC
Bio-QIAGEN, Aarhus, Denmark) in order to determine a consensus sequence for primer design.
The primers design for the qLAMP method was performed by uploading the consensus sequence
to the free software Primer Explorer V4 [39]. For the qPCR method, the primers were designed
with the free online software Primer3 [40] and a hydrolysis probe was also designed for this
approach. The specificity of the newly designed primers and probe was verified in silico using the
Basic Local Alignment Search Tool (BLAST®) [41] and, later on, in vitro by analyzing the
environmental samples previously described. All primers and probe were purchased from
Integrated DNA Technologies Inc. (IDT, Leuven, Belgium). Detailed information regarding these
oligonucleotides is described in Table 3-17.
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Table 3-16. List of all samples analyzed for the specificity evaluation of both qPCR and qLAMP methods.
STANDARD INTERNATIONAL
NAME

NR. OF
SAMPLES

Luciobarbus sclateri
Pseudochondrostoma willkommii
Squalius alburnoides complex.
Squalius pirenaicus
Cobitis poaludica
Iberochondrostoma lemmingii
Cyprinus carpio
Carassius gibelio
Lepomis gibbosus
Micropterus salmoides
Gambusia holbrooki
Alburnus alburnus
Corbicula fluminea
Physa acuta
Ancylus fluviatilis
fam. Unionidae
Procambarus clarkii
Lima River
Ave River

Southern Iberian barbel
Southern straight-mouth nase
Calandino
Southern Iberian Chub
Southern Iberian spined-loach
Iberian arched-mouth nase
Carp
Prussian carp
Pumpkinseed
Largemouth Black-bass
Eastern mosquitofish
Bleak
Asian clam
Freshwater snail (general)
Limpet (general)
Freshwater mussel (general)
red swamp crayfish

3
2
3
3
3
3
1
3
3
3
3
3
1
3
3
4
1
1
1

Estuary of Lima River

*

1

SAMPLE

NEGATIVE SAMPLES

Fish

Mollusks
Crustacean
Negative
Water
Samples

POSITIVE SAMPLES

Fountain water
Lake water
D. polymorpha 1
D. polymorpha 2
Meat
D. polymorpha 3
Samples
D. polymorpha 4
D. polymorpha 5
D.p. transport water 1
D.p. transport water 2
D.p. transport water 3
D.p. transport water 4
Positive
D.p. transport water 5
Water
D.p. transport water 6
Samples
Surface river water 1
(Los Bermejales, Dec 2016)
Surface river water 2
(Iznájar, May 2017)
* Water samples with natural eDNA; n.a. (not analyzed)

Zebra mussel

*

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

SAMPLING LOCATION

SAMPLE
PROVIDED BY

Guadalquivir river
(Spain)

Guadalictio

Loire river (France)

USC

Guadalquivir river
(Spain)

Guadalictio

Guadalquivir river (Spain)
Lima River (Portugal)
Ave River (Portugal)
Estuary of Lima River
(Portugal)
Fountain water (Portugal)
Lake water (Portugal)

Guadalictio

INL

Guadalquivir river
(Spain)

Confederación
Hidrográfica
del
Guadalquivir

Guadalquivir river
(Spain)

Confederación
Hidrográfica
del
Guadalquivir

qPCR
Hydrolysis
F3/B3
Probe
-

qLAMP
Fluoresc.

Turbid.

-

n.a.
-

-

-

-

-

+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+

+
+
+
+
+
+
+
+
+
+
+

n.a.
+
+
+
+
+
+
+
+
+
+
+

-

-

-

n.a.

+

+

+

n.a.
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Table 3-17. Primers and probe sequences for qPCR and qLAMP methods.
Detection
Primer Description
Sequence (5’ → 3’)
Method
Forward Primer
Dp-F
TAACAAGCCCATGAGTGGTGAC
qPCR
Reverse Primer
Dp-R
TCTCTGTGGGCTGGCCTTGT
Hydrolysis Probe
Dp-P
FAM/ACCAAGGAC/ZEN/GCTTCCAGGTGCC/IABkFQ
Forward Inner
Dp-FIP
ACAAGCCCATGAGTGGTGACAAT-ACCTGGAAGCGTCCTTG
Primer
Backward Inner
AATGGGGGGATTCGGAAATTGATTGGTADp-BIP
Primer
AACTAACATTATTAAGACGAGGGAAAC
Forward outer
qLAMP
Dp-F3*
GGCACGGGTTTTAGTGTTCT
primer
Backward outer
Dp-B3*
ACAAAATAGAAGTCCTATAGAGACAG
primer
Backward Loop
Dp-LB
CCAATAATACTGAGTCTTCCTGA
primer
*F3/B3 - outer primers, also used for qPCR with Sybr Green I; FIP/BIP - inner primers.

3.6.4 qPCR
Two different qPCR approaches were tested to have a better comparison with the fluorescencebased qLAMP method developed in this study. The first approach was performed using newly
designed primers for qPCR and a hydrolysis probe, while the second one was performed using the
forward and backward outer primers (F3 and B3) designed for qLAMP and an intercalating dye.
3.6.4.1 Detection using hydrolysis probe
The primers designed for the qPCR method amplify a DNA fragment with 128 bp of the
mitochondrial COI gene. The final reaction volume was 20 µL, with 2 µL of template DNA. In this
approach, 10 µL of Maxima Probe/ROX qPCR Master Mix (Thermo Fisher Scientific Inc., Waltham,
MA, USA) were used for each reaction. The reaction was optimized regarding primers and probe
concentration, and amplification temperature, which was evaluated from 60 °C to 65 °C. The
concentration of primers and probe used was 100 nM and 150 nM, respectively. The thermal profile
included an initial Uracil-DNA Glycosylase (UDG) treatment at 50 °C for 2 min and a hot start
polymerase activation at 95 °C for 10 min, followed by 40 cycles of dissociation at 95 °C for 15 s and
annealing-extension at 62 °C for 30 s. All experiments were carried out in a StepOne Plus™ RealTime PCR system (Applied Biosystems™, Foster City, CA, USA) with StepOne™ Software v2.1.
3.6.4.2 Detection using intercalating dye
In this approach, the F3/ B3 primers designed for qLAMP were used as primers for the qPCR,
therefore targeting the same DNA fragment as the LAMP method (254 bp). The reactions were
performed as detailed above but the Master Mix was replaced by Maxima SYBR Green/ ROX qPCR
(Thermo Fisher Scientific Inc., Waltham, MA, USA), the primer concentration was 200 nM and the
thermal profile included the UDG treatment at 50 °C for 2 min and a hot start at 95 °C for 10 min,
followed by 40 cycles of dissociation at 95 °C for 15 s and annealing-extension at 60 °C for 1 min. A
melt curve step was included after the qPCR amplification, consisting on heating up to 95 °C for 15
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s, cooling down to 60 °C for 1 min and heating up to 95 °C for 15 s, acquiring fluorescence every 0.3
°C.
3.6.4.3 Evaluation of qPCR approaches
Specificity and sensitivity of both qPCR approaches were evaluated. The specificity evaluation
was performed by testing the 63 environmental samples described in Table 3-16. The sensitivity of
the methods was evaluated using ten-fold dilutions, starting from a solution of pure D. polymorpha
DNA with concentration 567.3 ng µL-1. All samples were tested in duplicate.
3.6.5 qLAMP
3.6.5.1 Detection using intercalating dye
The newly designed LAMP primers amplify a DNA fragment with 254 bp of the COI gene. All
qLAMP reactions were performed with a sample volume of 2 µL for a final volume of 20 µL. For
each reaction, 10 µL of GspSSD Isothermal Master Mix ISO-001 (OptiGene Ltd., Horsham, UK)
were used. The reaction was optimized attending to primers concentration, amplification temperature
and reaction supplementation with Betaine and dimethyl sulfoxide (DMSO) (Sigma-Aldrich,
Darmstadt, Germany). The amplification temperature was evaluated ranging from 60 °C to 65 °C for
optimization. Regarding reaction supplements, Betaine was tested at 0.6 M, 0.8 M and 1 M, while the
DMSO was tested at 5 % and 7.5 %.
The concentration of primers used was 1600 nM for FIP/BIP, 200 nM for F3/B3 and 800 nM for
LB, and the DNA amplification of the environmental samples was performed at 64 °C for 1 h without
supplements. In addition, a melt curve step was included in all the qLAMP experiments, consisting
on heating up to 98 °C for 15 s, cooling down to 75 °C for 1 min and heating up to 95 °C for 15 s,
acquiring fluorescence every 0.3 °C.
3.6.5.2 Detection by turbidity
The same LAMP primers were also used in parallel for a turbidity-based detection approach using
the real-time turbidimeter LoopAMP LA-500 (Eiken Chemical Co., Ltd., Japan). In this case,
reactions were performed with a sample volume of 3 µL for a final volume of 25 µL. For each reaction,
10 µL of Isothermal Master Mix ISO-001t (OptiGene Ltd., Horsham, UK) were used. The reaction
was also optimized attending to primer concentration, amplification temperature and reaction
supplementation with Betaine and dimethyl sulfoxide (DMSO) (Sigma-Aldrich, Darmstadt,
Germany). Similarly to the fluorescence-based approach, amplification temperature was evaluated
ranging from 60 °C to 65 °C, and the reaction supplements were tested at 0.6 M, 0.8 M and 1 M for
Betaine, and at 5 % and 7.5 % for DMSO. After optimization, samples were evaluated with this
approach using a final primer concentration of 1600 nM for FIP/BIP, 200 nM for F3/B3 and 800 nM
for LB, at 65 °C for 1 h without supplement addition.
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3.6.5.3 Evaluation of qLAMP approaches
Sensitivity and specificity evaluation was also performed for these methods. All samples were
tested in duplicate, and a sample was only considered as positive when both replicates were amplified
with a threshold time (Tt) lower than 40 min.
3.6.5.4 Mathematical modeling
The fluorescence-based qLAMP reactions were performed in a regular qPCR thermocycler
(StepOne Plus™ Real-Time PCR). However, the equipment’s software, which is not specific for this
technique, led to infra- or overestimation errors in the determination of Tt values. For this reason, the
Tt values were calculated from the raw data by mathematical modeling the qLAMP kinetics. The
increase of fluorescence signal (RF) as a function of time (t) was modeled as the sum of two equations,
as described in Equation 3.6:
𝑅𝐹(𝑡) = 𝑅𝐹𝑛𝑠 (𝑡) + 𝑅𝐹𝑠 (𝑡)

3.6

being 𝑅𝐹𝑛𝑠 (𝑡) a pseudo-first order equation that accounts for the non-specific fluorescence signal
(e.g. primer binding to non-target DNA), as described in Equation 3.7:
𝑅𝐹𝑛𝑠 (𝑡) = 𝑅𝐹𝑏𝑔 + 𝑅𝐹𝑛𝑠𝑚𝑎𝑥 (1 − 𝑒 −𝑘𝑛𝑠 𝑡 )

3.7

where 𝑅𝐹𝑏𝑔 represents the relative fluorescence background, 𝑅𝐹𝑛𝑠𝑚𝑎𝑥 is the maximum non-specific
fluorescence signal, and 𝑘𝑛𝑠 is the non-specific fluorescence increase rate (min-1), and being 𝑅𝐹𝑠 (𝑡) a
sigmoid equation (reparametrized Gompertz), which accounts for the target DNA amplification, as
described in Equation 3.8:
𝑅𝐹𝑠 (𝑡) = 𝑅𝐹𝑠𝑚𝑎𝑥 𝑒

−𝑒

𝑒 𝜇𝑚𝑎𝑥 (𝑇𝑡 −𝑡)
1+
𝑅𝐹𝑠𝑚𝑎𝑥

3.8

where 𝑅𝐹𝑠𝑚𝑎𝑥 represents the maximum specific fluorescence signal, 𝜇𝑚𝑎𝑥 is the maximum specific
amplification rate (min-1) and Tt (min) represents the threshold time at which the fluorescence intensity
of the amplified DNA becomes statistically significantly higher than the background signal.
Data ﬁtting, assessment of the model parameters signiﬁcance (Student t-test; α = 0.05), and
consistency of the mathematical model (Fisher’s F test; p < 0.05) were performed with Mathematica
9 (Wolfram Research, Inc.).
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3.7 P7: EVALUATION OF MINIATURIZED DEVICES FOR ISOTHERMAL DNA AMPLIFICATION FOR THE
DETECTION OF DREISSENA POLYMORPHA BY LAMP
3.7.1 Materials and samples
For the disposable device, transparent PMMA plates were purchased from Prexicril (Braga,
Portugal) for mold fabrication. Device replicas were fabricated using PDMS from Dow (Midland,
USA), and microscope slides 76 mm x 26 mm x 1 mm (L x W x H) from Gerhard Menzel GmbH
(Brunswick, Germany) were used for device assembly. Materials used for the reusable device were
described in subchapter 3.4.
For this preliminary evaluation, DNA extracts from zebra mussel meat and river water
contaminated with zebra mussels were used as positive samples, while DNA extract from a noncontaminated river water was used as a negative sample. DNA extraction and purification from these
samples was performed with NucleoSpin® Food Kit (Macherey-Nagel, Düren, Germany) with the
protocol modifications described in subsection 3.5.5.1.
3.7.2 Disposable microfluidic device for isothermal DNA amplification
3.7.2.1 Design and fabrication
The AutoCAD design of the mold was transferred to ArtCAM software (JewelSmith 2011) for
fabrication on PMMA using a Computer Numerical Control (CNC) cutting machine (Viper 606,
FlexiCAM GmbH, Eibelstadt, Germany), as illustrated in Figure 3-11. The device was designed to
include 8 individual channels with 800 µm x 600 µm x 40 mm (depth x width x length) each, and a
volume capacity of approximately 20-25 µL per channel.
Similarly to the miniaturized DNA purification device described in this subchapter 3.5, the
disposable DNA amplification device was fabricated by soft lithography techniques. The PDMS used
for replica fabrication, was prepared with a 10:1 ratio (w/w) of silicone elastomer base/curing agent,
being thoroughly mixed and centrifuged at 4400 rpm for 6 min to remove air bubbles. The prepared
PDMS was then poured on the PMMA mold and degassed in a vacuum desiccator. In this case, the
PDMS was cured in the oven at 65 °C for 1 h. After curing, the PDMS replica was removed from the
mold, placed in the Plasma Cleaner (PDC-002-CE, Harrick Plasma Cleaner, USA) together with a
glass slide, and treated for 15 s at medium RF power in oxygen plasma for surface activation. Finally,
the active surfaces of PDMS and glass were put in contact for irreversible bonding.
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Figure 3-11. Design and fabrication of the PMMA mold for the disposable miniaturized DNA amplification device: a)
AutoCAD design of the mold; b) ArtCAM 3D model of the mold; c) CNC machine cutting the mold; d) Final PMMA mold.

3.7.2.2 Experimental setup
After device assembly, the LAMP reactions were prepared in individual tubes and loaded into the
device. A second glass slide was used to cover the inlet and outlet ports of the channels, being fixed
with clamps to hold it in place and avoid evaporation during the reaction, as illustrated in Figure 3-12.
Contrarily to the reusable isothermal DNA amplification device, the disposable one does not include
a heating system for temperature control, therefore the reactions performed using this prototype were
carried out by placing it in the oven at the optimal temperature for amplification. For all the
experiments performed in the device, the same reactions were also performed in parallel using the
LoopAMP turbidimeter LA-500 (Eiken Chemical Co., Ltd., Japan) for comparison purposes.
3.7.2.3 LAMP: detection by turbidity
The LAMP detection approach implemented in the disposable miniaturized device was detection
by turbidity. Amplification was performed following the conditions optimized in subchapter 3.6 using
the same primers. In short, the reactions were performed with a sample volume of 3 µL for a final
volume of 25 µL. For each reaction, 12.5 µL of Isothermal Master Mix ISO-001t (OptiGene Ltd.,
Horsham, UK) were used, without supplement addition. The optimal primers concentration was 1600
nM for FIP/BIP, 200 nM for F3/B3 and 800 nM for LB. The remaining volume was completed with
DNAse-, RNAse-free water. Amplification reactions were performed in duplicates at 65 °C for 40
min.
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Figure 3-12. Disposable miniaturized device after assembly for isothermal DNA amplification.

3.7.3 Reusable miniaturized device for isothermal DNA amplification
The reusable device used for isothermal DNA amplification in this work is the one that was
described and evaluated in subchapter 3.4 as a proof-of-concept for the detection of gluten-containing
cereals in food products. In this work, the prototype was also tested for detection of D. polymorpha
by LAMP using three different detection approaches: one using the PEG/MUA-AuNPs previously
described, and two other color-based detection approaches that were not explored in subchapter 3.4.
3.7.3.1 LAMP: detection using colorimetric master mix
Amplification using this approach was performed in the same conditions described above for
LAMP amplification with detection by turbidity, with the distinction of using a different commercial
master mix. In this case, instead of using Isothermal Master Mix ISO-001t, the WarmStart®
Colorimetric LAMP 2X Master Mix (New England BioLabs, Inc., Ipswich, Mass., USA) was used.
This master mix provides a fast color-based visible detection of the LAMP amplification, changing
from pink (negative samples) to yellow (positive samples). Amplification reactions were performed
in duplicates at 65 °C for 40 min.
3.7.3.2 LAMP: detection using hydroxynaphtol blue (HNB)
Detection using hydroxynaphtol blue was also performed in the same conditions described for
the turbidity detection approach, with the difference of adding HNB to the reaction in a final
concentration of 120 µM. This detection approach provides a color-based detection for LAMP
reactions by changing from violet (negative samples) to sky blue (positive samples). Amplification
was performed in duplicates at 65 °C for 40 min.
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3.7.3.3 LAMP: detection using PEG/MUA-AuNPs
The PEG/MUA-AuNPs used for this approach were the same as the ones described in subchapter
3.4. LAMP reactions were performed using an in-house master mix prepared in a final volume of 25
µL, with 3 µL of sample volume, 2.5 µL of 10X Isothermal Amplification Buffer (New England
BioLabs, Inc., Ipswich, Mass., USA), and a final concentration of 1.4 mM of dNTP mix (Thermo
Fisher Scientific Inc., Waltham, MA, USA), 0.32 U µL-1 of Bst 2.0 DNA Polymerase (New England
BioLabs, Inc.), and 4.7 nM of PEG/MUA-AuNPs per reaction. The concentration of primers was the
one used in the disposable device described above. The remaining volume was completed with
DNAse-, RNAse-free water. Reactions were performed in duplicates at 65 °C for 40 min, being also
performed in parallel using LoopAMP for comparison.
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4. RESULTS AND DISCUSSION
4.1 P1:

NOVEL

APPROACH FOR
MICROVOLUMETRIC SOLUTIONS

4.1.1

ACCURATE

MINUTE

DNA

QUANTIFICATION

ON

Standard curve with λDNA and applicability for salmon sperm DNA
quantification

This standard curve was obtained using λDNA solutions prepared in a concentration range
from 0 to 1000 ng mL-1, according to the protocol previously described. This is the type of DNA
provided with the PicoGreen® kit and the one recommended to obtain the standard curve.
Therefore, this was the first approach to obtain the curve quantification of the LMW salmon sperm
DNA samples. After measuring all standard solutions, a good linear adjustment was obtained with
an adjusted R-squared of 0.991, as illustrated in Figure 4-1.

Figure 4-1. Mathematical adjustment of the standard curve data obtained for λDNA using NanoDrop’s software:
Linear adjustment with R-squared 0.991.

The 16 solutions of salmon sperm DNA, described in Table 3-1, were then measured and
quantified using this standard curve to correlate the fluorescence signal obtained with the respective
concentration. In these conditions, the quantification results showed percent errors higher than 85
% for all measurements. To confirm that these errors were related with the type of DNA used for
the standard curve, a new set of DNA samples, with the same concentrations (C1-C16) was
prepared using λDNA instead of LMW salmon sperm DNA and quantified using the same curve.
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The results obtained for the λDNA samples were much closer to the ones expected, resulting in
percent errors lower than 10 % for the majority of the measurements, indicating that a standard
curve using λDNA is not recommended for an accurate quantification of the LMW salmon sperm
DNA samples. The quantification results obtained for both salmon sperm DNA and λDNA samples
using this standard curve are described in Table 4-1.
Table 4-1. Quantification results for salmon sperm DNA and λDNA samples using standard curve obtained with λDNA.
Sample ID

Concentration
(ng mL-1)

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16

1
5
10
25
50
75
100
200
300
400
500
600
700
800
900
1000

4.1.2

LMW Salmon Sperm DNA
Average Conc. ±
Std deviation
error (ng mL-1)

0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.0 ± 0.0
0.3 ± 0.5
5.8 ± 2.2
16.2 ± 1.0
29.5 ± 2.0
49.6 ± 5.5
62.9 ± 4.5
87.1 ± 1.5
123.3 ± 3.1
144.4 ± 9.8

λDNA

Percent
Error (%)

Average Conc. ± Std
deviation
error (ng mL-1)

Percent
Error (%)

100.0
100.0
100.0
100.0
100.0
100.0
100.0
99.9
98.1
96.0
94.1
91.7
91.0
89.1
86.3
85.6

0.0 ± 0.0
1.3 ± 0.3
10.7 ± 3.8
24.4 ± 8.2
50.8 ± 6.1
75.9 ± 2.8
104.0 ± 4.9
195.5 ± 7.0
299.3 ± 9.8
404.5 ± 6.4
553.7 ± 9.4
630.3 ± 15.3
729.6 ± 33.9
817.6 ± 6.6
899.4 ± 20.6
946.2 ± 9.6

100.0
74.0
7.0
2.4
1.6
1.2
4.0
2.3
0.2
1.1
10.7
5.0
4.2
2.2
0.1
5.4

Standard curve with salmon sperm DNA and applicability for quantification

A second approach to quantify LMW salmon sperm DNA samples was tested, which consisted
in obtaining the standard curve using salmon sperm DNA instead of λDNA, following the same
protocol and for the same concentration range (0 – 1000 ng mL-1). After measurement of standard
solutions, it was observed that a linear adjustment would not fit well the data set, as demonstrated
in Figure 4-2(a). Therefore, a 2nd order polynomial curve was used for the adjustment obtained
using NanoDrop 3300 software, as illustrated in Figure 4-2(b). It was observed that the
fluorescence signal, represented in relative fluorescence units, was much lower for LMW salmon
sperm DNA (0 – 250 RFU) than the one previously obtained for λDNA (0 – 2000 RFU), showing
that the signal was affected by the size of the DNA fragment.
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Figure 4-2. Mathematical adjustment of the standard curve data obtained for salmon sperm DNA (low molecular
weight) using NanoDrop’s software: A) Linear adjustment with R-squared 0.8398; B) 2nd order polynomial adjustment
with R-squared 0.9452.

As previously mentioned, the standard curves vary from assay to assay due to the variations
on the fluorescence intensity of the working solution prepared for the respective assay. This
variation leads to slightly different results depending on the curve but, for samples containing
λDNA, these differences should not affect the sensitivity of the method because the signal is still
high enough. However, it was observed that the PicoGreen® fluorescence signal is much lower for
the LMW salmon sperm DNA samples and these variations affected the sensitivity of the
quantification. Using the 2nd order polynomial adjustment of NanoDrop software, the minimum
concentration that was possible to quantify with these samples varied from 50 to 300 ng mL-1, with
percent errors lower than 30 %, depending on the standard curve obtained. Generally, for standard
curves obtained using working solutions with more intense fluorescence signals, it was possible to
quantify salmon sperm DNA samples with lower concentrations while for working solutions
showing less intense signal, it was only possible to quantify more concentrated samples.
For example, the 2nd order polynomial adjustment described in Figure 4-2(b) corresponds to
a quantification experiment in which the PicoGreen® working solution showed lower fluorescence
intensity. In this case, the use of LMW salmon sperm DNA solutions instead of λDNA to perform
the calibration resulted in a lower percent error on the quantification results, being less than 30 %
for samples with concentrations higher than 200 ng mL-1. However, for lower concentrations, the
2nd order polynomial adjustment selected was not good enough, resulting in quantification values
with high standard deviation errors. These errors can be explained by the fact that, with this
adjustment, it was possible to have two concentration results for the same RFU value when
measuring samples with concentrations below 200 ng mL-1. Therefore, slight differences (order of
magnitude 10-1) in the RFU value of the same sample resulted in differences in the concentration
values with an order of magnitude 102 during the quantification measurements. As a conclusion,
with this standard curve, it was only possible to quantify samples with higher concentrations, in a
range from 200 to 1000 ng mL-1 and with percentage errors up to 30 %. The quantification of LMW
salmon sperm DNA samples obtained using this standard curve and respective percent errors are
described in Table 4-2 for comparison with the other mathematical models evaluated in this study.
The inconsistency between standard curves, changing according to the signal intensity of the
working solution used, caused high variability between quantification experiments.
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4.1.3

Mathematical model results

Considering the complexity of food samples regarding DNA quantity and quality, particularly
for highly processed food products, a method allowing a more accurate and reproducible
quantification for lower DNA concentrations was required. The adjustment performed using
NanoDrop 3300 software could be improved by adding more points to the curve or by finding a
different mathematical adjustment to better fit the standards data. However, the software only
allows a total of eight standards and a standard curve type from the following choices: linear,
interpolation and 2nd or 3rd order polynomials. For this reason, an algorithm was developed to
implement the adjustment of different mathematical models using the same standards data to find
the one with the best fitting. The algorithm receives the RFU measurements obtained with
NanoDrop 3300 for each standard concentration and returns three non-linear adjustments to fit the
data, based on the following mathematical models: least squares, weighted least squares and
weighted ridge regressions, described in the Methodology chapter. From the adjustment obtained
with the NanoDrop software it was observed that a 2nd order polynomial adjustment did not
describe well the data points for lower concentrations. Therefore, the mathematical models
implemented with the algorithm were 3rd order adjustments for both unweighted and weighted
least squares regression and up to 4th order adjustments for weighted ridge regression.
4.1.3.1 Algorithm vs NanoDrop software
The same data used in NanoDrop software to obtain the standard curve was tested using the
algorithm developed. To better compare the curve fitting of the models tested with the one from
the software, a least squares regression for 2nd order was also implemented by the algorithm, as a
representation of the adjustment performed with the software. The algorithm established one
standard curve for each mathematical model as illustrated in Figure 4-3(a). By plotting the
standard curves obtained in the smaller concentration range, as demonstrated in Figure 4-3(b) and
Figure 4-3(c), it is possible to observe the fitting problems previously described for the 2nd order
polynomial adjustment. Going from least-squares to weighted least-squares improved performance
for low concentrations, meaning that it was possible to get a more precise fit for lower
concentrations without significantly changing performance for high concentrations.

Figure 4-3. Profile of the standard curves obtained for each mathematical model analyzed using the algorithm
developed: a) in a concentration range from 0 to 1000 mg mL-1; b) in a concentration range from 0 to 300 mg mL-1;
c) in a concentration range from 0 to 100 mg mL-1.
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The RFU measurements of the LMW salmon sperm DNA samples previously acquired were
then introduced in the algorithm, which used the plotted standard curves to return the corresponding
DNA concentration results. Although, the R-squared of the curves obtained using the equipment’s
software and using the three models were comparable for the same standards data (0.9452, 0.9458,
0.9454 and 0.9458 for the NanoDrop’s software, least squares regression, weighted least squares
regression and ridge regression, respectively), the accuracy of quantification, as percent errors of
the measured concentrations, did vary between the different models.
The quantification results obtained using the NanoDrop’s software and the mathematical
models are provided in Table 4-2. As for the results obtained with NanoDrop’s software, standard
deviation and percent errors were also calculated for the mathematical models. The results obtained
using the least squares regression were similar to those from the NanoDrop’s software, allowing
the quantification of LMW salmon sperm DNA samples with a percent error up to 30 % for
concentrations higher than 200 ng mL-1. The weighted ridge regression allowed the quantification
of samples with concentrations between 75 and 100 ng mL-1 and between 300 and 1000 ng mL-1
with a percent error lower than 30 %. However, for concentrations between 100 and 300 ng mL-1
percent errors up to 40 % were observed. When using the weighted least squares regression, it was
possible to quantify DNA samples with concentrations down to 75 ng mL-1 and percent errors
lower than 20 %. Therefore, the weighted least squares regression gave a better fitting curve than
the other adjustments for the standards data from this assay, not only allowing the quantification
of samples with lower DNA concentration but also reducing the percent errors associated.
Table 4-2. Quantification results for salmon sperm DNA samples using the standard curves obtained with salmon
sperm DNA: results obtained from the adjustment using NanoDrop software and from the mathematical models’
adjustments using the algorithm developed.
NanoDrop’s Software
(2nd order polynomial)

Sample
ID

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16

Conc.
(ng

mL-1)

1
5
10
25
50
75
100
200
300
400
500
600
700
800
900
1000

Least Squares
Regression

Weighted Least
Squares Regression

Average
Conc. ± Std
deviation
error
(ng mL-1)

Percent
Error
(%)

Average
Conc. ± Std
deviation
error
(ng mL-1)

Percent
Error
(%)

Average
Conc. ± Std
deviation
error
(ng mL-1)

Percent
Error
(%)

0.0 ± 0.0
41.9 ± 88.3
21.2 ± 66.9
23.6 ± 70.7
21.2 ± 67.1
100.2 ± 114.7
241.3 ± 9.5
259.4 ± 14.5
317.5 ± 11.8
375.8 ± 13.5
438.5 ± 17.8
589.5 ± 21.3
716.2 ± 31.2
781.2 ± 36.5
898.2 ± 11.3
940.4 ± 14.8

100.0
738.0
112.0
5.6
57.6
33.6
141.3
29.7
5.8
6.1
12.3
1.8
2.3
2.3
0.2
6.0

12.3 ± n.c.
4.2 ± n.c.
7.0 ± n.c.
12.3 ± n.c.
12.3 ± n.c.
34.6 ± 9.4
70.4 ± 20.1
129.9 ± 33.5
248.9 ± 21.0
347.7 ± 19.1
442.4 ± 11.1
621.8 ± 15.3
737.6 ± 29.6
816.3 ± 30.1
911.8 ± 10.0
962.3 ± 27.9

1130.0
16.0
30.0
50.8
75.4
53.9
29.6
35.1
17.0
13.1
11.5
3.6
5.4
2.0
1.3
3.8

31.7 ± n.c.
2.6 ± n.c.
2.6 ± n.c.
31.7 ± n.c.
31.7 ± n.c.
72.7 ± 14.7
113.4 ± 19.5
166.5 ± 28.0
265.3 ± 17.7
351.3 ± 17.2
438.4 ± 10.4
613.7 ± 15.4
731.9 ± 30.5
813.8 ± 31.5
914.5 ± 10.7
968.4 ± 29.9

3070.0
48.0
74.0
26.8
36.6
3.1
13.4
16.8
11.6
12.2
12.3
2.3
4.6
1.7
1.6
3.2

Weighted Ridge
Regression
Average
Conc. ±
Std
deviation
error
(ng mL-1)
30.3 ± n.c.
0.0 ± n.c.
0.0 ± n.c.
30.3 ± n.c.
30.3 ± n.c.
54.5 ± 8.9
81.4 ± 13.6
120.8 ± 22.3
208.3 ± 17.9
304.5 ± 21.1
421.1 ± 14.9
656.9 ± 18.1
780.4 ± 29.7
853.2 ± 26.3
932.9 ± 7.9
971.8 ± 20.8

Percent
Error
(%)
2930.0
100.0
100.0
21.2
39.4
27.3
18.6
39.6
30.6
23.9
15.8
9.5
11.5
6.7
3.7
2.8

n.c. – not calculated (the standard deviation error was not calculated when the model could only estimate less than two concentration values from
the RFU measurements obtained for the sample)
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4.1.3.2 Mathematical model selection
To select the best mathematical model for LMW salmon sperm DNA, more measurements
were required. As mentioned before, standard curves vary from assay to assay and the accuracy of
quantification depends on the accuracy of the curve generated for that assay. Therefore, a total of
ten DNA quantification experiments were performed to evaluate the models, as described in the
Methodology chapter. The results obtained for the quantification experiments of the ten assays are
provided in Table 4-3. From these assays, it was observed that the standard curves obtained using
the weighted ridge regression were the ones whose quantification results presented lower percent
errors for most of the experiments. However, this model was more complex and, for some of the
experiments, variations on the standard curves profile were observed, not describing the data as
well as the other models. The least squares regression was the simplest model tested with the
algorithm, but it was also the one with the highest percent errors regarding quantification. Finally,
the standard curves generated using the weighted least squares regression allowed the
quantification of samples with concentrations down to 75 ng mL−1 with percent errors lower than
30 % for all the experiments performed in this study. Moreover, for more than half of these
experiments it was possible to quantify samples with concentrations as low as 50 ng mL− 1, with
percent errors lower than 30 %.
In addition, accuracy and reproducibility from assay to assay was also analyzed, based on the
mean of the 10 assays performed. In this regard, the percent errors obtained for the least squares
regression were lower than 15 % for concentrations from 75 to 1000 ng mL−1, while the %RSD
was lower than 30 % for concentrations from 75 to 300 ng mL−1 and lower than 11 % for
concentrations from 300 to 1000 ng mL−1. The weighted ridge regression showed a percent error
lower than 11 % for the same concentration range, with %RSD lower than 25 % from 75 to 300 ng
mL−1 and 10 % from 300 to 1000 ng mL−1. In the case of the weighted least squares regression, the
percent errors were lower than 12 % for the same concentration range, with %RSD lower than 20
% from 75 to 300 ng mL−1 and lower than 10 % from 300 to 1000 ng mL−1.
For these reasons, weighted least squares regression was the mathematical model selected to
generate the standard curves for the quantification of LMW salmon sperm DNA samples, proving
to be the method that allowed more accurate and reproducible results, compared to the adjustment
initially obtained using the NanoDrop’s software, which only allowed reproducible quantification
for concentrations above 300 ng mL-1, with percent errors lower than 30 %.
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Table 4-3. Quantification results for salmon sperm DNA samples from the 10 experiments performed, using standard curves obtained with salmon sperm DNA: results obtained from
the mathematical models using the algorithm developed.
Sample
ID

Conc.
(ng mL-1)

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16

1
5
10
25
50
75
100
200
300
400
500
600
700
800
900
1000

Sample
ID

Conc.
(ng mL-1)

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16

1
5
10
25
50
75
100
200
300
400
500
600
700
800
900
1000

Least Squares
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

0.0 ± n.c.
11.6 ± 9.6
17.8 ± 12.8
14.7 ± 14.0
39.6 ± 14.9
54.4 ± 6.9
73.6 ± 12.4
154.9 ± 14.5
243.9 ± 8.9
395.2 ± 17.6
512.2 ± 35.6
621.2 ± 8.9
761.1 ± 11.2
807.6 ± 12.9
910.7 ± 11.8
983.7 ± 16.1

Percent
Error
(%)
100.0
132.0
78.0
41.2
20.8
27.5
26.4
22.6
18.7
1.2
2.4
3.5
8.7
1.0
1.2
1.6

Least Squares
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

9.4 ± n.c.
2.7± n.c.
5.0 ± n.c.
9.4 ± n.c.
9.4 ± n.c.
28.8 ± 8.3
62.6 ± 20.0
124.5 ± 36.1
253.4 ± 22.4
357.1 ± 19.8
453.6 ± 11.1
631.7 ± 15.1
744.8 ± 28.9
821.4 ± 29.2
914.0 ± 9.7
962.8 ± 27.0

Percent
Error
(%)
840.0
46.0
50.0
62.4
81.2
61.6
37.4
37.8
15.5
10.7
9.3
5.3
6.4
2.7
1.6
3.7

ASSAY 1
Weighted
Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

0.0 ± n.c.
13.9 ± 8.3
19.5 ± 11.3
11.7 ± 12.2
39.3 ± 13.8
53.1 ± 6.6
71.6 ± 12.1
153.0 ± 14.7
243.3 ± 9.0
396.5 ± 17.8
514.0 ± 35.7
623.0 ± 8.9
762.5 ± 11.2
808.7 ± 12.9
911.1 ± 11.8
983.6 ± 15.9

Percent
Error
(%)
100.0
178.0
95.0
53.2
21.4
29.2
28.4
23.5
18.9
0.9
2.8
3.8
8.9
1.1
1.2
1.6

ASSAY 3
Weighted
Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

18.5 ± n.c.
0.3 ± n.c.
0.3 ± n.c.
18.5 ± n.c.
18.5 ± n.c.
62.4 ± 16.3
108.4 ± 22.1
167.8 ± 30.8
274.6 ± 18.7
364.1 ± 17.6
452.7 ± 10.5
626.9 ± 15.2
742.4 ± 29.7
821.8 ± 30.5
918.9 ± 10.2
970.5 ± 28.6

Percent
Error
(%)
1750.0
94.0
97.0
26.0
63.0
16.8
8.4
16.1
8.5
9.0
9.5
4.5
6.1
2.7
2.1
3.0

Weighted Ridge
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

0.0 ± n.c.
10.2 ± 4.2
13.3 ± 6.1
9.3 ± 6.1
26.5 ± 10.5
37.3 ± 6.2
60.0 ± 18.3
200.9 ± 19.4
293.6 ± 7.8
417.3 ± 13.9
509.8 ± 28.4
598.8 ± 7.5
722.9 ± 10.5
767.9 ± 12.9
879.2 ± 14.1
975.5 ± 23.9

Percent
Error
(%)
100.0
104.0
33.0
62.8
47.0
50.3
40.0
0.5
2.1
4.3
2.0
0.2
3.3
4.0
2.3
2.5

Weighted Ridge
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

28.6 ± n.c.
0.0 ± n.c.
0.0 ± n.c.
28.6 ± n.c.
28.6 ± n.c.
77.0 ± 16.5
120.9 ± 20.6
176.4 ± 28.9
277.7 ± 18.0
364.6 ± 17.2
451.8 ± 10.4
625.8 ± 15.3
742.4 ± 30.1
823.0 ± 31.0
921.8 ± 10.4
974.6 ± 29.3

Percent
Error
(%)
2760.0
100.0
100.0
14.4
42.8
2.7
20.9
11.8
7.4
8.8
9.6
4.3
6.1
2.9
2.4
2.5

Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

54.8 ± n.c.
52.2 ± 53.5
0.0 ± n.c.
13.2 ± 16.3
52.3 ± 25.3
68.4 ± 32.3
83.7 ± 16.1
231.7 ± 10.7
299.2 ± 13.0
407.0 ± 19.0
475.5 ± 30.7
638.2 ± 16.8
719.6 ± 26.0
847.2 ± 7.8
923.7 ± 17.7
967.7 ± 38.5

Percent
Error
(%)
5380.0
944.0
100.0
47.2
4.6
8.8
16.3
15.9
0.3
1.8
4.9
6.4
2.8
5.9
2.6
3.2

Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

0.0 ± n.c.
26.7 ± n.c.
74.2 ± 29.6
20.8 ± 17.8
55.5 ± 24.2
76.8 ± 20.8
83.2 ± 10.4
146.0 ± 20.5
276.5 ± 18.9
383.9 ± 22.1
459.9 ± 25.7
626.5 ± 12.2
703.5 ± 24.8
814.9 ± 18.9
933.5 ± 25.7
973.0 ± 30.5

Percent
Error
(%)
100.0
434.0
642.0
16.8
11.0
2.4
16.8
27.0
7.8
4.0
8.0
4.4
0.5
1.9
3.7
2.7

ASSAY 2
Weighted
Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

55.5 ± n.c.
53.4 ± 51.4
0.0 ± n.c.
16.1 ± 14.9
53.2 ± 24.3
68.8 ± 31.5
83.6 ± 15.7
230.6 ± 10.7
298.0 ± 13.0
405.9 ± 19.0
474.6 ± 30.8
637.5 ± 16.8
719.1 ± 26.0
846.9 ± 7.9
923.6 ± 17.7
967.7 ± 38.6

Percent
Error
(%)
5450.0
968.0
100.0
35.6
6.4
8.3
16.4
15.3
0.7
1.5
5.1
6.3
2.7
5.9
2.6
3.2

ASSAY 4
Weighted
Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

8.9 ± n.c.
23.6 ± n.c.
65.6 ± 30.0
21.0 ± 9.9
48.0 ± 20.4
67.5 ± 21.6
73.5 ± 10.9
143.3 ± 23.3
289.0 ± 20.4
402.9 ± 22.9
480.7 ± 25.9
645.7 ± 11.8
720.0 ± 23.7
826.1 ± 17.9
937.4 ± 24.0
974.1 ± 28.4

Percent
Error
(%)
790.0
372.0
556.0
16.0
4.0
10.0
26.5
28.4
3.7
0.7
3.9
7.6
2.9
3.3
4.2
2.6

Weighted Ridge
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

54.9 ± n.c.
53.6 ± 50.6
0.0 ± n.c.
17.2 ± 13.6
53.0 ± 24.0
68.5 ± 31.5
83.2 ± 15.8
232.0 ± 10.8
299.9 ± 13.1
408.2 ± 19.0
476.9 ± 30.7
639.4 ± 16.7
720.6 ± 25.9
847.7 ± 7.8
923.9 ± 17.6
967.7 ± 38.3

Percent
Error
(%)
5390.0
972.0
100.0
31.2
6.0
8.7
16.8
16.0
0.0
2.1
4.6
6.6
2.9
6.0
2.7
3.2

Weighted Ridge
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

5.1 ± n.c.
13.6 ± n.c.
65.6 ± 50.8
12.2 ± 6.3
38.7 ± 22.2
67.0 ± 40.2
73.9 ± 21.6
189.9 ± 27.0
321.2 ± 15.8
408.4 ± 17.4
468.2 ± 20.2
601.6 ± 10.1
667.3 ± 21.8
770.5 ± 19.0
902.8 ± 32.3
959.2 ± 49.0

n.c. – not calculated (the standard deviation error was not calculated when the model could only estimate less than two concentration values from the RFU measurements obtained for the sample)
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Percent
Error
(%)
410.0
172.0
556.0
51.2
22.6
10.7
26.1
5.1
7.1
2.1
6.4
0.3
4.7
3.7
0.3
4.1
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Table 4-3. Quantification results for salmon sperm DNA samples from the 10 experiments performed, using standard curves obtained with salmon sperm DNA: results obtained
from the mathematical models using the algorithm developed.
Sample
ID

Conc.
(ng mL-1)

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16

1
5
10
25
50
75
100
200
300
400
500
600
700
800
900
1000

Sample
ID

Conc.
(ng mL-1)

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16

1
5
10
25
50
75
100
200
300
400
500
600
700
800
900
1000

Least Squares
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

0.0 ± n.c.
20.5 ± 10.1
0.0 ± n.c.
24.4 ± 13.0
37.9 ± 4.6
59.1 ± 6.8
90.9 ± 9.8
156.5 ± 6.8
277.8 ± 11.8
395.6 ± 15.1
478.5 ± 14.8
550.7 ± 24.4
626.5 ± 11.8
771.5 ± 11.9
876.7 ± 14.2
993.7 ± 24.8

Percent
Error
(%)
100.0
310.0
100.0
2.4
24.2
21.2
9.1
21.8
7.4
1.1
4.3
8.2
10.5
3.6
2.6
0.6

Least Squares
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

61.3 ± 19.0
43.4 ± n.c.
0.0 ± n.c.
51.7 ± n.c.
48.8 ± 12.6
75.8 ± 13.3
94.3 ± 3.9
154.5 ± 10.5
252.1 ± 8.2
339.5 ± 9.3
499.5 ± 21.0
570.9 ± 10.7
623.8 ± 11.6
773.0 ± 16.2
877.2 ± 9.3
993.4 ± 37.4

Percent
Error
(%)
6030.0
768.0
100.0
106.8
2.4
1.1
5.7
22.8
16.0
15.1
0.1
4.9
10.9
3.4
2.5
0.7

ASSAY 5
Weighted
Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

0.0 ± n.c.
18.3 ± 10.4
0.0 ± n.c.
22.3 ± 13.4
36.1 ± 4.7
57.7 ± 6.9
89.9 ± 9.9
156.2 ± 6.9
278.3 ± 11.9
396.6 ± 15.2
479.6 ± 14.8
551.9 ± 24.4
627.7 ± 11.8
772.3 ± 11.9
877.0 ± 14.2
993.1 ± 24.6

Percent
Error
(%)
100.0
266.0
100.0
10.8
27.8
23.1
10.1
21.9
7.2
0.8
4.1
8.0
10.3
3.5
2.6
0.7

ASSAY 7
Weighted
Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

59.9 ± 19.3
41.7 ± n.c.
0.0 ± n.c.
50.3 ± n.c.
47.2 ± 13.0
74.7 ± 13.4
93.4 ± 3.9
154.0 ± 10.5
252.0 ± 8.3
339.7 ± 9.3
500.0 ± 21.0
571.5 ± 10.7
624.3 ± 11.6
773.5 ± 16.2
877.5 ± 9.3
993.3 ± 37.3

Percent
Error
(%)
5890.0
734.0
100.0
101.2
5.6
0.4
6.6
23.0
16.0
15.1
0.0
4.8
10.8
3.3
2.5
0.7

Weighted Ridge
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

0.0 ± n.c.
18.5 ± 10.6
0.0 ± n.c.
22.5 ± 13.6
36.6 ± 4.7
58.3 ± 6.9
90.6 ± 9.9
157.0 ± 6.9
279.1 ± 11.8
397.3 ± 15.1
480.2 ± 14.7
552.2 ± 24.3
627.7 ± 11.8
771.7 ± 11.8
875.9 ± 14.1
991.3 ± 24.5

Percent
Error
(%)
100.0
270.0
100.0
10.0
26.8
22.3
9.4
21.5
7.0
0.7
4.0
8.0
10.3
3.5
2.7
0.9

Weighted Ridge
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

56.4 ± 19.7
26.1 ± 16.6
0.0 ± n.c.
30.5 ± 22.7
43.5 ± 13.1
71.5 ± 13.7
90.7 ± 4.0
152.8 ± 10.8
252.9 ± 8.4
342.1 ± 9.4
503.9 ± 21.1
575.5 ± 10.7
628.3 ± 11.6
776.1 ± 16.0
878.5 ± 9.1
991.5 ± 36.3

Percent
Error
(%)
5540.0
422.0
100.0
22.0
13.0
4.7
9.3
23.6
15.7
14.5
0.8
4.1
10.2
3.0
2.4
0.9

Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

30.1 ± 11.4
15.1 ± 11.5
0.0 ± n.c.
6.9 ± n.c.
43.3 ± 15.1
89.4 ± 3.2
80.1 ± 15.9
176.4 ± 11.2
330.3 ± 4.2
434.5 ± 11.3
489.9 ± 20.4
631.0 ± 5.5
724.4 ± 6.7
858.2 ± 12.4
929.0 ± 5.0
1009.1 ± 27.5

Percent
Error
(%)
2910.0
202.0
100.0
72.4
13.4
19.2
19.9
11.8
10.1
8.6
2.0
5.2
3.5
7.3
3.2
0.9

Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

80.7 ± n.c.
0.0 ± n.c.
0.0 ± n.c.
0.0 ± n.c.
0.0 ± n.c.
94.7 ± 7.8
105.6 ± 20.3
195.6 ± 5.7
263.6 ± 9.9
374.9 ± 4.8
478.9 ± 27.0
556.4 ± 4.9
691.9 ± 20.7
817.4 ± 5.5
891.2 ± 23.4
1001.2 ± 45.8

Percent
Error
(%)
7970.0
100.0
100.0
100.0
100.0
26.3
5.6
2.2
12.1
6.3
4.2
7.3
1.2
2.2
1.0
0.1

ASSAY 6
Weighted
Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

36.7 ± 12.5
20.0 ± 13.5
0.0 ± n.c.
5.3 ± 7.2
50.4 ± 15.7
96.7 ± 3.2
87.4 ± 15.7
181.7 ± 11.0
332.2 ± 4.1
434.8 ± 11.2
489.6 ± 20.2
630.0 ± 5.5
723.3 ± 6.7
857.7 ± 12.5
929.2 ± 5.1
1010.1 ± 27.8

Percent
Error
(%)
3570.0
300.0
100.0
78.8
0.8
28.9
12.6
9.2
10.7
8.7
2.1
5.0
3.3
7.2
3.2
1.0

ASSAY 8
Weighted
Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

78.4 ± n.c.
0.0 ± n.c.
0.0 ± n.c.
0.0 ± n.c.
0.0 ± n.c.
93.3 ± 8.2
104.7 ± 21.3
198.5 ± 5.9
268.6 ± 10.2
382.4 ± 4.9
487.7 ± 27.2
565.4 ± 4.9
699.8 ± 20.4
822.8 ± 5.3
894.2 ± 22.6
999.5 ± 43.6

Percent
Error
(%)
7740.0
100.0
100.0
100.0
100.0
24.4
4.7
0.8
10.5
4.4
2.5
5.8
0.0
2.8
0.6
0.1

n.c. – not calculated (the standard deviation error was not calculated when the model could only estimate less than two concentration values from the RFU measurements obtained for the sample)
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Weighted Ridge
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

38.3 ± 11.8
21.7 ± 14.8
0.0 ± n.c.
11.2 ± n.c.
50.6 ± 14.0
90.8 ± 2.8
82.8 ± 13.7
167.4 ± 10.3
317.3 ± 4.3
428.3 ± 12.3
488.9 ± 22.4
643.0 ± 5.9
741.0 ± 6.9
872.5 ± 11.6
937.7 ± 4.5
1007.6 ± 23.3

Percent
Error
(%)
3730.0
334.0
100.0
55.2
1.2
21.1
17.2
16.3
5.8
7.1
2.2
7.2
5.9
9.1
4.2
0.8

Weighted Ridge
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

76.2 ± n.c.
0.0 ± n.c.
60.1 ± n.c.
0.0 ± n.c.
60.1 ± n.c.
94.3 ± 9.7
107.3 ± 23.8
207.5 ± 6.0
276.6 ± 9.8
383.9 ± 4.5
480.6 ± 24.9
551.8 ± 4.5
677.5 ± 19.6
798.7 ± 5.5
874.9 ± 24.8
1004.0 ± 60.3

Percent
Error
(%)
7520.0
100.0
501.0
100.0
20.2
25.7
7.3
3.8
7.8
4.0
3.9
8.0
3.2
0.2
2.8
0.4
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Table 4-3. Quantification results for salmon sperm DNA samples from the 10 experiments performed, using standard curves obtained with salmon sperm DNA: results obtained
from the mathematical models using the algorithm developed.
Sample
ID

Conc.
(ng mL-1)

C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12
C13
C14
C15
C16

1
5
10
25
50
75
100
200
300
400
500
600
700
800
900
1000

Least Squares
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

35.0 ± n.c
46.4 ± 6.8
0.0 ± n.c
48.9 ± 3.1
56.3 ± 8.4
81.2 ± 13.1
89.8 ± 6.4
194.4 ± 6.4
241.0 ± 7.9
353.8 ± 11.1
491.3 ± 9.8
583.1 ± 6.0
616.6 ± 18.7
740.7 ± 10.6
893.5 ± 32.2
972.3 ± 21.4

Percent
Error
(%)
3400.0
828.0
100.0
95.6
12.6
8.3
10.2
2.8
19.7
11.6
1.7
2.8
11.9
7.4
0.7
2.8

ASSAY 9
Weighted
Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

36.4 ± n.c
46.5 ± 6.2
0.0 ± n.c
42.2 ± 11.7
55.9 ± 8.1
80.4 ± 13.1
88.9 ± 6.4
194.6 ± 6.5
241.8 ± 8.0
355.7 ± 11.1
493.6 ± 9.8
585.2 ± 6.0
618.4 ± 18.5
741.1 ± 10.4
890.6 ± 31.3
967.0 ± 20.7

Percent
Error
(%)
3540.0
830.0
100.0
68.8
11.8
7.2
11.1
2.7
19.4
11.1
1.3
2.5
11.7
7.4
1.0
3.3

Weighted Ridge
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

26.6 ± n.c
39.4 ± 7.8
0.0 ± n.c
33.6 ± 15.4
51.0 ± 9.8
79.9 ± 15.2
89.9± 7.3
204.0 ± 6.7
251.9 ± 8.0
362.6 ± 10.6
491.9 ± 9.1
577.0 ± 5.6
608.1 ± 17.4
724.8 ± 10.2
878.3 ± 34.0
966.4 ± 25.6

Percent
Error
(%)
2560.0
688.0
100.0
34.4
2.0
6.5
10.1
2.0
16.0
9.3
1.6
3.8
13.1
9.4
2.4
3.4

Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

36.6 ± 0.0
56.7 ± 24.3
1.7 ± n.c
18.9 ± 12.4
33.3 ± 11.2
74.6 ± 11.5
89.5 ± 10.8
202.5 ± 9.3
299.4 ± 6.8
436.6 ± 22.3
509.6 ± 41.4
649.1 ± 11.9
705.7 ± 6.7
861.0 ± 25.8
928.7 ± 4.6
976.3 ± 27.3

Percent
Error
(%)
3560.0
1034.0
83.0
24.4
33.4
0.5
10.5
1.3
0.2
9.2
1.9
8.2
0.8
7.6
3.2
2.4

ASSAY 10
Weighted
Least Squares Regression
Average Conc. ±
Std deviation
error (ng mL-1)

36.3 ± 0.0
56.0 ± 23.1
6.2 ± n.c
20.3 ± 10.8
33.3 ± 10.4
73.2 ± 11.3
88.0 ± 10.8
201.7 ± 9.4
299.5 ± 6.8
437.5 ± 22.3
510.5 ± 41.3
649.6 ± 11.9
705.8 ± 6.6
859.5 ± 25.5
926.3 ± 4.5
973.2 ± 26.9

Percent
Error
(%)
3530.0
1020.0
38.0
18.8
33.4
2.4
12.0
0.8
0.2
9.4
2.1
8.3
0.8
7.4
2.9
2.7

Weighted Ridge
Regression
Average Conc. ±
Std deviation
error (ng mL-1)

27.2 ± 0.0
50.1 ± 24.0
3.4 ± 2.6
10.1 ± 9.2
25.1 ± 9.2
69.3 ± 13.9
88.2 ± 14.0
223.5 ± 10.0
320.2 ± 6.4
444.4 ± 19.6
508.4 ± 36.2
631.5 ± 10.7
682.9 ± 6.2
835.1 ± 27.7
909.6 ± 5.4
969.2 ± 36.0

n.c. – not calculated (the standard deviation error was not calculated when the model could only estimate less than two concentration values from the RFU measurements obtained for the sample)
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Percent
Error
(%)
2620.0
902.0
66.0
59.6
49.8
7.6
11.8
11.8
6.7
11.1
1.7
5.3
2.4
4.4
1.1
3.1

4.1.4

Influence of DNA fragmentation on PicoGreen® assay

According to the supplier specifications of PicoGreen® assay, most linear dsDNA molecules
yield approximately equivalent fluorescence signal using PicoGreen®. However it has been shown
that DNA fragmentation has a significant impact on the accuracy of DNA concentration
measurement [391]. The errors observed in the quantification results of the salmon sperm DNA
samples when using the λDNA standard curve indicated that the fluorescence signal was affected
by the differences between these two types of DNA. Considering that there is a noteworthy
difference regarding their fragment size, an analysis of the DNA fragmentation effect on
PicoGreen® signal was performed. In addition to λDNA (48502 bp) and low molecular weight
salmon sperm DNA (≤ 300 bp), another salmon sperm DNA, ultrapure and with higher molecular
weight (≤ 2000 bp), was also tested. Standard solutions were prepared from these types of DNA
and three standard curves were obtained, as illustrated in Figure 4-4, following the same protocol
as previously described.

Figure 4-4. Influence of DNA fragmentation on PicoGreen® fluorescence signal (RFU).

In addition to the small fragment size of the low molecular weight salmon sperm DNA, this
product also presents an absorbance ratio A260/A280 of approximately 1.4, indicating the presence
of protein in the DNA sample. A sample is generally accepted as pure when the A260/A280 value
is approximately 1.8 [374]. The results obtained for the ultrapure salmon sperm DNA showed that
purity was not the reason for the low fluorescence signal observed because, although this solution
presented high purity, the PicoGreen® signal was still low. This observation is in accordance with
PicoGreen® specifications, where the presence of protein is described to exert a relatively small
effect on the fluorescence signal. Comparing the results based on the DNA fragmentation level, it
is possible to conclude that the fluorescence signal was much lower for the ultrapure salmon sperm
DNA than for λDNA, being even lower for the most fragmented salmon sperm DNA. Dragan et
al. [392] proposed a model to describe the PicoGreen/DNA complex formation and concluded that
the size of the PicoGreen® binding site on DNA is approximately 4 bp, being larger than for other
intercalating dyes due to the contact of its additional molecular groups with DNA and resulting in
a significantly stronger affinity to DNA. Therefore, longer DNA fragments have more binding sites
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available for the intercalation of PicoGreen® dyes and, consequently, lead to stronger fluorescence
signals. Previous studies using PicoGreen® indicated that DNA fragmentation significantly affects
quantification and that the measured DNA concentration decreases as DNA fragmentation
increases [121,391,393]. Our results are in accordance with these studies and this limitation is the
reason why the λDNA standard curve was not adequate to quantify the salmon sperm DNA
samples.
4.1.5

Influence of compounds commonly used in silica-based SPE on PicoGreen® assay

Sometimes DNA samples that need to be quantified have other compounds present in solution
besides DNA. Some compounds commonly used in DNA extraction and purification methods,
particularly in silica-based SPE, can interfere with the quantification. These contaminants can be
present in residual amounts, for example in elution samples, or they can be present in higher
concentrations when measuring samples before purification or from earlier DNA purification steps,
such as binding or washing, which is a common approach during method evaluation [6,71]. The
presence and quantity of these contaminants needs to be taken into consideration when analyzing
the quantification results for a correct evaluation of the performance of the DNA extraction and
purification method being tested. The influence of some commonly used salts, detergents, and
organic solvents on the PicoGreen® assay was evaluated using LMW salmon sperm DNA samples,
being the results illustrated in Figure 4-5.
The presence of salts in solution affected the PicoGreen® assay, resulting in a lower
fluorescence signal in the presence of higher concentrations of salt. The model for the
PicoGreen/DNA complex formation proposed by Dragan et al. demonstrated that the association
of PicoGreen® with DNA is salt-dependent and that the size of the PicoGreen® binding site on
DNA increases in the presence of high salt concentration [392], consequently the amount of
binding sites available for PicoGreen® molecules decreases, which is also in agreement with the
results observed in our study. Regarding the detergents tested, the curves obtained with Triton X100 and Tween-20 presented a behavior opposite to the one obtained for the salts, showing an
increase in the fluorescence signal. However, the curves obtained for SDS showed a profile similar
to the one observed for the salts, indicating a decrease in fluorescence for higher concentrations of
SDS. The curves obtained for both alcohols, ethanol and isopropanol, resulted in an increase of the
fluorescence signal. The last compound tested was glycine, which is an amino acid that has been
shown promising as an alternative to the use of chaotropic salts, such as GuSCN, in silica-based
SPE methods [86]. The results obtained in the presence of this compound exhibited a smaller
decrease in the fluorescence signal when compared to the salts or SDS. Concerning the detergents
and alcohols tested in this study, especially Tween-20, it was also possible to conclude that the
influence of these compounds on the fluorescence measurement is not only related to their effect
on the PicoGreen/DNA complex formation, but they also affect the characteristics of the solution,
namely the surface tension. During the measurements it was observed that, for the mentioned
buffers, the drop pipetted on the NanoDrop pedestal was flatter than those from the other buffers.
This feature is especially important for the quantification method used in this study as it relies on
the surface tension properties of the sample. This effect was observed for all the detergents and
alcohols tested, but for Tween-20 (Figure 4-5(e)) the influence on the fluorescence measurement
was more evident, showing a significant variation of the signal on the first point of the curve. The
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solutions measured for this point did not contain any DNA and the only difference between them
and the ones used as reference (TE Buffer 1x) was the presence of the compound being analyzed.
Therefore, the presence of this compound in solution was enough to cause a substantial variation
in the fluorescence signal. The influence of the compounds selected for this study on the
PicoGreen® fluorescence signal was statistically significant for all buffers tested.

Figure 4-5. Influence of contaminants on the sensitivity of the PicoGreen® DNA quantification assay using LMW
salmon sperm DNA. Buffer TE 1x was used as a reference for comparison with other buffers containing: a) GuSCN 2M
and 6 M; b) NaCl 100mM and 250 mM; c) KCl 100mM and 400mM; d) Triton X-100 0.1 %, 1 % and 4 % (v/v); e) Tween20 0.1 %, 1 % and 5 % (v/v); f) SDS 0.1 % and 1 % (w/v); g) Ethanol 80 % (v/v); h) Isopropanol 80 % (v/v); i) Glycine
0.25 M.

The same study was performed using λDNA samples and the results showed the same type of
variation on the profile of the curves, as illustrated in Figure 4-6. The presence of salts, SDS and
glycine showed a decrease of the fluorescence signal, which would result in an underestimation of
the DNA concentration. On the other hand, the presence of Triton X-100, Tween-20, ethanol, and
isopropanol resulted in an increase of the fluorescence signal, being in agreement with the results
obtained for LMW salmon sperm DNA. From the compounds tested in this study, glycine was the
one that showed the lowest influence on the DNA quantification method.
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Figure 4-6. Influence of contaminants on the sensitivity of the PicoGreen DNA quantification assay using λDNA
samples. Buffer TE 1x was used as a reference for comparison with other buffers containing: a) GuSCN 2M and 6 M;
b) NaCl 100mM and 250 mM; c) KCl 100mM and 400mM; d) Triton X-100 0.1 %, 1 % and 4 % (v/v); e) Tween-20 0.1 %,
1 % and 5 % (v/v); f) SDS 0.1 % and 1 % (w/v); g) Ethanol 80 % (v/v); h) Isopropanol 80 % (v/v); i) Glycine 0.25 M.

In addition to the means, standard deviations and percent errors, also calculated for the analysis
of all the previous data, a statistical analysis (statistical t-test) was performed using the Data
Analysis Tool of Microsoft Excel 2013 to verify if the effect of these compounds on the
fluorescence signal was statistically significant. The differences were considered statistically
significant, with a 95 % confidence interval, if the t-score was higher than the t-critical and pvalue<0.05. The percent errors determined from the results with LMW salmon sperm DNA and
λDNA samples are summarized in Table 4-4 and Table 4-5, respectively. The percent errors were
generally higher than those obtained for λDNA. In the study with λDNA, for each compound tested,
the linearity of the adjustment was maintained, and the percent errors calculated were similar
independently of the λDNA concentration measured. However, for LMW salmon sperm DNA,
some variations in the percent errors were observed, especially for lower DNA concentrations (250
ng mL-1). For compounds which caused an underestimation of the quantification results, the percent
errors were higher for the highest DNA concentrations, while for the compounds which caused an
overestimation of the quantification results, the percent errors were higher for lower DNA
concentrations.
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Table 4-4. Percent Errors calculated from the study of the influence of some compounds on the PicoGreen® assay
using LMW salmon sperm DNA samples.
DNA
DNA
DNA
Compound
Conc.
Error
Compound
Conc.
Error
Compound
Conc.
Error
(ng mL-1)
(ng mL-1)
(ng mL-1)
250
- 97.7%
250
3.7-fold*
250
- 17.3%
GuSCN
Triton X-100
SDS
500
- 99.9%
500
+ 36.1%
500
- 66.2%
2M
0.1 % (v/v)
0.1 % (w/v)
750
- 97.4%
750
+ 18.1%
750
- 70.6%
250
- 95.9%
250
3.3-fold*
250
- 76.9%
GuSCN
Triton X-100
SDS
500
- 99.7%
500
+ 33.9%
500
- 97.0%
6M
1 % (v/v)
1 % (w/v)
750
- 98.9%
750
+ 10.7%
750
- 98.1%
250
- 45.7%
250
3.7-fold*
250
3.5-fold*
NaCl
Triton X-100
Ethanol
500
- 67.7%
500
+ 48.2%
500
+ 42.9%
100 mM
4 % (v/v)
80 % (v/v)
750
- 73.0%
750
+ 20.5%
750
+ 20.6%
250
- 62.7%
250
3.7-fold*
250
3-fold*
NaCl
Tween-20
Isopropanol
500
- 87.5%
500
+ 44.5%
500
+ 57.2%
250 mM
0.1 % (v/v)
80 % (v/v)
750
- 84.0%
750
+ 21.4%
750
+ 21.5%
250
- 45.5%
250
4.4-fold*
250
- 6.97%
KCl
Tween-20
Glycine
500
- 81.1%
500
+ 49.2%
500
- 25.8%
100 mM
1 % (v/v)
0.25 M
750
- 71.3%
750
+ 19.7%
750
- 19.1%
250
- 69.0%
250
5.4-fold*
KCl
Tween-20
500
- 83.9%
500
+ 75.4%
400 mM
5 % (v/v)
750
- 82.8%
750
+ 22.7%
* Percent errors in which the difference between the measured and expected values was higher than the expected value itself
were represented in “-fold” nomenclature for a better understanding of the results.

Table 4-5. Percent Errors calculated from the study of the influence of some compounds on the PicoGreen assay
using λDNA samples.
Compound
Compound
Compound
Error
Compound
Error
Concentration
Concentration
2M
- 99.9%
0.1% (v/v)
+ 26.1%
GuSCN
6M
- 99.9%
Tween-20
1% (v/v)
+ 25.1%
100 mM
- 31.8%
5% (v/v)
+ 21.9%
NaCl
250 mM
- 45.8%
0.1% (w/v)
- 51.3%
SDS
100 mM
- 31.5%
1% (w/v)
- 99.7%
KCl
400 mM
- 61.1%
Ethanol
80% (v/v)
+ 34.9%
0.1% (v/v)
+ 20.3%
Isopropanol
80% (v/v)
+ 29.0%
Triton X-100
1% (v/v)
+ 15.1%
Glycine
0.25 M
- 6.9%
4% (v/v)
+ 15.2%
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4.1.6 Discussion
An algorithm was developed for the quantification of microvolumetric samples with
fragmented and low concentration DNA in a more accurate way. The best adjustment for the
standard curve of LMW salmon sperm DNA samples was based on the weighted least squares
regression, allowing the quantification of samples with concentrations down to 75 ng mL-1 with
percent errors lower than 30 % for all the experiments performed in this study. In addition, the
algorithm developed not only allowed the adjustment of different mathematical models to the exact
same data set but also allowed to include the number of standard solutions desired, which were
limited options when using Nanodrop’s Software. This approach can be useful for quantification
of complex samples, especially regarding DNA fragmentation level, being possible to use the
fluorescence (RFU) data acquired with Nanodrop and perform the standard curve adjustments and
quantification independently. This way, it was possible to select a model to better fit the standards
data, without compromising the concentration range for these samples as much as the equipment’s
software. The adjustment obtained using the selected model achieved reproducible and accurate
results for the low molecular weight DNA studied in all the experiments performed.

4.1.7

Publication of Results

The results from this project have resulted in the following scientific articles:
Carvalho, J., Negrinho, R., Azinheiro, S., Garrido-Maestu, A., Barros-Velazquez, J. & Prado, M.
Novel approach for accurate minute DNA quantification on microvolumetric solutions. Microchemical
Journal 138, 540-549 (2018). https://doi.org/10.1016/j.microc.2018.02.001
Carvalho, J., Negrinho, R., Azinheiro, S., Garrido-Maestu, A., Barros-Velázquez, J. & Prado, M., Data
on minute DNA quantification on microvolumetric solutions: comparison of mathematical models and
effect of some compounds on the DNA quantification accuracy. Data in Brief 21, 424-431 (2018).
https://doi.org/10.1016/j.dib.2018.09.098
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4.2 P2: APPLICATION

OF THE DNA QUANTIFICATION APPROACH ON THE OPTIMIZATION OF A
REUSABLE MINIATURIZED DEVICE FOR DNA PURIFICATION FROM OLIVE OIL

4.2.1

Applicability of the mathematical model on protocol optimization of the
miniaturized device for DNA purification

With the mathematical model selected in Project 1, the fluorescence data from the samples
acquired during the optimization experiments performed for the DNA purification protocol with
the miniaturized device were analyzed to determine the respective DNA concentrations. This
quantification approach allowed to calculate the amount of DNA released in each step of the
protocol and to obtain the respective purification profile and DNA yields. From the optimization
experiments, described in detail by Carvalho et al. (2018) [370], the DNA purification protocol
optimized for LMW salmon sperm DNA in the miniaturized device consisted in using a nonchaotropic buffer for the binding step, instead of the chaotropic buffers commonly used for this
step in silica-based DNA purification protocols. The non-chaotropic buffer tested was an amino
acid buffer that included glycine in its composition. Previous studies using a quartz crystal
microbalance with dissipation monitoring (QCM-D) showed that amino acid buffers are a
promising alternative to chaotropic salt-based SPE methods [80,86]. Although more DNA was lost
during the binding and washing steps when using this buffer, the DNA yield was higher than the
one obtained when using chaotropic buffers for the binding step. These results suggest that the
binding of DNA to the silica membrane was much stronger when using the chaotropic buffers, but
it also resulted in a more difficult elution, being in accordance with the observations from the
QCM-D studies. The DNA purification profile obtained for the protocol with chaotropic buffers
and for the optimized protocol (with the amino acid buffer) is shown in Figure 4-7. The molecular
mechanism for DNA binding to silica surfaces using amino acid buffers is not yet fully clarified
but, according to published studies it involves the interaction of the amino acid with both DNA and
silica membrane, depending on the pH conditions [86,87]. For lower pH, the negatively charged
carboxylate group of the amino acid interacts with the silica membrane, while the positively
charged amine group is exposed, facilitating the interaction between the negatively charged DNA
and the positively charged group during the binding step. For higher pH conditions, the silica
surface becomes more negatively charged favoring the interaction with the amine group. Therefore,
the negatively charged carboxylate group is exposed and the interaction with the DNA is no longer
favorable, resulting in DNA elution. The optimized protocol, using non-chaotropic buffers, allowed
a higher DNA yield than protocols using chaotropic buffers, increasing from 10.6 % to 42 %.
Moreover, this protocol does not use ethanol, which is also a potential inhibitor for further analysis
steps like DNA amplification, and consequently does not require a drying step, avoiding the
presence of air inside the device.
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Figure 4-7. DNA purification profile obtained with the miniaturized device using a protocol with chaotropic buffers
(DNA yield: 10.6 %) and the optimized protocol (DNA yield: 42 %).

Quantification of DNA samples collected in the optimization experiments was a critical step
for the selection of the best DNA purification protocol for the miniaturized device. The approach
developed for the mathematical adjustment allowed a more accurate and sensitive quantification
than the one that would be obtained by only using the Nanodrop’s software, and it can be a useful
tool for other applications when the standard curve adjustment obtained with the software is not
good enough without limiting so much the concentration range for the quantification.
4.2.2

Application of the miniaturized device for DNA purification from olive oil
samples

After pre-treatment, the DNA purification from EVOO samples, spiked and non-spiked, was
performed using the commercial NucleoSpin® kit and the miniaturized device in parallel for
comparison. For the commercial kit, only the elution samples were collected for DNA
quantification while for the miniaturized device samples were collected in all the steps, similarly
to what was done in the optimization experiments previously performed with this prototype. In
Figure 4-8(a), the elution profile obtained with NucleoSpin® kit for the EVOO samples, spiked
and non-spiked, is described. For the non-spiked EVOO samples the amount of DNA eluted
increased slightly from the first samples to the last ones, contrarily to the profile obtained for the
spiked EVOO samples, where the highest amount of DNA was released in the first samples eluted.
On the other hand, the DNA purification profiles obtained with the miniaturized device were
similar for both spiked and non-spiked EVOO samples, as represented in Figure 4-8(b). These
profiles showed an increase of the DNA amount lost at the end of the binding step, indicating that
no more DNA was binding to the silica membrane, followed by a decrease of this amount during
the washing step, suggesting that the unbound DNA was removed from the device along with the
unbound contaminants. In the elution step, the amount of DNA released from the device increased
again, indicating that the DNA previously bound to the membrane was now being released. To
compare the experiments performed with the commercial kit and the prototype, DNA concentration
of the respective elution steps was represented in Figure 4-8(c).
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Figure 4-8. DNA purification from spiked and non-spiked EVOO samples: a) Elution profile obtained with NucleoSpin®
kit; b) DNA purification profile obtained with the miniaturized device; c) Average DNA concentration of elution
samples obtained with the NucleoSpin® kit and the prototype.

Quantification results obtained for the elution step of these studies are described in Table 4-6,
including the amount of DNA released during this step, the volume of elution buffer and the
respective absorbance ratios for spiked and non-spiked EVOO samples. Although the volume of
elution buffer used for the miniaturized device was ten times higher than the volume used in the
commercial kit, the DNA amount recovered with the miniaturized device was thirty times higher
for the spiked EVOO samples and fifty times higher for the non-spiked EVOO samples than the
respective amounts recovered with the NucleoSpin® kit. When comparing the final DNA
concentration of the elution samples, it was observed that the concentration obtained with the
miniaturized device was approximately three times higher for the spiked EVOO, and six times
higher for the non-spiked EVOO, than with the commercial kit. The purity results obtained with
both methods were similar. The absorbance ratios obtained for the elution samples were below the
values generally accepted for pure samples, indicating the presence of some proteins and other
contaminants in solution. The miniaturized prototype allowed the recovery of a higher amount of
DNA, showing a better performance than the commercial kit for the same type of samples.
Table 4-6. Quantification results obtained for the DNA purification from EVOO samples, spiked and non-spiked, using
the commercial NucleoSpin® kit and the miniaturized device.
Non-Spiked EVOO
SAMPLES

NucleoSpin®
Food kit
Miniaturized
Device

128

Elution
Volume
(μL)

Average DNA
mass (μg) ±
standard
deviation error
(μg)

A260/280

200

1.4 ± 0.0

2000

79.1 ± 10.9

Spiked EVOO

A260/230

Average DNA
mass (μg) ±
standard
deviation error
(μg)

A260/280

A260/230

1.33

0.49

3.8 ± 1.9

1.42

0.91

1.39

0.83

127.8 ± 24.6

1.53

0.79
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4.2.3

Discussion

To optimize the DNA purification protocol developed for the miniaturized device, it was
important to use a fragmented DNA standard and still be able to perform quantification of highly
diluted samples, especially considering that this device was intended to be adapted for olive oil
samples. The quantification approach described in Project 1 was successfully applied for
optimization of the miniaturized DNA purification device, allowing to achieve this goal, and
overcoming some of the limitations found regarding quantification. In addition, with the optimized
protocol, the miniaturized device was then successfully adapted for DNA purification from olive
oil samples, which usually contain low amounts of highly fragmented DNA. After a pre-treatment
step performed for these challenging food matrices, the samples were processed in parallel using
the miniaturized device and the commercial NucleoSpin® Food kit, for comparison purposes. For
the same samples, the prototype showed better performance than the commercial kit, previously
described as method of choice for DNA extraction from olive oils and other seed oils due to the
reported DNA yields [246,372,394]. Therefore, the results obtained with the prototype have also
demonstrated the applicability and broad possibilities of µSPE-based devices for samples with
minute DNA content, proving to be a very promising sample preparation method, while the DNA
quantification approach developed has demonstrated to be a potential valuable tool for performance
evaluation of miniaturized DNA purification devices for complex matrices.

4.2.4

Publication of Results

The results from this project have resulted in the following scientific article:
Carvalho, J., Puertas, G., Gaspar, J., Azinheiro, S., Dieguez, L., Garrido-Maestu, A., Vazquez, M.,
Barros-Velazquez, J., Cardoso, S. & Prado, M. Highly efficient DNA extraction and purification from
olive oil on a washable and reusable miniaturized device. Analytica Chimica Acta 1020, 30-40 (2018).
https://doi.org/10.1016/j.aca.2018.02.079
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4.3 P3: EVALUATION OF SSR-BASED AND SNP-BASED METHODS IN OLIVE VARIETIES FROM THE
NORTHWEST OF SPAIN AND POTENTIAL FOR MINIATURIZATION
4.3.1

DNA extraction and purification

Three DNA extraction and purification protocols were used to obtain DNA extracts from leaf
samples. After quantification with NanoDrop 2000c, it was observed that, although the DNA
concentration of extracts obtained using NucleoSpin® Food kit was up to 10 times higher than
NucleoSpin® Plant kit, DNA extracts from both commercial kits showed similar purity, presenting
an average absorbance ratio of 1.7 for A260/ A280, and 1.2 for A260/ A230. The differences
observed regarding concentration of the DNA extracts may not only be related to the higher amount
of initial sample material used in NucleoSpin® Food kit but also due to the extra filtration step that
was performed in NucleoSpin® Plant kit, increasing the number of steps of the protocol and the
amount of DNA lost in the process. DNA extraction using CTAB was the method that resulted in
DNA extracts with the highest concentration, being up to 8 times higher than NucleoSpin® Food
kit. In addition, the purity ratios obtained with this method were also higher than the commercial
kits, presenting an average A260/ A280 ratio of 2.0, and A260/ A230 of 1.6. In the case of fruit
samples, DNA extraction and purification was performed with the commercial kits. Similarly to
the leaf samples, the DNA concentration of extracts obtained using NucleoSpin® Food kit were
higher than the ones obtained with NucleoSpin® Plant kit for fruit samples, presenting an average
absorbance ratio of 1.4 for A260/ A280, and 1.0 for A260/ A230. With the rapid development of
DNA-based technologies and the advancements towards their miniaturization and automation, the
choice of methods used for sample preparation has become extremely important when considering
such devices. The precipitation method using CTAB allowed higher DNA extraction yields and
higher purity ratios, however it was much more laborious and time consuming, and required the
use of hazardous reagents. Therefore, precipitation methods have been gradually replaced by
methods based on solid-phase extraction at bench scale which can be easily transferred into
miniaturized devices and have been widely adopted for this purpose, making it easier for
integration with further DNA analysis steps [2,370,395,396].
4.3.2

SSR-based Analysis

4.3.2.1 Evaluation of SSR markers
After amplification, amplicon sizes of the 14 SSR markers tested were determined by agarose
gel electrophoresis and by microchip-based capillary electrophoresis (Bioanalyzer). Results from
SSR analysis performed using these two methods for ‘Brava’ and ‘Mansa de Figueiredo’ varieties
are described in Table 4-7.
The amplicon size ranges, number of alleles, and number of allele patterns obtained were
compared with literature results obtained using a more accurate and sophisticated equipment for
the same varieties and markers. According to the literature results, a total of 35 alleles were
amplified for ‘Brava’ and ‘Mansa de Figueiredo’ varieties, and 5 of the markers were monomorphic
(resulted same size amplicons in both ‘Brava’ and ‘Mansa de Figueiredo’). However, the number
of alleles identified for the same SSR markers using Bioanalyzer and agarose gel electrophoresis
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was 33 and 29, respectively. The lower number of alleles identified using these two methods is a
consequence of their lower resolution capacity compared to the automatic capillary sequencer. The
results obtained were evaluated and compared with the reference study regarding the number of
alleles identified, the quality of the bands obtained, and amplicon size determination. From the
results obtained by agarose gel electrophoresis, 6 out of the 14 SSR markers tested were consistent
with the reference study regarding these parameters, namely UDO99-019, UDO99-024,
GAPU71B, GAPU101, GAPU103A, and ssrOeUA-DCA11. Although the number of
monomorphic markers revealed through agarose gel electrophoresis was consistent with literature,
except for ssrOeUA-DCA18 and ssrOeUA-DCA16, the amplicon sizes and/or number of alleles
were sometimes different. On the other hand, from the results obtained with Bioanalyzer, a total of
9 out of the 14 SSR markers were comparable to the reference study when considering the same
parameters, including UDO99-019, UDO99-024, GAPU59, GAPU71B, GAPU101, GAPU103A,
ssrOeUA-DCA3, ssrOeUA-DCA11, and ssrOeUA-DCA18. In the case of ssrOeUA-DCA3
marker, it was observed that the size of the two alleles reported for ‘Mansa de Figueiredo’ were
quite close (4 bp difference), which explains why only one allele was identified for this variety
using Bioanalyzer and agarose gel electrophoresis methods. Therefore, considering the quality and
size distribution of the peaks and bands obtained, the results of this marker were also selected as
being comparable to the reference publication, although the number of alleles identified for ‘Mansa
de Figueiredo’ was not the same.
The respective amplicon bands obtained with agarose gel electrophoresis and Bioanalyzer are
illustrated in Figure 4-9. Electropherograms obtained with Bioanalyzer were also analyzed
separately for each SSR marker as illustrated in Figure 4-10. Overall, from the selected SSR
markers described in Figure 4-9(a) and Figure 4-10(a), a total of 5 markers were polymorphic for
‘Brava’ and ‘Mansa de Figueiredo’, namely UDO99-024, GAPU103A, ssrOeUA-DCA3,
ssrOeUA-DCA11 and ssrOeUA-DCA18, presenting a different allelic pattern for each variety, and
therefore allowing to distinguish them. The remaining 4 selected SSR markers, were found to be
monomorphic, with similar number of alleles as found in the reference study. The remaining SSR
markers, described in Figure 4-9(b) and Figure 4-10(b), although polymorphic, were inconsistent
with the reference study. The discrepancies observed were absence or very low intensity of
expected bands, as it was observed for markers UDO99-011, UDO99-043, ssrOeUA-DCA15, and
ssrOeUA-DCA16, and due to the presence of extra bands, as it was the case of marker ssrOeUADCA9, for which an extra 200 bp band was observed, being present in all ‘Mansa de Figueiredo’
samples tested but not described in the reference study. Additionally, it was observed that if the
number of PCR cycles or primer concentration was increased for markers with a missing or very
low intensity band, several artifacts such as stutter bands would be detected, making it difficult to
correctly identify the alleles. Moreover, ssrOeUA-DCA16, which was described as monomorphic
marker in reference study, showed polymorphism between ‘Brava’ and ‘Mansa de Figueiredo’ with
amplicon sizes also quite different from literature.
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Table 4-7. Amplicon sizes, number of alleles, number of allele patterns and amplicon size ranges obtained with gel electrophoresis and Bioanalyzer for each SSR marker
tested, and comparison with literature results for ‘Brava’ and ‘Mansa de Figueiredo' varieties.
Gel Electrophoresis
Locus
UDO99-011
UDO99-019
UDO99-024
UDO99-043
GAPU59
GAPU71B
GAPU101
GAPU103A
ssrOeUA-DCA3
ssrOeUA-DCA9
ssrOeUA-DCA11
ssrOeUA-DCA15
ssrOeUA-DCA16
ssrOeUA-DCA18

Variety
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo
Brava
Mansa de Figueiredo

Amplicon
size (bp)
130/150a
140/150a
140/140
140/140
160/180
180/180
220/220a
240/240a
230/230
230/230
130/140
130/140
200/220
200/220
140/140
190/190
250/270
260/260
190/190
170/210
140/170
150/170
240/240
260/260
160a/160a
160a/180a
180/180
180/180

Bioanalyzer

Na.

Np.

Size
range (bp)

3

2

130-150

1

1

140

2

2

160-180

2b

2

220-240

1b

1

230

2

1

130-140

2

1

200-220

2

2

140-190

3b

2

250-270

3

2

170-210

3

2

140-170

2b

2

240-260

2

2c

160-180

1b

1c

180

Amplicon
size (bp)
137/157a
147/157a
135/135
135/135
181/213
213/213
238/238a
253/253a
213/221
213/221
128/138
128/138
198/219
198/219
143/143
187/187
250/267
259/259
179/190
160/200
148/184a
167a/184a
259/259
280/280
170a/170a
170a/186a
170/179
171/179

Na. – Number of alleles; Np. – Number of allele patterns; a – Low intensity band/peak
b – Different number of alleles compared to literature [242]; c – Different number of allele patterns.

Literature [242]

Na.

Np.

Size
range (bp)

3

2

137-157

1

1

135

2

2

181-213

2b

2

238-253

2

1

213-221

2

1

128-138

2

1

198-219

2

2

143-187

3b

2

250-267

4b

2

160-200

3

2

148-184

2b

2

259-280

2

2c

170-186

3

2

170-179

and

presence

of

stutter

Amplicon
size (bp)
119/134
127/134
129/129
129/129
164/185
185/185
172/204
172/216
210/220
210/220
127/141
127/141
191/217
191/217
133/133
184/184
237/251
243/247
182/192
160/160
140/178
160/178
243/254
263/263
124/152
124/152
166/176
168/176
bands

Na.

Np.

Size
range (bp)

3

2

119-134

1

1

129

2

2

164-185

3

2

172-216

2

1

210-220

2

1

127-141

2

1

191-217

2

2

133-184

4

2

237-251

3

2

160-192

3

2

140-178

3

2

243-263

2

1

124-152

3

2

166-176

when

increasing

PCR

efficiency;
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Figure 4-9. Amplicon bands obtained for ‘Brava’ and ‘Mansa de Figueiredo’ varieties with Bioanalyzer and gel electrophoresis for each SSR marker: a) selected
SSR markers with results comparable to literature; b) SSR markers not selected due to presence of extra bands or absence of expected bands compared to
literature.
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Figure 4-10. Electropherograms of ‘Brava’ (―) and ‘Mansa de Figueiredo’ (―) samples obtained with Bioanalyzer
for each SSR marker tested: a) selected SSR markers with results comparable to literature; b) SSR markers not
selected due to presence of extra bands or absence of expected bands compared to literature.
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When comparing results obtained from different DNA extraction methods, both the
commercial kits and the precipitation method using CTAB provided similar results regarding
amplicon size determination. SSR markers have several advantages over SNPs, such as being
highly polymorphic and easily transferable between closely related species [397]. Also, with the
advances on next-generation sequencing technologies, identification and selection of SSR markers
have become cheaper and faster [398]. However, it was observed that different SSR markers have
different efficiencies, which affect the limit of the detection between markers, requiring further
optimization steps. In addition, discrepancies in allele sizing determination affected the
reproducibility of the assay and made comparison of data between laboratories difficult, as evident
in this study. Hence, selection and use of SSR markers should be done cautiously while using them
as cultivar identification tools.
4.3.2.2 Potential for miniaturization of SSR-based methods
SSR markers have been extensively employed in plant genetic studies and food authentication
[254,399,400], being PCR-based amplification the most commonly used method. The development
of miniaturized PCR-based devices has been extensively explored, and several advances have been
made regarding design, operation and integration with other functions, such as sample preparation
and detection [34–36]. After amplification, the amplicon sizes are usually measured in order to
identify polymorphisms. The polymorphisms identified for a specific locus are related to variations
in the amplicon size, which depend on the number of repeats of a particular DNA motif. Therefore,
the accuracy of amplicon size determination is extremely important for SSR-based analysis.
Automated capillary analyzers combined with fluorescently labelled primers are usually the
preferred technique for amplicon size determination due to their high accuracy. However, these
instruments are quite expensive, large, and require specialized and experienced users. Traditional
polyacrylamide gels have been used for amplicon size determination in SSR-based analysis, but
these are laborious, time-consuming, and acrylamide is toxic. A safer alternative to polyacrylamide
gels are high resolution agarose gels, such as MetaPhor™, which are also a popular choice for SSR
analysis. Nevertheless, capillary electrophoresis systems still offer superior resolution and
improved sensitivity than gel electrophoresis. On the other hand, the use of microchips for SSR
separations can bring several advantages, such as the reduced reagent and sample volumes,
decreasing the cost per analysis and sample consumption. Other advantages of such miniaturized
systems are the faster separations achieved, and the possibility for an easier integration with other
analytical steps, such as sample preparation and PCR-based amplification. When transferring
capillary‐based techniques to microchip-based devices, the main challenge is in the development
of channel geometries allowing high‐resolution separations in a small microchip footprint, without
compromising resolution. The development of microchip-based SSR separation systems has been
explored with the aim of moving towards the development of fully integrated and portable
miniaturized devices for SSR analysis [401,402]. In this study, we were interested in evaluating if
the SSR analysis of the 14 markers previously described could be easily transferred from a highly
specialized and accurate capillary analyzer to a more affordable microchip-based system, such as
Bioanalyzer. Bioanalyzer is a commercial lab-on-a-chip technology based on traditional gel
electrophoresis principles, providing automated sizing and quantification. According to the
manufacturer’s specifications, the Agilent DNA 1000 Assay has a coefficient of variation of 5 %
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for sizing reproducibility, a sizing resolution of 5 bp, and a sizing accuracy of ± 10 %. One of the
main problems found during the SSR analysis using Bioanalyzer was defining the size of each
amplicon due to the variation on the sizing reproducibility observed between different chips, and
even between different wells on the same chip. This variation is an important limitation for SSRbased analysis, particularly when analyzing samples with similar amplicon sizes. However, for
samples in which the amplicon size differences were large enough to overcome this limitation, it
was possible to confirm their polymorphisms. Nevertheless, Bioanalyzer allowed to identify more
amplification products than the conventional gel electrophoresis, therefore providing more
complete information regarding the samples. Overall, based on the results achieved using
Bioanalyzer, the main limitations of microchip-based devices for SSR genotyping were the
amplicon sizing accuracy and resolution, limiting the applicability of this methodology for more
complex samples.
4.3.3

SNP-based Analysis

4.3.3.1 Identification of SNPs
Before sequencing, quality and size of the partial genomic fragments amplified from
cycloartenol synthase and lupeol synthase genes were verified by agarose gel electrophoresis and
Bioanalyzer, being described in Figure 4-11.
The sequences obtained for ‘Brava’, ‘Mansa de Figueiredo’ and ‘Arbequina’ varieties were
then aligned with sequences of other olive varieties available in GenBank. The SNPs identified for
lupeol synthase and cycloartenol synthase genes, as well as the allele frequency determined for the
olive varieties included in the alignments, are listed in Table 4-8. For lupeol synthase gene, a total
of 3 SNPs were identified after the alignments, while for cycloartenol synthase gene a total of 7
SNPs were identified. In the case of the SNPs identified for cycloartenol synthase, two sequencing
methods were performed: Sanger sequencing and sequencing with MinION, which was the first
portable nanopore sequencing platform to be commercially released. This microfluidic platform
was originally developed for sequencing of long DNA strands, however it has also been used for
shorter DNA reads (<1 kb) [403]. The sequencing results obtained with both methods were similar,
with the exception that the results from MinION identified an additional SNP for cycloartenol
synthase gene. In the current study, only the SNPs commonly obtained by both methods were
explored. Most of the SNPs identified corresponded to transitions, which occur between purines
(A ↔ G) or between pyrimidines (C ↔ T). Transitions accounted for approximately two-thirds of
all the SNPs identified, being in accordance with previous observations [404] in which this is the
most abundant type of SNP in plants and animals.
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Figure 4-11. PCR products obtained for target genes (cycloartenol synthase and lupeol synthase) using primer sets
Lup1, Lup2, Cyc1 and Cyc2: a) Amplicon bands in electrophoresis gel; b) Amplicon bands in Bioanalyzer chip; c)
Electropherograms obtained with Bioanalyzer for each set of primers.
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Table 4-8. List of SNPs identified for lupeol synthase and cycloartenol synthase genes and allele frequency
determined for the olive varieties included in sequence alignment.
Target Gene

SNP Name

SNP Position

SNP

SNP Type

OEW
(Lupeol
Synthase)

LUP-SNP1
LUP-SNP2
LUP-SNP3
CYC-SNP1
CYC-SNP2
CYC-SNP3
CYC-SNP4
CYC-SNP5
CYC-SNP6
CYC-SNP7

273
291
415
133
345
390
422
439
499
560

A/G
G/T
A/G
T/C
A/C
A/G
G/A
A/C
A/G
G/A

Transition
Transversion
Transition
Transition
Transversion
Transition
Transition
Transversion
Transition
Transition

OEX
(Cycloartenol
Synthase)

Allele Frequency (%) *
A: 63.3
T: 70.0
G: 75.0
T: 75.0
A: 62.5
A: 62.5
G: 75.0
A: 68.7
A: 75.0
G: 62.5

G:36.7
G: 30.0
A: 25.0
C: 25.0
C: 37.5
G: 37.5
A: 25.0
C: 31.3
G: 25.0
A: 37.5

* Allele frequency was calculated considering the sequences obtained in this study for ‘Brava’, ‘Mansa de Figueiredo’, and
‘Arbequina’, as well as the sequences of the other olive varieties available in GenBank for the target genes.

The genotypes obtained for each SNP position, after the sequence alignments for both target
genes, are described in Table 4-9. According to the genotypes determined from the alignments
obtained for lupeol synthase, it was observed that ‘Brava’ could potentially be distinguished from
the remaining varieties using any of the 3 SNPs identified because this variety includes both allele
versions in these SNP positions (heterozygous) while the others only include one of the two allele
versions (homozygous). In the case of ‘Mignola’ and ‘Cassanese’, these varieties could also be
distinguished from the others using any of the 3 SNPs identified (except from ‘Dolce’ when using
LUP-SNP1), but they cannot be distinguished from each other using these SNPs since they present
the same genotype in these regions. ‘Dolce’ variety could be distinguished using LUP-SNP1
combined with LUP-SNP2 or LUP-SNP3. On the other hand, the SNPs identified in lupeol
synthase cannot be used to distinguish between ‘Arbequina’, ‘Mansa de Figueiredo’, ‘Mastoidis’,
‘Ottobratica’, ‘Picual’, ‘Caiazzana’, and ‘Kerkyras’ because they all present the same genotype for
these SNP positions. Considering the genotypes determined for cycloartenol synthase, it was
observed that ‘Mansa de Figueiredo’ could potentially be distinguished from the other varieties
using CYC-SNP2, while ‘Brava’ could be differentiated using CYC-SNP3. In addition, ‘Cordovil
de Serpa’ could be distinguished using CYC-SNP1, CYC-SNP4, CYC-SNP5, CYC-SNP6 or CYCSNP7 combined with CYC-SNP3, and ‘Arbequina’ could be differentiated using CYC-SNP1,
CYC-SNP4, CYC-SNP5, CYC-SNP6 or CYC-SNP7 combined with CYC-SNP2. Finally, when
only considering ‘Brava’, ‘Mansa de Figueiredo’ and ‘Arbequina’ varieties, it was observed that
‘Brava’ could be distinguished from ‘Arbequina’ and ‘Mansa de Figueiredo’ using any of the 7
SNPs identified, except CYC-SNP2, and ‘Mansa de Figueiredo’ could be differentiated using
CYC-SNP2. It was also observed that ‘Arbequina’ presented the same genotype as ‘Mansa de
Figueiredo’ for all the SNPs identified, except for CYC-SNP2 where it presented the same
genotype as ‘Brava’. These conclusions were exclusively taken from the alignments obtained for
both target genes using Geneious Prime software. With this in mind, a total of 5 SNP positions
were then selected for the SNP genotyping experiments performed in this study in order to validate
some of these observations, and to compare two different SNP-based genotyping methods for the
differentiation of ‘Brava’ and ‘Mansa de Figueiredo’ varieties.
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Table 4-9. Genotypes obtained in each SNP position for the olive varieties included in sequence alignments.
Mastoidis,
Ottobratica,
Cordovil
SNP
Mansa de
Mignola,
Gene
Brava
Arbequina
Picual,
Dolce
de
Name
Figueiredo
Cassanese
Caiazzana,
Serpa
Kerkyras
GG
GG
LUP-SNP1
AG
AA
AA
AA
OEW
GG
TT
(Lupeol
LUP-SNP2
TG
TT
TT
TT
Synthase)
AA
GG
LUP-SNP3
GA
GG
GG
GG

OEX
(Cycloartenol
Synthase)

CYCSNP1
CYCSNP2
CYCSNP3
CYCSNP4
CYCSNP5
CYCSNP6
CYCSNP7

TT

TC

TC

-

-

-

TT

AC

AA

AC

-

-

-

AC

AA

AG

AG

-

-

-

AG

GG

GA

GA

-

-

-

GG

AA

AC

AC

-

-

-

AA

AA

AG

AG

-

-

-

AA

GG

GA

GA

-

-

-

GG

Underlined genotypes represent the presence of both alleles at a particular SNP position. Alleles with highest frequency are
marked in bold.

4.3.3.2 Evaluation of real-time allele-specific PCR method
The 5 SNP positions selected for genotyping by real-time allele-specific PCR were CYCSNP1, CYC-SNP2, CYC-SNP3, CYC-SNP4, and CYC-SNP5. Although, the genotyping
experiments were mainly focused on distinguishing ‘Brava’ and ‘Mansa de Figueiredo’ varieties,
samples of ‘Arbequina’ were also included in this study. The SNPs identified in lupeol synthase
gene were not selected for the genotyping experiments. Although it was possible to distinguish
‘Brava’ from ‘Mansa de Figueiredo’ and ‘Arbequina’ with any of these SNPs, it was not possible
to differentiate ‘Mansa de Figueiredo’ from ‘Arbequina’ with any of them. In addition, CYC-SNP6
and CYC-SNP7 were also not included in the genotyping experiments since they were located close
to the end of the DNA sequences obtained for these samples, limiting the quality of primer
designing. Amplification reactions were optimized for the 5 selected SNPs, however for CYCSNP3 and CYC-SNP5 only late or no amplification were observed for all the samples tested. As a
result, these two target SNPs were excluded from this genotyping method.
4.3.3.2.1

Pure olive varieties

Amplification results obtained for pure samples of ‘Brava’, ‘Mansa de Figueiredo’ and
‘Arbequina’ varieties using the allele-specific primers designed for the remaining 3 SNP positions
(CYC-SNP1, CYC-SNP2, and CYC-SNP4) are described in Figure 4-12.
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Figure 4-12. Real-time allele-specific PCR plots obtained for ‘Brava’, ‘Mansa de Figueiredo’ and ‘Arbequina’ varieties
using allele-specific primer sets (― allele variant 1; ― allele variant 2) targeting SNP1, SNP2 and SNP4 identified in
cycloartenol synthase gene.

As previously described, this genotyping method requires two amplification reactions for each
SNP position, targeting each allele variant separately. For CYC-SNP1, it was observed that ‘Mansa
de Figueiredo’ and ‘Arbequina’ varieties showed similar amplification for both allele-specific PCR
reactions, indicating that both allele variants (T and C) were present in these samples (heterozygous
TC). However, for ‘Brava’, a significant delay on the PCR reaction targeting allele variant 2 (C)
was observed in comparison to allele variant 1 (T), indicating that in this variety both alleles were
the same (homozygous TT). For CYC-SNP2, ‘Brava’ and ‘Arbequina’ showed similar
amplification for both allele variants (A and C), being both present in these varieties (heterozygous
AC). On the other hand, for ‘Mansa de Figueiredo’, amplification was only observed for the allele
variant 1 (A), indicating that both alleles were the same (homozygous AA). Finally, for CYCSNP4, ‘Brava’ only showed amplification for the allele variant 1 (G), being both alleles the same
(homozygous GG). In the case of ‘Mansa de Figueiredo’ and ‘Arbequina’, amplification was
achieved for both allele variants targeted (G and A), being both present in these varieties
(heterozygous GA). For this SNP position, it was noticed that, for ‘Mansa de Figueiredo’ and
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‘Arbequina’, there was a short delay of approximately 3 cycles on the PCR reaction targeting allele
variant 2 (A) compared to allele variant 1 (G). Although this short delay was observed, it was not
significant when compared to the amplification profile obtained for ‘Brava’, which only presented
one of the allele variants. This short delay can be related to the lower stability of the annealing for
the primers targeting allele variant 2 (A) when compared with the primers targeting allele variant
1 (G), combined with the strong destabilization provided by the extra mismatch included in these
primers, as described in Table 3-8. Overall, the SNP genotyping results obtained for CYC-SNP1,
CYC-SNP2 and CYC-SNP4 using this method for pure ‘Brava’, ‘Mansa de Figueiredo’ and
‘Arbequina’ varieties were in accordance with the sequencing results previously described,
validating the applicability of this methodology. In addition, this method was performed using
DNA extracts from different plant tissues (leaves and fruits), and obtained with different
commercial kits (NucleoSpin® Food kit and NucleoSpin® Plant kit), showing consistent results
for all the conditions tested and, therefore, establishing good reproducibility of the method.
4.3.3.2.2

Mixtures of olive varieties

In addition to pure samples of ‘Brava’, ‘Mansa de Figueiredo’ and ‘Arbequina’, mixtures of
DNA extracts from these varieties, prepared in different proportions, were also tested by real-time
allele-specific PCR. The amplification results obtained for these mixtures targeting CYC-SNP1,
CYC-SNP2 and CYC-SNP4 from cycloartenol synthase gene are described in Table 4-10. The
results obtained for each mixture were compared with the results obtained for the controls (pure
varieties) in order to evaluate the ability of this method to identify the authenticity of each sample,
evaluating if the sample being tested could be a pure ‘Brava’ or a pure ‘Mansa de Figueiredo’.
According to the results described in Table 4-10, amplification profiles obtained for CYC-SNP2
were enough to confirm that none of the samples were pure ‘Mansa de Figueiredo’, since none of
them showed no amplification (or a significant delay) as expected for this variety. On the other
hand, amplification profiles obtained for CYC-SNP4 were enough to confirm that none of the
samples were pure ‘Brava’, since none of them showed no amplification as expected for this variety
at this SNP position. Therefore, real-time allele-specific PCR targeting CYC-SNP2 and CYCSNP4 would be enough to confirm that these samples were neither pure ‘Mansa de Figueiredo’ nor
pure ‘Brava’, however it would not be possible to identify the correct composition of the samples.
In the case of the amplification profiles obtained for CYC-SNP1, it was observed that none of the
samples were pure ‘Brava’, except for sample m6 (75 % ‘Brava’, 25 % ‘Mansa de Figueiredo’) for
which the amplification delay observed could raise some doubts. In addition, it was also observed
that none of the samples were pure ‘Mansa de Figueiredo’ or pure ‘Arbequina’, except for samples
m7 (75 % ‘Mansa de Figueiredo’, 25 % ‘Arbequina’) and m9 (50 % ‘Mansa de Figueiredo’, 50 %
‘Arbequina’) for which it was not possible to distinguish, since these samples were both composed
by varieties with similar profiles for this SNP position. Although the genotyping experiments were
mainly focused on distinguishing ‘Brava’ and ‘Mansa de Figueiredo’ varieties, it was also possible
to confirm that none of the samples tested were pure ‘Arbequina’ using this method, except for
sample m9 (50 % ‘Mansa de Figueiredo’, 50 % ‘Arbequina’), for which this confirmation was not
possible since it showed the same profile as a pure ‘Arbequina’. Distinguishing pure ‘Arbequina’
samples using these target SNPs is more challenging since this variety presents a genotype similar
to ‘Brava’ for CYC-SNP2 and similar to ‘Mansa de Figueiredo’ for CYC-SNP1 and CYC-SNP4.
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Table 4-10. Real-time allele-specific PCR results obtained for mixtures of ‘Brava’, ‘Mansa de Figueiredo’ and
‘Arbequina’ varieties in different proportions using primer sets targeting SNP1, SNP2 and SNP4 identified in
cycloartenol synthase gene.
Presence of target alleles
Sample
Composition
Allele
SNP1
SNP2
SNP4
100 % Brava

Mansa de
Figueiredo

100 % Mansa de
Figueiredo

Arbequina

100 % Arbequina

m1

Equal proportions of
Brava, Mansa de
Figueiredo and
Arbequina

m2

MIXTURES

CONTROLS

Brava

a1

Yes

Yes

Yes

a2

No
Significant
delay a

Yes
Ct similar to a1

No
No
amplification

a1

Yes

Yes

Yes

No
No amplification
or Significant
delay a

Yes
Ct similar to a1

a1

Yes

Yes

Yes

a2

Yes
Ct similar to a1

Yes
Ct similar to a1

Yes b
Short delay

a1

Yes

Yes

Yes

a2

Yes
Short delay

Yes
Ct similar to a1

Yes
Short delay

50 % Brava
25 % Mansa de Figueiredo
25 % Arbequina

a1

Yes

Yes

Yes

a2

Yes
Short delay

Yes
Ct similar to a1

Yes
Delay 6 Cycles

25 % Brava
50 % Mansa de Figueiredo
25 % Arbequina

a1

Yes

Yes

Yes

m3

a2

Yes
Short delay

Yes
Ct similar to a1

Yes
Short delay

25 % Brava
25 % Mansa de Figueiredo
50 % Arbequina

a1

Yes

Yes

Yes

m4

a2

Yes
Short delay

Yes
Ct similar to a1

Yes
Short delay

50 % Brava
50 % Mansa de Figueiredo

a1

Yes

Yes

Yes

m5

a2

Yes
Short delay

Yes
Ct similar to a1

Yes
Delay 7 Cycles

75 % Brava
25 % Mansa de Figueiredo

a1

Yes

Yes

Yes

m6

a2

Yes
Delay 6 Cycles

Yes
Short delay

Yes
Delay 9 Cycles

25 % Brava
75 % Mansa de Figueiredo

a1

Yes

Yes

Yes

m7

a2

Yes
Ct similar to a1

Yes
Short delay

Yes
Short delay

50 % Brava
50 % Arbequina

a1

Yes

Yes

Yes

m8

a2

Yes
Short delay

Yes
Ct similar to a1

Yes
Short delay

50 % Mansa de Figueiredo
50 % Arbequina

a1

Yes

Yes

Yes

m9

Yes
Ct similar to a1

Yes
Ct similar to a1

Yes
Short delay

a
2

Ct – Cycle threshold
a
Significant delay (> 8 cycles in SNP1;> 15 cycles in SNP2) for allele 2 compared to allele 1
b
Short delay (< 5 cycles) observed for allele 2 compared to allele 1
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4.3.3.3 Evaluation of HRM method
Similarly to the real-time allele-specific PCR methods, the SNP positions selected for
genotyping by HRM were CYC-SNP1, CYC-SNP2, CYC-SNP3, CYC-SNP4, and CYC-SNP5. In
this case, primers were designed to hybridize in regions flanking the target SNP positions.
Therefore, since the positions of CYC-SNP3, CYC-SNP4, and CYC-SNP5 were relatively close,
the same set of primers was used to target these SNPs simultaneously (CYC-SNP3-5), as described
in Table 3-8.
4.3.3.3.1

Pure olive varieties

The derivative melting curves and respective aligned melting curves obtained for pure samples
of ‘Brava’, ‘Mansa de Figueiredo’ and ‘Arbequina’ varieties using the HRM method are illustrated
in Figure 4-13. It was observed that for varieties presenting both allele variants (heterozygous),
two close peaks were identified in the derivative melting curves, as it was the case of ‘Mansa de
Figueiredo’ and ‘Arbequina’ for CYC-SNP1, and ‘Brava’ and ‘Arbequina’ for CYC-SNP2. The
difference between these two peaks was more significant in the case of ‘Mansa de Figueiredo’ and
‘Arbequina’ for CYC-SNP3-5, since these results were targeting three SNP positions
simultaneously, and all of them presented both allele variants. On the other hand, for varieties
presenting only one of the allele variants (homozygous), only a single peak was identified in the
respective derivative melting curve, as it was the case of ‘Brava’ for CYC-SNP1 and CYC-SNP35, and the case of ‘Mansa de Figueiredo’ for CYC-SNP2. Any of the SNP positions targeted using
these sets of primers can be used to distinguish pure ‘Brava’ from pure ‘Mansa de Figueiredo’. In
order to also differentiate pure ‘Arbequina’, a combination of CYC-SNP1 with CYC-SNP2 or
CYC-SNP2 with CYC-SNP3-5 is required because this variety presents a profile similar to ‘Mansa
de Figueiredo’ for CYC-SNP1 and CYC-SNP3-5, and similar to ‘Brava’ for CYC-SNP2. From the
aligned melting curves obtained it was possible to distinguish the profile of varieties with only one
of the allele variants or both the allele variants in a particular SNP position. With this method, it
was not only possible to distinguish the varieties due to their different melting curve profiles but it
was also possible to confirm if they presented only one or both allele variants for the target SNP
positions. Similarly to the real-time allele-specific PCR method, this approach was also evaluated
using different plant tissues and different commercial kits, showing reproducible results for all the
conditions tested, and being in accordance with the sequencing results previously obtained.
4.3.3.3.2

Mixtures of olive varieties

Mixtures of ‘Brava’, ‘Mansa de Figueiredo’ and ‘Arbequina’ varieties, prepared in different
proportions, were also tested using the HRM method targeting CYC-SNP1, CYC-SNP2 and CYCSNP3-5. The difference plots obtained with the High Resolution Melt Software v3.0.1 for the
different samples tested are described in Figure 4-14.
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Figure 4-13. High resolution melting: derivative melting curves and respective aligned melt curves obtained for ‘Brava’, ‘Mansa de Figueiredo’ and
‘Arbequina’ varieties targeting the SNPs identified in cycloartenol synthase gene. Varieties with only one of the allele variants in a particular SNP position
(―); Varieties with both allele variants in a particular SNP position (―).
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Pure varieties presenting only one of the allele variants were always the ones selected as
reference to obtain the difference plots from Figure 4-14. With this in mind, for CYC-SNP1 and
CYC-SNP3-5 the variety selected as reference was ‘Brava’, while for CYC-SNP2 the reference
was ‘Mansa de Figueiredo’. From the results obtained for CYC-SNP2, it was possible to confirm
that none of the mixtures tested was pure ‘Mansa de Figueiredo’. In addition, when targeting CYCSNP1 and CYC-SNP3-5, it was also possible to confirm that none of the mixtures tested was pure
‘Brava’, except for sample m6 (75 % ‘Brava’, 25 % ‘Mansa de Figueiredo’) which presented a
profile similar to ‘Brava’. This sample was mainly composed by ‘Brava’, making it more difficult
to differentiate it from pure ‘Brava’ based on the melting curve profile. Although the main focus
was to distinguish ‘Brava’ and ‘Mansa de Figueiredo’ varieties, it was also possible to confirm that
none of the mixtures tested were pure ‘Arbequina’, with the exception of sample m9 (50 % ‘Mansa
de Figueiredo’, 50 % ‘Arbequina’) which showed the same profile as a pure ‘Arbequina’, through
the analysis of the difference plots targeting CYC-SNP3-5 and CYC-SNP2.

Figure 4-14. High resolution melting analysis of mixtures of ‘Brava’, ‘Mansa de Figueiredo’ and ‘Arbequina’ varieties
targeting the SNPs identified in cycloartenol synthase gene.
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4.3.3.4 Potential for miniaturization of SNP-based methods
The development of microfluidic systems for SNP detection has been rapidly growing,
including a much larger diversity of techniques available compared to microfluidic devices for SSR
genotyping. Several approaches have been reported, showing the potential of SNP-based methods
in a miniaturized setting. Particularly for allele-specific PCR, a microfluidic system combining this
technique with a microarray-chip was developed and successfully applied for SNP genotyping of
indigenous and imported beef cattle [287]. Miniaturization of allele-specific PCR combined with
fluorescently-labelled oligonucleotides has also been achieved for different applications, such as
ancestry inference using KASP™ markers in forensic science [405], or SNP detection directly from
whole blood samples using TaqMan® markers [284]. A microfluidic chip using microbeads has
also been developed [288], showing promising results for the implementation of a bead-based
allele-specific qPCR methodology onto a microchip for SNP genotyping. Similarly, melting curve
analysis has also been implemented for SNP genotyping in microfluidic devices. Several
approaches have been developed for this purpose, including continuous-flow systems [406], beadbased devices [407,408], and droplet-based platforms [409]. Overall, it has been demonstrated that
miniaturization of SNP-based methods can further reduce cost of analysis and risk of
contamination, as well as expedite assay time, making detection at the point-of-need a possibility.
In general, SNPs are widely distributed and highly abundant in the genome, present high genetic
stability and great repeatability, and allow high-throughput automated analysis [410], being these
some of their advantages over SSR markers. In addition, data analysis can also be simpler in the
case of allele-specific PCR, since the results can be condensed to the presence or absence of a target
allele, while for SSR markers the size determination can be affected by the PCR reaction, and by
the accuracy and reproducibility of the equipment used for size determination, which makes it
difficult to compare data from different laboratories. In our opinion, when considering
miniaturization, SNP-based methods seem to be the simplest to integrate in a microfluidic system.
However, in the case of allele-specific PCR, it is required that the primers designing, and the
amplification reaction have been properly optimized, while for HRM it is necessary that the
miniaturized system is able to provide defined melting curves in order to properly distinguish the
different profiles, which can be a limitation particularly when analyzing more complex mixtures.
4.3.4 Discussion
Different genotyping approaches, using SSR-based and SNP-based methods, were compared
and evaluated regarding their potential for integration in a microfluidic system, being this the first
step for future miniaturization. These methods have been optimized and implemented in this
preliminary study for the identification of two olive varieties from the Northwest of Spain: ‘Brava’
and ‘Mansa de Figueiredo’. From the SSR-based methods using Bioanalyzer, a total of 9 out of the
14 SSR markers tested showed results comparable to the reference study, being 5 of them were
polymorphic for ‘Brava’ and ‘Mansa de Figueiredo’, which therefore could be used to distinguish
these varieties. Compared to the conventional gel electrophoresis, Bioanalyzer provided higher
resolution and allowed to identify a higher number of alleles. However, it was observed that one
of the main limitations of this commercial lab-on-a-chip technology compared to the automatic
capillary sequencer used in the reference study was the accuracy and reproducibility of the
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amplicon size determination, as well as its resolution, which could only be overcome when the size
differences between amplicons were large enough. In addition, the occurrence of null alleles, the
presence of stutter bands, and the relatively low throughput of SSR-based methods are also
limitations that can difficult their miniaturization and automation. When considering
miniaturization, these aspects can limit applicability by restricting the set of SSR markers that can
be used, limiting performance for more complex samples. Regarding SNP-based methods, two
approaches were explored in this study: real-time allele-specific PCR and HRM analysis. For both
approaches, a specific profile was successfully obtained for the pure olive varieties using the target
SNPs selected, which allowed to distinguish the different varieties tested, being in accordance with
the sequencing results obtained. In addition, both methods showed reproducible results for different
plant tissues and for DNA extracts obtained from different commercial kits. When analyzing
mixtures of varieties prepared in different proportions, the real-time allele-specific PCR method
could successfully confirm that none of the samples were pure ‘Brava’ or pure ‘Mansa de
Figueiredo’ using only two of the target SNPs. While for the HRM method, this was not possible
for one of the mixtures tested (sample m6 (75 % ‘Brava’, 25 % ‘Mansa de Figueiredo’)), which
presented a profile similar to pure ‘Brava’. For the miniaturization of these SNP-based methods, it
is important to consider that, although real-time allele-specific PCR was the one that provided the
best results for both pure and mixed varieties, it also required more time for primer designing and
reaction optimization compared to HRM analysis. On the other hand, the HRM method required
more time for the result analysis, particularly for mixtures of varieties, being highly dependent on
the quality of the melting curves obtained, which can be a limitation when considering
miniaturization. Considering all the aspects described in this work, allele-specific PCR might be
the best option for miniaturization, since the results can be condensed to a presence/absence type
of answer for the target allele.
4.3.5

Publication of Results

The results from this project have resulted in the following scientific article:
Carvalho, J.; Yadav, S.; Garrido-Maestu, A.G.; Azinheiro, S.; Trujillo, I.; Barros-Velázquez, J.; Prado,
M. Evaluation of Simple Sequence Repeats (SSR) and Single Nucleotide Polymorphism (SNP)-based
methods in olive varieties from the Northwest of Spain and potential for miniaturization, Food
Chemistry: Molecular Sciences, 3, 100038 (2021). https://doi.org/10.1016/j.fochms.2021.100038
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4.4 P4: MINIATURIZATION OF ISOTHERMAL DNA AMPLIFICATION: PROOF-OF-CONCEPT FOR
DETECTION OF GLUTEN-CONTAINING CEREALS IN FOOD PRODUCTS BY LAMP AND RPA
4.4.1

LAMP

Two different LAMP detection chemistries were explored for integration with the miniaturized
prototype, as previously described. The first approach was based on turbidity detection, which is
possible due to the presence of magnesium pyrophosphate as a by-product of the reaction, allowing
naked-eye inspection of the amplification results. The second approach was based on the
combination of PEG/MUA-AuNPs with the LAMP reaction. In this case, the detection is based on
the interaction of the magnesium pyrophosphate with the functionalized AuNPs, forming a red
precipitate for positive samples and remaining a red dispersion for negative ones. Each detection
approach was implemented in the miniaturized prototype and in LoopAMP, being carried out in
parallel for performance comparison, as illustrated in Figure 4-15.

Figure 4-15. Detection chemistries for amplification by LAMP using LoopAMP and the miniaturized prototype: a)
Turbidity detection; b) Detection using PEG/MUA-AuNPs.

In addition, by using the turbidimeter LoopAMP, it was also possible to analyze in real-time
the effect of the addition of primer LF to the reaction, as well as the effect of each detection
approach on the amplification time, as described in Figure 4-16(a). According to the results,
LAMP reactions using turbidity-based detection without loop primer F showed amplification for
pure wheat flour DNA after 51 min, while in reactions using turbidity-based detection with loop
primer F this time was reduced to 40 min. The amplification time was further improved in reactions
using loop primer F combined with the detection by PEG/MUA-AuNPs, reducing the amplification
time to 28 min. In these conditions, amplification of all the positive samples tested was achieved
under 1h, as described in Figure 4-16(b).
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Figure 4-16. Amplification results for the detection of gluten-containing cereals by LAMP using turbidimeter
LoopAMP: a) Effect of loop primer F (LF) addition and effect of each detection approach on the amplification time;
b) Amplification using loop primer F combined with PEG/MUA-AuNPs for all the samples tested.

4.4.2

RPA

For amplification by RPA, end-point detection was performed through the addition of
SYBRTM Green I to the amplification products, allowing naked-eye color-based detection as well
as fluorescence-based detection. Naked-eye detection was based on color change from light orange
(negative samples) to bright green (positive samples), while fluorescence detection was based on
the increased fluorescence intensity observed for positive samples compared to the background
fluorescence of negative samples when placed under the UV light. Both RPA detection approaches
were evaluated in the miniaturized prototype and in a thermocycler in parallel for performance
comparison, as illustrated in Figure 4-17. Amplification by RPA was achieved under 20 min.

Figure 4-17. Amplification results for the detection of gluten-containing cereals by RPA using the thermocycler and
the miniaturized prototype: a) Color-based detection; b) Fluorescence detection.
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4.4.3

Performance evaluation of the miniaturized prototype

DNA extracts of positive and negative samples from different food products were amplified
by LAMP and RPA, applying the detection approaches previously described. These samples were
used for proof-of-concept of the miniaturized isothermal DNA amplification device by evaluating
the application potential of its integrated heating system and comparing its performance with the
performance of conventional equipment. The amplification results obtained for each sample by
LAMP and RPA methods using the miniaturized prototype are summarized in Table 3-9, as well
as the results obtained using LoopAMP and thermocycler. It was observed that all samples with
gluten-containing cereals were correctly identified by both methods using the miniaturized
prototype, providing the same conclusions as the conventional equipment tested. In addition, the
limits of detection obtained with the miniaturized prototype using pure DNA were also evaluated
and compared with the ones obtained with the LoopAMP and the thermocycler. Ten-fold dilutions
of wheat flour DNA extract were prepared and used to assess the lowest detectable concentration.
For LAMP, detection using the miniaturized prototype was possible down to dilution 3, which
corresponded to a concentration of 0.180 ng µL-1. The same limit of detection was obtained when
using LoopAMP. Regarding RPA, both the miniaturized prototype and the thermocycler allowed
detection down to dilution 4, which corresponded to a concentration of 0.0180 ng µL-1. Results
obtained for the limit of detection of LAMP and RPA methods are illustrated in Figure 4-18 and
Figure 4-19, respectively.

Figure 4-18. Limit of detection of LAMP method for pure wheat flour DNA extracts (Dilution 3: 0.180 ng µL-1): a)
LoopAMP; b) Miniaturized prototype.
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Figure 4-19. Limit of detection of RPA method for pure wheat flour DNA extracts (Dilution 4: 0.0180 ng µL-1): a)
Thermocycler; b) Miniaturized prototype.

4.4.4 Discussion
Miniaturization of DNA-based analysis is highly promising for the development of cheaper,
faster, and more convenient tools for food quality and safety applications, allowing on-site
detection in resource-limited settings. Isothermal DNA amplification methods have become
attractive choices for miniaturization for being simple, rapid, cost effective, and more tolerant to
the presence of inhibitory components compared to PCR [128]. The choice of amplification
methods will greatly depend on the application, and different factors should be considered, such as
amplification time, reaction temperature, tolerance to contaminants, and complexity. In the case of
LAMP, amplification is highly specific since it uses 4-6 primers which recognize 6-8 distinct
sequences of the target DNA. It requires a DNA polymerase with strand-displacement activity, and
it is usually performed at 60-65 °C for approximately 1h [22,24]. However, the high number of
primers required also make primer designing and multiplexing more challenging tasks when using
this technique. On the other hand, amplification by RPA only requires 2 primers, simplifying
primer designing. It can also be integrated with a probe to increase specificity and combined with
lateral flow detection. The reaction requires single-strand DNA binding proteins, recombinase, and
a DNA polymerase with strand-displacement activity, being usually carried out at 25-42 °C for 520 minutes [130,133]. However, RPA kits are sold by only one company, which could have an
impact on pricing, and the user also has limited flexibility in the kit formulation [136].
In the current work, a miniaturized prototype has been designed and developed to perform
isothermal DNA amplification by LAMP and RPA. The main focus of this study was a proof-of-
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concept of the integrated heating system of this prototype for carrying out these amplification
techniques and the analysis of its performance compared to conventional equipment, being
evaluated different detection approaches for each technique. In the case of LAMP, although both
detection approaches showed similar results in the miniaturized prototype and in LoopAMP, the
best approach for integration with the prototype was the combination with PEG/MUA-AuNPs.
This approach allowed naked-eye detection without the need for opening the prototype tubing,
contrarily to the turbidity-based detection for which the amplification products had to be transferred
to 0.2 mL tubes to confirm the results by naked-eye, not being possible to directly visualize the
results in the prototype due to the smaller dimensions of the tubing. Therefore, combination of
LAMP with PEG/MUA-AuNPs provided a clear and simple way for checking the amplification
results while reducing the risk of contamination. In addition, integration of these AuNPs in the
reaction also resulted in a faster LAMP amplification compared to the turbidity-based approach.
For RPA amplification, both detection approaches required transferring of the amplification
products to a new tube due to the SYBRTM Green I addition for end-point result observation, since
its addition to the master mix before amplification inhibits the reaction. Both color-based and
fluorescence-based approaches showed similar results for the miniaturized prototype and the
thermocycler, identifying correctly all the samples with gluten-containing cereals.
As demonstrated, both LAMP and RPA methods were successfully applied for the detection
of samples with gluten-containing cereals using the miniaturized prototype. In addition, the limits
of detection were also determined in the miniaturized prototype using pure wheat flour DNA,
achieving the same sensitivity as the LoopAMP for LAMP reactions and the thermocycler for RPA
reactions. Amplification by RPA achieved the lowest detectable concentration, presenting a limit
of detection of 0.0180 ng µL-1, being more sensitive than LAMP by one order of magnitude. The
lowest detectable concentration achieved with LAMP was 0.180 ng µL-1, which is also in
accordance with the one obtained by real-time LAMP in the previous study from our group [292].
Regarding amplification time, RPA allowed the fastest reaction, achieving amplification under 20
min. In the case of LAMP, the amplification time of the positive control (pure wheat flour DNA)
was improved from 51 min to 40 min by including the loop primer F, and from 40 min to 28 min
when also combining the reaction with PEG/MUA-AuNPs, allowing amplification of all the
positive samples tested under 1h.
Overall, the reusable miniaturized prototype and its integrated heating system showed great
potential for isothermal DNA amplification by LAMP and RPA, allowing the correct identification
of samples with gluten-containing cereals and presenting a performance similar to conventional
equipment regarding amplification time and limits of detection achieved. In addition, due to its
integrated heating system and portability, the prototype can be used by itself without the need for
any additional equipment to perform isothermal DNA amplification.
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4.5 P5: DEVELOPMENT AND OPTIMIZATION OF A DISPOSABLE MICROFLUIDIC DEVICE FOR DNA
PURIFICATION AND CONCENTRATION OF RIVER WATER SAMPLES FOR EARLY DETECTION OF
DREISSENA POLYMORPHA

4.5.1

Device assembly and inspection

4.5.1.1 PDMS-Glass bonding inspection
The PDMS-glass bonding process required for device assembly was done for the eight designs
fabricated, and the quality of the bonding between the micropillars and the glass was analyzed on
the microscope. Although the bonding should occur naturally, autonomous bonding between the
micropillars and the glass was only observed on designs with micropillar diameter of 50 µm as
shown in Figure 4-20(a). For smaller diameters, slight pressure on the chamber was required, being
carefully applied using tweezers to promote bonding in this area, particularly for posts located
closer to the chamber borders. In the case of designs with micropillar diameters of 20 µm,
application of pressure in this region was still not enough for irreversible bonding, and
consequently the micropillars closest to the border remained unbonded, as shown in Figure
4-20(b). Therefore, only devices with diameters of 30 µm, 40 µm and 50 µm were selected to be
tested after protocol optimization. The differences observed regarding bonding efficiency can be
explained by the different aspect ratios (AR) of the design features, and its effect on the etching
step of fabrication. The aspect ratio of the features is given by their depth divided by their width
(AR=feature depth/feature width). For higher aspect ratios, it is more difficult for reactants to reach
the trench bottom and for byproducts to escape during the etching process, consequently features
with low aspect ratio (AR<1) tend to be etched more efficiently than features with high aspect ratio
(AR>1) [411].

Figure 4-20. Optical microscope inspection of PDMS-Glass bonding on microfluidic devices: a) Complete bonding of
device with micropillar diameter of 50 µm (20x); b) Incomplete bonding closer to the border on device with
micropillar diameter of 20 µm (20x).
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These differences can also be observed by analyzing the topography characterization
measurements of the silicon masters described in Table 4-11, where the depth on the external area
(lower AR) was higher than inside the holes (higher AR). For holes with lower diameter this
difference is even higher, making proper bonding more difficult to achieve. For example, for
diameters of 50 µm the difference in depth between the holes and the external area was only around
2 µm, allowing an efficient bonding of the respective PDMS replica to the glass slide. For diameters
of 40 µm and 30 µm, this difference was approximately 4 µm and 5 µm, respectively, still allowing
an effective bonding due to PDMS flexibility. However, for diameters of 20 µm the difference was
almost 10µm, resulting in inefficient bonding for the micropillars on the border, where the flexible
nature of PDMS was not enough to overcome the gap.
Table 4-11. Topography characterization through scanning white-light interferometry of the silicon masters used as
molds for device fabrication.
Silicon Masters
Micropillar
Diameter
(µm)
20
30
40
50

Micropillar
Spacing
(µm)
20
40
20
40
20
40
20
40

Topography Characterization of Masters
Holes
Depth (µm)

Exterior
Depth (µm)

44.14
42.45
44.09
43.16
43.41
48.75
44.40
46.09

53.51
51.39
49.15
48.53
47.70
52.98
46.21
48.21

Difference
in
Depths (µm)
9.37
8.94
5.06
5.37
4.29
4.23
1.81
2.12

4.5.1.2 Fluidic performance
After bonding, the microfluidic devices were assembled and connected to a syringe pump.
Fluidic performance was evaluated by testing different flow rates using dye solutions to detect
possible fluid leakages in the range selected for the experiments. The volume capacity of the
devices was also determined at this stage, presenting a capacity of 20-25 µL.
4.5.2

Evaluation and optimization of functionalization protocol

4.5.2.1 Inspection of chitosan coating
Two preliminary experiments were performed to confirm the coating of the device with
chitosan, complementing the information obtained with the DNA quantification used for the
optimization experiments. The first test was performed in a portable QCM (openQCM) to mimic
basic functionalization of the device using a quartz crystal sensor coated with SiO2. Figure 4-21(a)
shows frequency change versus time for the functionalization protocol, and Figure 4-21(b)
summarizes the process used for SiO2 deposition on the QCM sensor. QCM measures changes in
absorbed mass at the sensor surface by monitoring real-time changes in frequency. The adsorption
of biomolecules at the surface induces a decrease in the resonant frequency of the crystal, and vice
versa. The experiment was conducted at a flow rate of 50 µL min-1. The baseline was obtained by
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passing ethanol through the QCM chamber. After that, a GPTMS solution was introduced in the
chamber for 30 min, followed by an ethanol wash. The GPTMS solution induced a frequency
decrease of ~20 Hz, which indicates the successful adsorption of the linker on the surface. When
chitosan was introduced, there was a frequency decrease associated to both buffer solution and
chitosan, which can be seen from 1h12 to 1h26. The initial sharp decrease in frequency is related
to the density of the solution. The surface was continuously exposed to chitosan for approximately
1h, however the adsorption reached its maximum within ~20 min. Excess of chitosan was then
washed out using NaCl solution, represented by a small increase in frequency. Overall, the
frequency profile measured during functionalization demonstrated that chitosan was binding to the
surface and it remained bound after washing. Additionally, DNA adsorption to the modified surface
was also analyzed to confirm binding of DNA to the chitosan layer. Before and after exposure to
DNA, MES buffer was introduced into the chamber. The results showed that DNA induced a
frequency shift of ~100 Hz within 15 min. This large shift shows that the surface has high capacity
to retain DNA, indicating surface coverage. The second test performed was a microscope
inspection of the device functionalization using fluorescein dye. This test allowed visualization of
chitosan coating by fluorescence, as well as its distribution inside the device and around the
micropillars, as shown in Figure 4-21(c).

Figure 4-21. Device surface modification by QCM and microscopy: a) Frequency change versus time obtained through
QCM to mimic the functionalization protocol; b) Portable QCM (OpenQCM) assembly and QCM sensor after deposition
of SiO2; c) Microscope inspection of chitosan coating on micropillars by fluorescence (20x).

4.5.2.2 Control experiments
After device assembly, two control experiments were performed to compare the DNA
purification profiles obtained from functionalized and non-functionalized devices, as well as to
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evaluate possible interactions with DNA. The first control was done by completely skipping the
functionalization step, while the second was prepared by performing the functionalization protocol
without addition of chitosan. As illustrated in Figure 4-22, for both controls, most of the DNA was
lost during binding and washing steps, as it would be expected, corresponding to a loss of 96.2 %
when totally skipping functionalization, and 97.7 % when only removing the chitosan step.
However, it was observed that 1.1 % of the DNA initially introduced was eluted in the devices
without any functionalization, indicating some pH-dependent interaction between free DNA and
PDMS surface. On the other hand, this did not occur for devices with functionalization without
chitosan addition, not being observed any pH-dependent interactions between DNA and GPTMS.
Overall, the DNA binding efficiency of both non-functionalized devices was less than 4 %, being
significantly lower than the one obtained for functionalized devices and showing that this step is
carried out efficiently only in the presence of chitosan.

Figure 4-22. Control experiments for functionalization protocol (Elution yield: No functionalization step ( ) = 1.1 %;
Functionalization without chitosan ( ) = 0.0 %). Experiments performed in triplicates.

4.5.2.3 Effect of different types of chitosan
As previously described in Table 3-12, three types of chitosan, with different molecular
weights and degrees of deacetylation, were tested at the same concentration for functionalization
using protocols F1-1 to F1-3. The results obtained for the optimization of this parameter are
described in Figure 4-23. For low molecular weight (LMW) chitosan and chitosan oligosaccharide
lactate, the DNA binding efficiency was respectively 89.6 % and 90.6 %, being much higher than
the one obtained for chitosan oligomer, which was 30.4 %. However, for chitosan oligomer it was
observed that 12.6 % of the DNA initially introduced in the device was eluted, corresponding to a
DNA recovery of 42.3 % from the DNA bound to the system. On the other hand, the DNA recovery
obtained for the first two types of chitosan was only 6.6 % for LMW chitosan, and 10.1 % for
chitosan lactate. This result indicated that, although the binding step was much more efficient when
using these two types of chitosan, it also resulted in a more difficult elution and, consequently a
lower DNA recovery. This recovery was not proportional to the amount of DNA captured
compared with the results of chitosan oligomer. Considering that the conditions applied were all
the same, with the exception of the type of chitosan used for functionalization, the differences
observed on the DNA purification profile were related with the characteristics of these types of
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chitosan, such as molecular weight and degree of deacetylation. It has been reported that longer
polymer chains in high molecular weight chitosan more easily entangle free DNA once the initial
electrostatic interaction has occurred [106]. In addition, the deacetylation degree of chitosan also
plays a big role on the DNA binding capacity, since higher deacetylation degree translates in more
primary amines and, consequently, more positively charged groups available to bind with the
negatively charged DNA backbone [104]. Generally, the deacetylation degree of chitosan is
considered low if it is 55 %-70 %, medium for 70 %-85 %, and high for 85 %-95 % [412]. The
results obtained in this study are in accordance with these observations. Although LMW chitosan
was purchased as low molecular weight, it was actually the chitosan with the highest molecular
weight tested in this work (MW: 50-190 kDa), which may explain the high binding efficiency
obtained despite of only having a medium deacetylation degree (DD: 75-85 %). With this type of
chitosan, the chance of physically entrapping the free DNA is higher than for chitosan oligomer,
which also has medium deacetylation degree but presents lower molecular weight (MW: ≤ 5 kDa).
As previously reported in gene delivery studies using chitosan-DNA complexes [413], this physical
DNA entrapment also makes DNA release more challenging, explaining the lower DNA recovery
observed during elution. When comparing chitosan lactate and chitosan oligomer, both with similar
molecular weight (MW: ≤ 5 kDa), the high deacetylation degree of chitosan lactate (DD > 90 %)
resulted in a more efficient binding than the medium deacetylation degree of chitosan oligomer
(DD ≥ 75 %) due to the higher number of positively charged groups. However, this stronger binding
step also resulted in a lower DNA recovery during elution.

Figure 4-23. Effect of different types of chitosan on the functionalization protocol (Binding efficiency: F1-1 ( ) =
89.6 %; F1-2 ( ) = 90.6 %; F1-3 ( ) = 30.4 % / Recovery yield: F1-1 ( ) = 6.6 %; F1-2 ( ) = 10.1 %; F1-3 ( ) = 42.3 %).
Experiments performed in triplicates.

4.5.2.4 Effect of chitosan concentration
Considering the results obtained when testing the three types of chitosan previously described,
the effect of chitosan concentration on binding efficiency and DNA recovery was also evaluated
by implementing the protocols F2-1 to F2-6 previously detailed in Table 3-12. The LMW chitosan
and chitosan lactate were tested with lower concentration to check if it would be possible to still
have a strong binding step but also make the elution step more efficient. On the other hand, for
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chitosan oligomer, the concentration was increased to evaluate the effect on DNA binding
efficiency. The effect of chitosan concentration on DNA capture and release is described in Figure
4-24. The results showed that no significant improvement was observed on DNA recovery by
decreasing the concentration of chitosan types with higher binding efficiency. Actually, in the case
of chitosan lactate, reducing concentration resulted in a significantly less efficient binding
(decreasing from 90.6 % to 64.1 %) and lower DNA recovery (decreasing from 10.1 % to 4.1 %).
Similarly, for chitosan oligomer no improvement on binding efficiency was observed by increasing
concentration.

Figure 4-24. Effect of chitosan concentration on the functionalization protocol (Binding efficiency: F2-1 ( ) = 89.6
%; F2-2 ( ) = 82.2 %; F2-3 ( ) = 90.6 %; F2-4 ( ) = 64.1 %; F2-5 ( ) = 30.4 %; F2-6 ( ) = 31.9 % / Recovery yield: F2-1
( ) = 6.6 %; F2-2 ( ) = 10.2 %; F2-3 ( ) = 10.1 %; F2-4 ( ) = 4.1 %; F2-5 ( ) = 42.3 %; F2-6 ( ) = 32.6 %). Experiments
performed in triplicates.

4.5.2.5 Effect of functionalization time
For chitosan oligomer, which showed lower binding efficiency but higher DNA recovery, the
duration of chitosan incubation step was also evaluated. This parameter was optimized by testing
protocols F3-1 and F3-2 described in Table 3-12, including 1h and overnight incubations.
However, increasing time in this step did not improve the binding efficiency, therefore 1h was the
selected functionalization time for the following experiments. Considering that the binding step
obtained using chitosan lactate and LMW chitosan was already efficient (90.6 % and 89.6 %,
respectively), these two types of chitosan were only tested using an incubation time of 1h.
Considering the results of the functionalization experiments performed, 1 % (w/v) chitosan
oligomer and 1h of incubation time were selected as optimal conditions for functionalization of the
device, allowing the best DNA recovery yield among the types of chitosan tested. Further
improvement of DNA binding efficiency and recovery yields was achieved through the following
optimization of the DNA purification protocol.
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4.5.3

Evaluation and optimization of DNA purification protocol

Increasing concentration and functionalization time for chitosan oligomer was not enough to
improve efficiency, therefore different parameters of the DNA purification protocol were also
evaluated and optimized following the protocols previously described in Table 3-14.
4.5.3.1 Effect of flow rate and flow direction on binding step
Although functionalization with chitosan oligomer provided the best recovery yield (42.3 %),
the elution efficiency was still quite low (12.6 %), mainly because almost 70 % of the DNA initially
introduced in the device was lost in the binding and washing steps. To improve binding efficiency
on devices functionalized with this chitosan, different flow rates and flow directions were tested
using protocols P1-1 to P1-5 described in Table 3-14. The previous results were obtained at a flow
rate of 20 min-1 for the binding step, using single-direction flow. Therefore, the same protocol was
tested using a lower flow rate (10 µL min-1) for this step, allowing the standard DNA solution to
be in contact with the functionalized surface for a longer period of time. In addition, alternatingdirection flows were also tested to better analyze the effect of promoting the contact between DNA
and the surface. The results obtained for this study are described in Figure 4-25. It was observed
that reducing flow rate did not have a significant impact on the DNA binding efficiency. On the
other hand, changing from single-direction to alternating-direction flow proved to have a clear
effect on DNA capture, increasing binding efficiency from 30.4 % to 70.1 %, and consequently
improving the elution yield from 12.6 % to 47.2 %. Performing the binding step in both directions
increased the contact of DNA molecules with the surface, since the standard DNA solution passes
through the device 3 times instead of only once, promoting contact with the functionalized
micropillars. For single-direction flow, this contact is more limited since the solution only passes
through the device once. Passing the solution 3 times in single-direction flow would increase the
risk of introducing air inside the device when operating it manually, therefore the alternatedirection flow is recommended in these conditions. Alternating-direction flow mode was also
tested at different flow rates, for which the DNA recovery yields were similar. Therefore, a flow
rate of 100 µL min-1 was selected to reduce time on the DNA purification protocol, being possible
to perform the binding step in a total of 30 min for a volume of 1 mL.

Figure 4-25. Effect of flow rate and flow direction on the binding step (Binding efficiency: P1-1 ( ) = 30.4 %; P1-2 (
) = 35.1 %; P1-3 ( ) = 70.1 %; P1-4 ( ) = 90.4 %; P1-5 ( ) = 77.4 % / Elution yield: P1-1 ( ) = 12.6 %; P1-2 ( ) = 23.8
%; P1-3 ( ) = 47.2 %; P1-4 ( ) = 49.9 %; P1-5 ( ) = 44.6 %). Experiments performed in triplicates.
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4.5.3.2 Effect of buffers, flow rate and flow direction on elution step
Similarly to the binding step, different flow strategies were also implemented and evaluated
for the elution step using the protocols P2-1 to P2-4 described in Table 3-14. Single-direction flow
was tested at two different flow rates (20 µL min-1 and 100 µL min-1), and alternating-direction
flow was tested at 20 µL min-1. In addition, the effect of extra incubation time during elution,
performed by stopping the flow for 10 min between elution samples, was also evaluated. However,
there was no improvement on the DNA recovery yield obtained from implementing alternatingdirection flow or from increasing incubation time and flow rate in this step, as demonstrated in
Figure 4-26(a). Therefore, the flow conditions selected for elution were single-direction flow at a
flow rate of 20 µL min-1, corresponding to a DNA recovery of 62.2 %.
In addition to the flow strategy, buffer composition and pH conditions were also optimized for
the elution step using protocols P3-1 to P3-4 to further improve the DNA recovery yield. Four
elution buffers (EBI – EBIV) were prepared with the compositions and pH values described in
Table 3-13 and tested using the same functionalization and purification protocols. As described in
Figure 4-26(b), the DNA recovery obtained when using elution buffers with pH 10 (EBII and
EBIV) was higher than buffers with pH 9 (EBI and EBIII). From the results obtained, the elution
buffer that allowed the highest DNA yield was elution buffer IV (EBIV), being the one selected
for the optimized protocol after achieving a DNA recovery of 86.7 %.

Figure 4-26. a) Effect of flow rate and flow direction on the elution step (Recovery yield: P2-1 ( ) = 67.8 %; P2-2 (
) = 54.7 %; P2-3 ( ) = 50.7 %; P2-4 ( ) = 63.6; b) Effect of buffer composition on the elution step (Recovery yield:
P3-1 ( ) = 55.5 %; P3-2 ( ) = 72.0 %; P3-3 ( ) = 62.2 %; P3-4 ( ) = 86.7 %). Experiments performed in triplicates.

4.5.3.3 Effect of pH conditions on conditioning/binding/washing steps
As previously mentioned, chitosan is positively charged for pH values lower than its pKa (6.36.5). Therefore, three different pH conditions were tested for conditioning, binding and washing
steps (pH 3, pH 4 and pH 5) using protocols P4-1 to P4-3 to evaluate the effect of this parameter
on binding efficiency, as described in Table 3-14. The results obtained for this study are described
in Figure 4-27, being observed that the binding step was highly efficient at pH 4 and pH 5,
corresponding to 85.4 % and 90.1 %, respectively. However, for DNA samples collected at pH 3,
it was noticed that the binding efficiency was overestimated (100 %) because the quantification
was not accurate in these conditions.
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Figure 4-27. Effect of pH conditions during conditioning/binding/washing steps (Elution yield: P4-1 ( ) = 34.2 %; P42 ( ) = 63.3 %; P4-3 ( ) = 76.9 %). Experiments performed in triplicates.

This observation was confirmed by preparing λDNA solutions with the same concentration for
different pH conditions and performing quantification. It was observed that the concentration
obtained at pH 3 was 96.7 % lower than average concentration obtained at pH 4, pH 5 or pH 7, as
demonstrated in Table 4-12. This discrepancy may be related with modifications on the DNA
structure under low pH conditions, such as depurination and lower stability of DNA [414]. Such
modifications may interfere in the interaction of dsDNA with the intercalating dye from the
quantification kit, similarly to what was previously observed due to other factors, such as DNA
fragmentation and the presence of certain compounds [390]. From the results obtained in the
elution step, it was observed that the best elution yield was achieved for binding at pH 5,
corresponding to 76.9 %, followed by binding at pH 4 with a yield of 63.3 %. However, for binding
at pH 3 the elution yield obtained was lower, being only 34.2 %. Although the pH conditions of
elution samples were compatible with the quantification kit, the low elution yield obtained for
binding at pH 3 may still be affected by the low pH conditions that DNA was subject to in the
initial steps of the protocol, and still interfere on the interaction with the intercalating dye used for
quantification, since it has been shown that depurination rate of DNA increases at lower pH
conditions, and result in apurinic sites that make the covalent structure of DNA more susceptible
to damage [414–416].
Table 4-12. Influence of pH on the DNA quantification using the Qubit™ 1X dsDNA high sensitivity assay kit.
pH
Qubit dsDNA quantification (ng mL-1)

4.5.4

3

24.8

4

746

5

772

7

770

Optimized conditions for functionalization and DNA purification protocols

As described in Figure 4-28, optimization experiments performed on the device with standard
λDNA solutions allowed to improve the elution yield of the initial protocol (P1-1) from 12.6 % to
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76.9 %. The optimized functionalization protocol developed for the microfluidic device, as well as
the final optimal conditions selected for the DNA purification protocol using standard λDNA
solutions, are summarized in Table 4-13.

Figure 4-28. DNA Purification profiles on the microfluidic device obtained with standard λDNA solutions using the
initial DNA purification protocol (
) and the optimized protocol (
).

Optimized
DNA Purification Protocol
(~1h30min)

Optimized
Functionalization Protocol
(~3h)

Table 4-13. Optimized conditions for functionalization and DNA purification protocols using standard DNA solutions
and river water samples.
Volume
Buffers and
Protocol
Step
Flow Rate/ Direction a
Time
Solutions
(µL)
Alternating-direction flow
1. Surface
15 min NF
(20 µL/min NF +
Ethanol
300
wetting
+
5 min RF
20 µL/min RF)
Single-direction flow
2. Cross-linker
0.1 % (v/v) GPTMS
600
30 min
20 µL/min NF
Single-direction flow
3. 1st Wash
Ethanol
300
15 min
20 µL/min NF
15 min +
Single-direction flow
1 % (w/v)
4. Chitosan
300
1 h incubation
Chitosan oligomer
20 µL/min NF
(stopped)

a

5.

2nd Wash

0.15M NaCl

600

Single-direction flow
20 µL/min NF

30 min

1.

Conditioning

MES, pH 5

200

Single-direction flow
20 µL/min NF

10 min

1000

Alternating-direction flow
(100 µL/min NF +
100 µL/min RF +
100 µL/min NF)

30 min

2.

Binding

λDNA (1 ng µL-1)
prepared in
MES pH 5

3.

Washing

MES, pH5

500

Single-direction flow
20 µL/min NF

25 min

4.

Elution

EBIV, pH 10

300

Single-direction flow
20 µL/min NF

15 min

NF (normal flow – from inlet to outlet), RF (Reverse flow – from outlet to inlet).
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4.5.5

Testing different micropillar diameters and spacing

After optimization of the DNA purification protocol, the different device designs that allowed
proper PDMS-glass bonding were tested, including micropillar diameters of 30 µm, 40 µm and 50
µm, and spacing between micropillars of 20 µm and 40 µm. It was observed that the one with the
highest DNA recovery was the device with micropillar diameter of 30 µm and spacing of 40 µm,
as described in Figure 4-29. Therefore, this was the final design selected for the device.

Figure 4-29. Testing designs with different micropillar diameters (d) and spacings (sp) (Recovery yield: d30sp20 ( )
= 74.9 %; d30sp40 ( ) = 86.7 %; d40sp20 ( ) = 76.2 %); d40sp40 ( ) = 66.5 %; d50sp20 ( ) = 69.0 %; d50sp40 ( )
=75.4 %). Experiments performed in triplicates.

4.5.6

Effect of DNA fragmentation on the DNA yield

Optimization of the DNA purification protocol was performed using standard λDNA solutions,
which present high molecular weight (48502 bp). Although the protocol was only optimized for
this type of DNA, we were interested in evaluating the effect of DNA fragmentation on the binding
and elution efficiencies, since DNA from some samples of interest, such as environmental samples,
is usually more fragmented. Therefore, two other standard DNA solutions, with shorter fragment
sizes, were prepared from UltrapureTM salmon sperm DNA (≤ 2000 bp) and LMW salmon sperm
DNA (≤ 300 bp). Figure 4-30 summarizes the results obtained for the three DNA solutions using
the optimized protocol.
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Figure 4-30. Effect of DNA fragmentation degree (Recovery yield: LMW salmon sperm DNA ≤ 300bp ( ) = 40.0 %;
UltrapureTM salmon sperm DNA ≤ 2000bp ( ) = 68.2 %; λDNA 48502bp ( ) = 86.7 %). Experiments performed in
triplicates.

The binding capacity of the device was calculated under the same conditions for each type of
DNA, being 896.8 ± 72 ng for λDNA, 911.3 ± 14.2 ng for UltrapureTM salmon sperm DNA, and
899.7 ± 51.3 ng for LMW salmon sperm DNA. Although the binding efficiency was similar for all
the fragment sizes tested, there was an evident effect of the DNA fragmentation degree on the DNA
purification yield. The elution was more efficient for longer DNA fragments than shorter ones,
corresponding to a DNA recovery yield of 86.7 % for λDNA (48502 bp), 68.2 % for UltrapureTM
salmon sperm DNA (≤ 2000 bp), and 40.0 % for LMW salmon sperm DNA (≤ 300 bp).
This difference may be related with the stability of the binding between DNA and chitosan. It
has been previously reported that there is a weaker binding between chitosan and DNA when the
deacetylation degree and the N/P ratio are decreased, as well as when pH is increased [417]. The
N/P ratio, also referred to as +/- ratio, is defined as the ratio between chitosan nitrogen (N) and
DNA phosphate (P), and it is a critical factor that affects stability of DNA-chitosan complexes,
being reported that higher N/P ratios may exhibit higher stability, and eventually reduce DNA
release [413]. In this experiment, the deacetylation degree and pH conditions in the device were
the same for all the standard DNA solutions. However, the binding stability between DNA and
chitosan was different among the DNA fragment sizes. Looking at each DNA molecule
individually, for the same amount of chitosan nitrogen (N), a longer DNA molecule has more
phosphate (P) groups than a shorter one, which results in a lower N/P ratio, making the binding
between DNA and chitosan less stable and, eventually facilitating DNA release.
Another parameter compared among these three standard DNA solutions was the
concentration factor achieved with the device, which is directly related with the elution efficiency.
It was observed that the most concentrated aliquot collected in the elution step was 20 times more
concentrated than the initial λDNA solution introduced in the device, while for UltrapureTM salmon
sperm DNA and LMW salmon sperm DNA this concentration factor was 10 and 7, compared with
the initial concentration of the respective standard DNA solutions.
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4.5.7

Spiked river water samples

For river water samples spiked with λDNA, it was observed a lower binding efficiency in
comparison with standard λDNA solutions, decreasing from 90.1 % to 80.8 %, as illustrated in
Figure 4-31. This decrease may be related with the presence of other negatively charged
contaminants that compete with DNA for the positively charged chitosan surface during the
binding step. This means that smaller amounts of DNA molecules were bound to the surface and,
consequently, there was a lower amount of DNA available to be eluted. This way, the elution
efficiency obtained in river water samples was also lower than in standard solutions, decreasing
from 76.9 % to 60.8 %. Looking at the results regarding DNA recovery, which refers to the
percentage of DNA recovered from the amount of DNA that was actually bound to the device, no
significant difference was observed between spiked river water and standard λDNA solutions.
Overall, although the binding efficiency was lower for the spiked river water samples analyzed in
this work, the binding step was still efficient (80.8 %) compared with standard solutions, showing
that the sample matrix was compatible with the device and no additional pre-treatment steps were
required. However, it is important to consider the effect that other type of samples, possibly with
higher amounts of negatively charged contaminants, may have on this step in order to check if the
functionalization and purification protocols are compatible with the samples or if they need to be
better adapted. This can be done either through modification of protocol parameters or through
additional pre-treatment steps to minimize the effect of negatively charged contaminants on the
stability of chitosan-DNA binding. Destabilization of complexes of chitosan and nucleic acids
occurring through competitive displacement with other negatively charged components have been
previously reported [418].

Figure 4-31. Effect of river water matrix on the DNA yields (Binding efficiency: λDNA in buffer TE ( ) = 90.1 %; λDNA
in river water ( ) = 80.8 %; Elution yield: λDNA in buffer TE ( ) = 76.9 %; λDNA in river water ( ) = 60.8 %; Recovery
yield: λDNA in buffer TE ( ) = 86.7 %; λDNA in river water ( ) = 78.4 %).

4.5.8

Non-spiked river water samples

The DNA purification profile of non-spiked river water samples is represented in Figure 4-32,
being obtained through quantification of several aliquots collected in different steps of the protocol.
For all the real samples tested, it was observed that there was no quantifiable DNA lost in the initial

165

JOANA CARVALHO

steps of the purification protocol, showing an efficient DNA binding to the functionalized device.
DNA quantification of the samples collected from the device was only possible down to Dilution
3, corresponding to an initial concentration of 22 ng mL-1, due to the limit of detection of the
quantification kit. Most invasive species cannot be early detected due to the low sensitivity of
traditional methods [339], therefore, many invasive species can go undetected until they are already
abundant. Environmental DNA analysis has the potential to dramatically improve early detection
and monitoring of aquatic invasive species, and it has already been applied for several invasive
species, such as American bullfrog, Italian crested newt and red-swamp crayfish [337]. Since the
persistence of extracellular DNA in water is relatively low compared with sediments, its detection
is a good indicator of recent presence of the target species in the area [337,419].

Figure 4-32. DNA Purification profile obtained on the microfluidic device for dilutions prepared from non-spiked
river water samples (Dilution 0 (
), Dilution 1 (
), Dilution 2 (
), Dilution 3 (
), Dilution 4-7 (
).

4.5.9

Detection of D. polymorpha by qPCR from non-spiked river water samples

DNA quantification of the samples collected from the device corresponded to the
concentration of total dsDNA present in the samples, not being specific for D. polymorpha.
Therefore, for all the dilutions prepared, the elution samples collected from the device were then
amplified by qPCR to detect this species. It was observed that, although quantification of further
dilutions was not possible using the quantification kit, it was still possible to detect the target
species in these samples due to higher sensitivity of the qPCR method. As shown in Table 4-14,
the presence of D. polymorpha was detected down to Dilution 6, which corresponded to an initial
sample concentration of 0.44 ng mL-1. To improve detection of D. polymorpha in more diluted
samples, two additional tests were performed. One by decreasing pH conditions in conditioning,
binding, and washing steps, and the other by doubling the volume of sample analyzed in the
microfluidic device. The effect of these modifications on the performance of the device, and on the
final limit of detection, was also evaluated by qPCR. The qPCR results obtained for the river water
dilutions after purification in the microfluidic device are summarized in Table 4-14. It was
observed that decreasing pH conditions from pH 5 to pH 3 in the initial DNA purification steps
allowed to detect the target species down to Dilution 7, corresponding to an initial concentration
of 0.088 ng mL-1. This result indicated that decreasing pH in these steps contributed for a more
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efficient DNA binding, which was not possible to confirm during the optimization experiments
using standard DNA solutions due to the interference observed in the quantification kit, suggesting
that the low DNA elution yield previously obtained for standard solutions was mainly related with
the effect of low pH conditions on the interaction between DNA and the intercalating dye from the
kit. However, taking into account that this effect may still be related to modifications on the DNA
structure and may also interfere with its stability, in the final protocol developed for these samples
the pH conditions selected for conditioning, binding and washing was pH 5. For the second test
performed, it was observed that, by doubling the sample volume analyzed in the device, it was
possible to detect D. polymorpha down to Dilution 8, corresponding to an initial concentration of
0.044 ng mL-1. Increasing the volume of sample, allowed to place a higher amount of DNA from
the sample in contact with the functionalized surface of the device, therefore more DNA was
collected during binding, and consequently more DNA was recovered during elution.
Overall, increasing the sample volume showed a larger positive effect when improving the
limit of detection than decreasing pH in the initial steps of the protocol. Amplification curves
obtained by qPCR when evaluating the effect of these two parameters on the limit of detection are
described in Figure 4-33.
Table 4-14. DNA amplification results by qPCR for the contaminated river water sample and respective dilutions
after DNA purification and concentration in the microfluidic device.
Contaminated river water samples
qPCR Results

Dilution

a

Dilution
Factor

Initial DNA
Concentration

Sample volume analyzed in the device / pH conditions

a

(ng/ml)

500 µL / pH 5

500 µL / pH 3

1000 µL / pH 5

Dil 0

1

440

+

+

+

Dil 1

2

220

+

+

+

Dil 2

10

44

+

+

+

Dil 3

20

22

+

+

+

Dil 4

100

4.4

+

+

+

Dil 5

500

0.88

+

+

+

Dil 6

1000

0.44

+

+

+

Dil 7

5000

0.088

-

+

+

Dil 8

10000

0.044

-

-

+

Dil 9

50000

0.0088

-

-

-

pH conditions used in conditioning, binding, and washing steps of DNA purification in the device.
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Figure 4-33. Amplification curves obtained by qPCR for highly diluted samples of contaminated river water after
DNA purification and concentration in the microfluidic device: effect of increasing the initial sample volume analyzed
(from 500 µL to 1000 µL) and different pH conditions for the conditioning/binding/washing steps (pH3 and pH5) on
the limit of detection.

4.5.10

Discussion

A disposable microfluidic device was successfully designed and fabricated for purification and
concentration of DNA. The device developed was fabricated in PDMS as a cheap and disposable
prototype with a chamber comprising thousands of micropillars functionalized with chitosan,
which is a biodegradable, biocompatible and non-toxic polymer used for pH-dependent DNA
capture and release [417,420]. Taking advantage of chitosan characteristics, the protocol developed
did not require the use of chaotropic salts and organic reagents usually implemented in silica-based
DNA purification approaches. In addition, the functionalization and purification protocols were
both thoroughly optimized to improve performance. Overall, among the parameters evaluated for
the optimization process, the ones that most affected binding efficiency and DNA recovery were
the type of chitosan used for functionalization, the flow direction mode applied for the binding step
and the pH conditions selected for binding and elution steps. The best results were obtained by
performing functionalization with 1 % (w/v) chitosan oligomer (MW ≤ 5 kDa; DD ≥ 75 %) for 1
h. Although this was not the type of chitosan that gave the best binding efficiency, it was the one
that provided the best DNA recovery yield, demonstrating that a compromise between binding
strength and DNA recovery must be established. Moreover, the total time for functionalization was
approximately 3h, being several hours faster than other chitosan-based protocols previously
reported [71,97], which required at least 8h for the chitosan incubation step. After optimization, a
binding efficiency of 90.1 % and a recovery yield of 86.7 % were achieved, providing a binding
capacity of 896.8±72 ng for λDNA. In addition, aliquots collected in the elution step presented a
DNA concentration up to 20 times higher than the initial DNA solution introduced in the device,
making detection easier for samples with low DNA content.
The effect of DNA fragmentation on the DNA purification yield is a parameter not commonly
explored when developing new microfluidic devices. Here, its significant impact on the DNA
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recovery was also demonstrated, being more challenging for DNA solutions with higher degree of
fragmentation.
After optimization, the microfluidic device was successfully adapted for DNA purification of
environmental DNA from river water samples. In addition, the purified DNA samples collected
from the device were successfully amplified by qPCR for the detection of D. polymorpha, being
demonstrated suitability of the optimized protocol for further integration with downstream DNA
analysis steps. Although a small interference of the river water matrix was observed for spiked
samples on the binding step, the binding efficiency was still high (80.8 %), therefore no additional
pre-treatment steps were required. The miniaturized device not only allowed the purification of the
environmental DNA present in highly diluted samples but also allowed its concentration.
Moreover, it was demonstrated that increasing the volume of sample analyzed had a significant
impact on downstream detection of D. polymorpha by qPCR, allowing detection of a sample 10
times more diluted by doubling the sample volume analyzed
4.5.11 Publication of Results
The results from this project have resulted in the following scientific article:
Carvalho, J., Diéguez L., Ipatov A., Guerreiro J.R., Garrido-Maestu, A., Azinheiro, S. & Prado, M.
Single-use microfluidic device for purification and concentration of environmental DNA from river
water. Talanta, 226 (2021). https://doi.org/10.1016/j.talanta.2021.122109
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4.6 P6: DEVELOPMENT

OF QLAMP AND QPCR METHODS FOR DETECTION OF
POLYMORPHA IN THE GUADALQUIVIR RIVER BASIN

4.6.1

DREISSENA

Optimization of fluorescence-based qLAMP approach

The temperature of the qLAMP assay was evaluated from 60 °C to 65 °C and the optimal
amplification temperature was 64 °C with a Tt of 15.9 ± 0.2 minutes for a sample of pure D.
polymorpha DNA. Regarding the addition of Betaine and DMSO, the best amplification results
were obtained for the reactions without any supplements added, as described in Figure 4-34 (a).
The addition of DMSO promoted a significant increase in Tt, which was concentration-dependent,
being 27.9 ± 0.1 min for DMSO 5 % and 42.3 ± 0.1 min for DMSO 7.5 %. On the other hand, the
supplementation with Betaine resulted in a Tt of approximately 20 min for all concentrations tested.
From this experiment, it was also observed that supplementation with DMSO had an effect on the
melting temperature, resulting in a shift of the melting temperature peak from 80.9 °C down to 76.6
°C depending on the concentration, as illustrated in Figure 4-34 (b).

Figure 4-34. Effect of supplement addition on the fluorescence-based qLAMP method: a) qLAMP kinetics in pure D.
polymorpha DNA (C+) according to the fittings from Eq. 3.6: (
(
) “C+ Betaine 0.8 M”, (
melt curves.

) “C+ Betaine 1 M”, (

) “C+ No supplement”, (

) “C+ DMSO 5 %”, (

) “C+ Betaine 0.6 M”,

) “C+ DMSO 7.5 %”; b) Respective

The concentration of LB primer was also optimized, providing a faster qLAMP reaction with
a Tt of 8.8 ± 0.2 minutes for the same sample of pure D. polymorpha DNA, without compromising
the specificity of the reaction. The Tt values were obtained using the mathematical model
previously described.
4.6.2

Optimization of turbidity-based qLAMP approach

For the turbidity-based detection approach, concentration of LB primer was also optimized,
reducing amplification time from 39.5 min to 20.6 min for the same sample of pure D. polymorpha
DNA, without compromising the specificity of the reaction.
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Amplification temperature was evaluated from 60 °C to 65 °C and the optimal conditions were
obtained at 65 °C with a Tt of 20.6 min for a sample of pure D. polymorpha DNA.
Similarly to the fluorescence-based approach, the best amplification results were obtained
without any supplement addition, as described in Figure 4-35. Supplementation with DMSO
resulted in an increase of amplification time, delaying Tt to 34.3 min for DMSO 5 % and completely
inhibiting amplification for DMSO 7.5 %. In the case of Betaine, Tt was delayed to 25.6 min for
Betaine 0.6 M, and approximately 27.6 min for Betaine 0.8 M and 1 M.
Although the turbidity profile of positive and negative samples was clearly different, a steady
turbidity increase was observed in negative samples for this application. Non-specific background
amplification has been previously reported for LAMP, and different additives have been used to
minimize it, such as Betaine, DMSO, N-methylformamide and isobutyramide [421,422]. However,
in this case the use of such additives was not enough to reduce background turbidity of the negative
samples without compromising amplification of the positive samples. Therefore, samples were
defined as positives or negatives based on the profile of their isothermal amplification curve for an
amplification time of 40 min to avoid false positive results.

Figure 4-35. Effect of supplement addition on the turbidity-based qLAMP method: (
) “C+ No supplement”, (
)
“C+ Betaine 0.6 M”, (
) “C+ Betaine 0.8 M”, (
) “C+ Betaine 1 M”, (
) “C+ DMSO 5 %”, (
) “C+ DMSO 7.5 %”;
(
) “NTC”.

4.6.3

Primer specificity for qPCR and qLAMP

The specificity of the newly designed qPCR and qLAMP primers was firstly confirmed using
BLAST® and, later on, evaluated by testing a total of 63 environmental samples detailed in table
xxx. The negative samples analyzed in this study included 17 well characterized species commonly
found in the Guadalquivir River basin (12 different fish species, 1 crustacean, and 4 mollusks), up
to 4 different individuals of each species, and 5 non-invaded water samples, making a total of 50
negative samples. For both qPCR and qLAMP methods, amplification was only observed for
samples from D. polymorpha meat and for water samples contaminated with this species, proving
the specificity of the designed primers. The positive samples analyzed included 5 samples from D.
polymorpha meat and 8 water samples from the Guadalquivir River. Two of these water samples
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were surface water from Los Bermejales Reservoir, collected in December 2016, and from Iznájar
reservoir, collected in May 2017. The other 6 water samples were river water in which the zebra
mussels were transported, being tested as mixed water, after homogenizing the sample, and as
settled water, after letting the particles settle down. Regarding the positive samples analyzed, the
water sample from Los Bermejales Reservoir was the only one in which there was no amplification
neither by the qPCR approaches or the qLAMP method. All the other positives samples showed
amplification as expected, allowing the detection of D. polymorpha. A detailed list of the different
species analyzed for specificity evaluation and the respective amplification results obtained for
each method is described in Table 3-16.
4.6.4

Sensitivity of qPCR and qLAMP

The sensitivity of the amplification methods was evaluated through the analysis of ten-fold
serial dilutions of pure D. polymorpha DNA. For both qPCR approaches, positive detection was
obtained from 567.3 ng µL-1 (Dil.0) down to 0.056 pg µL-1 (Dil.7), covering a dynamic range of 7
orders of magnitude. Regarding the qLAMP methods, positive detection was obtained from 567.3
ng µL-1 (Dil.0) down to 0.56 pg µL-1 (Dil.6), covering a dynamic range of 6 orders of magnitude.
All samples were tested in duplicate and the average amplification results obtained for the
sensitivity evaluation of these methods are illustrated in Figure 4-36 and Figure 4-37, respectively.

Figure 4-36. Sensitivity evaluation of qPCR approaches through the analysis of ten-fold serial dilutions (Dil.1 – Dil.10)
of pure D. polymorpha DNA with initial concentration of 567.30 ng/µL: (
) Dil.1, (
) Dil.2, (
) Dil.3, (
)
Dil.4, (
) Dil.5, (
) Dil.6, (
) Dil.7, (
) Dil.8, (
) Dil.9, (
) Dil.10. a) qPCR with hydrolysis probe; b) qPCR
with F3/B3 primers. ΔRn is the magnitude of the signal generated, given by the normalized reporter (Rn) subtracted
by the baseline.
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Figure 4-37. Sensitivity evaluation of the qLAMP method through analysis of ten-fold serial dilutions (Dil.0 – Dil.10)
of pure D. polymorpha DNA with initial concentration of 567.30 ng/µL: (
) Dil.0, (
) Dil.1, (
) Dil.2, (
) Dil.3,
(
) Dil.4, (
) Dil.5, (
) Dil.6, (
) Dil.7, (
) Dil.8, (
) Dil.9, (
) Dil.10. a) fluorescence-based detection,
according to the fittings from Eq. 3.6; b) turbidity-based detection.

4.6.5

Mathematical modeling

Tt was the parameter more sensitive to changes in the type and concentration of supplements
in the master mix, and to template DNA concentration. The linear range between pure D.
polymorpha DNA (567.3 ng µL-1) and dilution 6 (0.56 pg µL-1), with Tt values ranging from 8.8 ±
0.2 min to 16.0 ± 0.2 min, is described in Figure 4-38.

Figure 4-38. Limit of detection for fluorescence-based qLAMP in pure D. polymorpha DNA samples. Gray lines
represent the 95 % confidence bands for the linear estimation.

Statistical analysis of the fittings indicated the suitability of the proposed equation (Eq. 3.6)
for modeling fluorescence-based qLAMP kinetics, as described in Table 4-15 and Table 4-16. In
all samples, the fitted models were statistically significant, with p-values from the Fisher’s F-test
lower than 0.001 and showed an excellent correlation with the experimental data, as illustrated in
2
Figure 4-39 and Figure 4-40, having extremely high adjusted coefficients of determination (𝑟𝑎𝑑𝑗
>
0.999). The estimated parameters 𝑅𝐹𝑠𝑚𝑎𝑥 , 𝜇𝑚𝑎𝑥 and Tt were also statistically significant (Student
t-test; α = 0.05) in all amplified samples (whenever one of the replicates failed to amplify, the
sample was considered negative).
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Table 4-15. Parametric estimations and Goodness of Fit analysis of the fluorescence-based qLAMP amplification model (Eq. 3.6) applied to DNA samples from zebra mussel
meat supplemented with different additives.
Sample &
Supplement

Best-Fit parameters

Goodness of Fit

BG

NTRFmax

kNT (min-1)

RFmax

µmax (min-1)

Tt (min)

𝒓𝟐𝒂𝒅𝒋

F-ratio

p-value

C+
No Supplement

44966.6±1003.2

12248.0±1441.6

0.137±0.045

41756.4±1587.1

7352.36±321.37

15.88±0.19

0.9999

281761.0

< 0.001

NTC
No Supplement

40082.9±108.5

8955.8±100.9

0.084±0.002

605.2±0.0

18.25±0.00

158.43±0.00

1.0000

3172163.3

< 0.001

C+
0.6 M betaine

36767.9±766.0

10041.6±1104.3

0.106±0.034

42572.4±1225.5

5760.54±185.19

20.60±0.18

0.9999

279807.7

< 0.001

NTC
0.6 M betaine

29979.2±211.5

5007.6±205.6

0.147±0.010

1080.6±0.0

14.90±0.00

397.05±0.00

1.0000

750986.7

< 0.001

C+
0.8 M betaine

17096.6±8948.2

24799.4±8923.3

2.299±0.627

34559.1±196.7

5077.45±149.95

19.88±0.12

1.0000

416831.8

< 0.001

NTC
0.8 M betaine

26983.5±1342.4

13215.6±1330.6

0.365±0.050

1795.9±0.0

14.36±0.00

380.94±0.00

0.9997

75348.3

< 0.001

C+
1 M betaine

42202.7±1130.1

1722.6±1010.2

*0.150±0.275

36967.5±940.5

5527.80±275.31

21.37±0.23

0.9999

142144.2

< 0.001

NTC
1 M betaine

*29900.1±4.27·106

5000.1±2935.2

1.435±0.947

*30000.0±3.12·109

*7.56±5.45·105

*602.26±5.30·107

0.9999

203061.5

< 0.001

C+
5 % DMSO

38810.7±267.6

10378.1±857.6

0.056±0.010

45207.8±700.5

4019.21±46.03

27.85±0.11

1.0000

1296396.6

< 0.001

NTC
5 % DMSO

36249.5±890.6

5111.7±341.8

0.184±0.026

10900.2±58.8

*0.00±10.28

188.70±0.00

1.0000

557417.7

< 0.001

C+
7.5 % DMSO

39237.7±97.4

12300.5±262.5

0.040±0.002

40566.2±356.0

2600.37±17.37

42.31±0.06

1.0000

4338509.8

< 0.001

NTC
7.5 % DMSO

28756.8±3864.4

7982.7±384.2

0.084±0.007

6518.9±255.0

*0.00±16.64

488.10±0.00

1.0000

942678.5

< 0.001

*Not significant parameter (Student t-test; α = 0.05).
Best-Fit parameters are expressed as Estimate ± Confidence Interval (α = 0.05).
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Table 4-16. Parametric estimations and Goodness of Fit analysis of the fluorescence-based qLAMP amplification model (Eq. 3.6) applied to DNA samples from zebra mussel
(ZM) meat at different concentrations.
Sample &
Supplement

Best-Fit parameters

Goodness of Fit

BG

NTRFmax

kNT (min-1)

RFmax

µmax (min-1)

Tt (min)

𝒓𝟐𝒂𝒅𝒋

F-ratio

p-value

ZM meat 1

48332.9±1100.0

*0.0±1448.4

0.385±0.000

22094.0±546.1

6381.5±617.9

8.83±0.21

0.9999

191494.7

< 0.001

ZM meat 1 - D1

36972.5±827.1

*0.0±1141.1

0.328±0.000

26383.0±464.1

7685.2±504.0

9.07±0.14

0.9999

231866.6

< 0.001

ZM meat 1 - D2

33565.8±1134.1

*78.6±943.5

*0.330±12.138

25568.1±807.9

7340.7±427.3

10.05±0.14

0.9999

265583

< 0.001

ZM meat 1 - D3

43523.8±357.2

60.3±0

*0.000±0.220

32616.0±598.4

9717.0±766.9

10.56±0.15

0.9999

159383.1

< 0.001

ZM meat 1 - D4

45716.7±1703.4

*0.0±1465.5

*0.326±4·1013

34707.6±892.8

9446.3±632.8

12.19±0.16

0.9999

185034.1

< 0.001

ZM meat 1 - D5

28569.4±552.0

1125.0±500.0

*0.209±0.305

24816.9±519.1

5392.9±184.5

14.07±0.11

1.0000

490970.3

< 0.001

ZM meat 1 - D6

34770.9±718.1

2096.4±619.2

0.226±0.193

32125.1±499.9

3990.1±105.6

15.95±0.16

1.0000

439283.5

< 0.001

ZM meat 1 - D7

36368.8±1519.6

2487.7±1514.6

1.065±0.700

20809.9±2997.2

2477.3±110.4

#54.08±0.16

1.0000

402766.1

< 0.001

ZM meat 1 - D8

39917.0±2880.9

3932.8±2874.7

1.392±0.994

*5324.8±27016.3

*1081.0±2116.5

#58.18±3.14

0.9999

279048.8

< 0.001

ZM meat 1 - D9

39097.7±5115.0

*4515.1±5175.4

1.843±1.843

2694.4±337.5

*0.0±9.4

#148.73±0

0.9999

223914.4

< 0.001

ZM meat 1 - D10

29374.6±611.6

2412.7±609.3

0.952±0.269

12009.6±1419.6

1519.5±55.5

#54.45±0.13

1.0000

1260656

< 0.001

NTC

22298.0±101.4

4343.3±92.1

0.071±0.004

*723.7±9.1·106

*18.3±4.7·108

*87.23±7.15·108

1.0000

955882.3

< 0.001

*Not significant parameter (Student t-test; α = 0.05).
#At least one replicate with no amplification
Best-Fit parameters are expressed as Estimate ± Confidence Interval (α = 0.05).
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Figure 4-39. Fluorescence-based qLAMP amplification kinetics in pure D. polymorpha DNA (C+) supplemented with
different additives. A: "C+ No Supplement", B: "NTC No Supplement", C: "C+ 0.6 M betaine", D: "NTC 0.6 M betaine", E:
"C+ 0.8 M betaine", F: "NTC 0.8 M betaine", G: "C+ 1 M betaine", H: "NTC 1 M betaine", I: "C+ 5 % DMSO", J: "NTC 5 %
DMSO", K: "C+ 7.5 % DMSO", L: "NTC 7.5 % DMSO". Symbols: experimental data. Lines: model fittings according to Eq. 3.6.
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Figure 4-40. Fluorescence-based qLAMP amplification kinetics in ten-fold serial dilutions (Dil.1 – Dil.10) of pure D.
polymorpha DNA (567.3 ng µL-1). A: pure D. polymorpha DNA (567.3 ng µL-1), B: Dil.1, C: Dil.2, D: Dil.3, E: Dil.4, F: Dil.5,
G: Dil.6, H: Dil.7, I: Dil.8, J: Dil.9, K: Dil.10, L: NTC. Symbols: experimental data. Lines: model fittings according to Eq.
3.6.
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4.6.6 Discussion
Due to the fast spreading of D. polymorpha, an early detection of this highly invasive species is
a critical point for a more efficient management and control, making the development of methods to
detect this species at low densities a high priority. The analysis of eDNA has proven to be a more
effective detection method for low population densities, especially in the case of aquatic invasive
species [21, 22, 42]. DNA amplification using PCR is the most widely adopted method for DNA
analysis due to its high sensitivity and highly efficient exponential amplification. Despite of its
advantages, this technique also has limitations, which promoted the development of alternative
isothermal amplification methods such as LAMP. When compared to PCR, LAMP-based methods
have higher tolerance to the presence of inhibitors, are performed at constant temperature, not
requiring expensive equipment, and allow naked-eye detection, simplifying its implementation in
point-of-need detection devices [43]. Several PCR methods have been developed to detect D.
polymorpha through the analysis of eDNA [26, 36, 44]. However, to our knowledge, only one method
has been published regarding the detection of this species using LAMP [36], being required more
studies in order to better evaluate the performance of this technique for the detection of invasive
species in environmental samples.
In this study, a novel fluorescence-based qLAMP method was developed and evaluated for the
detection of D. polymorpha in the Guadalquivir River basin, and compared with a qPCR method, also
developed in this work, using two different detection chemistries. In addition, a turbidity-based
qLAMP approach was also explored. The qLAMP methods were optimized regarding primers
concentration, amplification temperature and supplement addition (Betaine and DMSO). For the
fluorescence-based qLAMP approach, the optimal temperature obtained was 64 °C while for the
turbidity-based detection approach the optimal temperature obtained was 65 °C. The reactions were
supplemented with Betaine and DMSO in different concentrations to evaluate their effect. Betaine
equalizes the contribution of G-C and A-T base pairing while DMSO disrupts base pairing, facilitating
strand separation by interfering with hydrogen bonding [46]. These agents are both commonly used
to improve LAMP sensitivity and specificity, reducing false positive results [47]. As described in
Figure 4-34(a) and Figure 4-35, supplement addition resulted in lower LAMP efficiency, especially
regarding the supplementation with DMSO, significantly increasing the threshold time for both
detection approaches or completely inhibiting amplification. Since the addition of these agents did not
improve efficiency and considering that no false positive results were obtained for any of the samples
analyzed, the qLAMP methods developed were performed without supplements. In addition, by
optimizing the concentration of LB primer, the threshold time was greatly reduced, going from 16
min to 9 min for the fluorescence-based approach, and from 39.5 min to 20.6 min for the turbiditybased approach. Therefore, allowing a faster amplification without compromising the specificity of
the reaction. For the qPCR method using the hydrolysis probe for detection, the optimization was
focused on primers and probe concentration, and amplification temperature. For this approach, the
optimal temperature was 62 °C. For a better comparison between the qLAMP and qPCR methods, a
qPCR using F3/ B3 primers and an intercalating dye was also evaluated, being performed at 60 °C.
Both qLAMP and qPCR methods were evaluated regarding specificity. From the 63
environmental samples analyzed, amplification was only observed for positive samples, D.
polymorpha meat and contaminated water samples, therefore no false positives were obtained, proving
the specificity of primers, as described in Table 3-16. However, there was one positive water sample
in which this species could not be detected neither by the qLAMP nor the qPCR approaches. This
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sample was surface water collected from Los Bermejales Reservoir (Guadalquivir River basin, Spain),
which is known to be invaded by zebra mussels. There is a relation between the amount of eDNA and
the species density, however the sampling strategy strongly influences the amount of eDNA in the
samples because the sampling can be done close to the species or far away from it. In addition, the
degradation and dilution of eDNA is influenced by several factors, especially under natural conditions
[18]. Another surface water sample was collected from Iznájar Reservoir (Guadalquivir River basin,
Spain) but, in this case, the presence of D. polymorpha was detected by all the methods tested.
However, it is also important to consider that the surface water sample from Los Bermejales Reservoir
was collected in December, while the one from Iznájar Reservoir was collected in May, which
corresponds to a more active season for this species due to reproduction, facilitating its detection [16].
Zebra mussels generally reproduce when the water temperature is above 12 °C, usually during spring
or summer [3, 16, 48].
Regarding sensitivity, both detection chemistries used for qPCR were more sensitive than the
qLAMP approaches by one order of magnitude. In terms of speed, fluorescence-based detection was
achieved in about 9 min for qLAMP, while with the qPCR methods 23 min were needed using
detection with hydrolysis probe and 29 min were needed using primers F3/ B3 and the intercalating
dye. For the turbidity-based qLAMP approach, detection was achieved in 20.6 min, being important
to note that in this approach an indirect detection strategy is implemented, since the amplification
signal is not measured directly from the DNA sequences being amplified but from the formation of a
by-product of the reaction (magnesium pyrophosphate). In conclusion, the qLAMP method proved to
be faster than both qPCR approaches, being one of the advantages of this isothermal amplification
method. Nevertheless, these DNA-based methods are both great alternatives to the traditional
microscopic analysis of the water, which is very labor intensive and time consuming.
4.6.7 Publication of Results
The results from this project have resulted in the following scientific article:
Carvalho, J.; Maestu, A.G.; Azinheiro, S.; Fuciños, P.; Velázquez, J.B.; Miguel, R.J. De; Gros, V.; Prado,
M. Faster monitoring of the invasive alien species (IAS) Dreissena polymorpha in river basins through
isothermal amplification. Sci. Rep. 11, 10175 (2021). https://doi.org/10.1038/s41598-021-89574-w
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4.7 P7: EVALUATION OF MINIATURIZED DEVICES FOR ISOTHERMAL DNA AMPLIFICATION FOR THE
DETECTION OF DREISSENA POLYMORPHA BY LAMP
4.7.1 Disposable microfluidic device for isothermal DNA amplification
Visualization of the LAMP results by turbidity detection in the disposable microfluidic device
and in the LoopAMP tubes is illustrated in Figure 4-41. Naked-eye turbidity detection was not always
straightforward, neither in the tubes nor in the microfluidic system. In the tubes, good light crossing
the solution was essential for good turbidity inspection, while in the disposable device, a dark
background was also critical for better result visualization due to the smaller channels. Despite that,
for both the LoopAMP and the disposable microfluidic device, all the positive samples tested showed
turbidity while the negative samples did not.

Figure 4-41. Visualization of LAMP results by turbidity detection after 40 min incubation: a) in the LoopAMP tubes; b)
in the disposable microfluidic device (w - water; e – empty channel).

Real-time turbidity results obtained using LoopAMP are described in Figure 4-42. Similarly to
what was verified in Project 6, a steady turbidity increase in negative samples was observed with
amplification time.
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Figure 4-42. Real-time turbidity results obtained for the LAMP reaction using LoopAMP.

Although the positive and negative samples show a clear difference in the turbidity profile, this
observation is not possible without real-time data. Therefore, when checking the results only based
on the turbidity after amplification, false positives can be found. This is demonstrated in Figure 4-43,
where the LAMP reaction was left to incubate in the microfluidic system and LoopAMP for 1h instead
of 40 min. Although it is not as clear in the pictures, slight turbidity was observed for the negative
samples in both the LoopAMP and the disposable device, suggesting false positive results without the
real-time data. To avoid this, the optimization of the LAMP reaction performed in Project 6 using a
wide variety of positive and negative samples was extremely important to find the best amplification
time for this application.
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Figure 4-43. Visualization of LAMP results by turbidity detection after 1h incubation: a) in the LoopAMP tubes; b) in the
disposable microfluidic device (w - water; e – empty channel).

The amplification results obtained with the disposable device using this detection approach are
summarized in Table 4-17, being in accordance with the ones obtained with LoopAMP.
Table 4-17. LAMP amplification results obtained with LoopAMP and disposable device based on turbidity detection.
LoopAMP
Disposable miniaturized device
Sample Name
40 min
1h
40 min
1h
Zm meat
+
+
+
+
Contaminated water
+
+
+
+
Non-contaminated water
+
+
NTC
+
+
* Results based on end-point turbidity observation after 40 min and 1h.

4.7.2 Reusable miniaturized device for isothermal DNA amplification
In subchapter 4.4, when evaluating the performance of the reusable miniaturized device using
food samples with gluten-containing cereals, turbidity detection was explored, and it was observed
that this approach was not the most user friendly for amplification by LAMP using this prototype,
since it could not be detected directly without opening the tubing. With this in mind, for the application
of this device for detection of D. polymorpha in river water samples, two color-based detection
approaches were explored, in addition to the functionalized AuNPs previously described, for direct
visualization of the amplification results.
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For the reusable device, the first LAMP detection approach implemented in this work was based
on a commercial colorimetric master mix that changes from pink to yellow in case of amplification.
Result visualization using this approach in the miniaturized device and in the LoopAMP tubes is
illustrated in Figure 4-44. Using this approach, direct result inspection was possible and very clear
for both the device and the LoopAMP tubes. However, although this color-based detection was
successful for negative samples and positive samples from zebra mussel meat, it did not work well for
positive samples from river water contaminated with zebra mussels, resulting in false negatives for
samples more diluted than the ones from zebra mussel meat. Consequently, the use of this detection
approach would greatly compromise the sensitivity of the amplification method for this application.

Figure 4-44. Visualization of LAMP results with colorimetric master mix after 40 min incubation: a) in the LoopAMP
tubes; b) in the reusable microfluidic device.

The second detection approach explored in this section for the reusable device was color-based
detection using hydroxynaphtol blue, which changes from violet to sky blue when there is
amplification. Result inspection using this approach in the miniaturized device and in the LoopAMP
tubes is illustrated Figure 4-45. Direct result visualization was possible for both the device and the
LoopAMP tubes, however the color difference was more evident in the LoopAMP tubes than in the
device due to the smaller size of the prototype tubing.
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Figure 4-45. Visualization of LAMP results with HNB after 40 min incubation: a) in the LoopAMP tubes; b) in the reusable
microfluidic device.

Finally, in addition to the two color-based detection approaches described, detection using
PEG/MUA-AuNPs was also explored for the detection of D. polymorpha. As previously described,
this approach is based on the precipitation of the functionalized AuNPs due to the interaction with the
by-product of LAMP (magnesium pyrophosphate), changing from a red dispersion to a red precipitate
for positive samples. Results visualization using this approach in the miniaturized device and in the
LoopAMP tubes are illustrated in Figure 4-46. Similarly to what was observed in subchapter 4.4,
direct result inspection was possible and clear for both the device and the LoopAMP tubes. Among
all the detection approaches explored for this device, the integration of PEG/MUA-AuNPs in the
LAMP reaction proved to be the best option for a fast and clear naked-eye detection.
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Figure 4-46. Visualization of LAMP results with PEG/MUA-AuNPs after 40 min incubation: a) in the LoopAMP tubes; b) in
the reusable microfluidic device.

The amplification results obtained with the reusable device using the three detection approaches
described in this work are summarized in Table 4-18, being in accordance with the results obtained
with LoopAMP.
Table 4-18. LAMP amplification results obtained with LoopAMP and the reusable device for each detection approach.
LoopAMP
Reusable miniaturized device
Sample Name
Colorimetric
PEG/MUAColorimetric
PEG/MUAHNB
HNB
Master Mix
AuNPs
Master Mix
AuNPs
Zm meat
+
+
+
+
+
+
Contaminated water
+
+
+
+
Non-contaminated water
NTC
* Results based on end-point turbidity observation after 40 min.
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4.7.3 Discussion
Two miniaturized isothermal DNA amplification devices were explored in this preliminary study
for the detection of D. polymorpha by LAMP. The disposable device was successfully implemented
for this application, allowing naked-eye detection based on turbidity and proving to be suitable for
DNA amplification by LAMP. However, this detection approach is not as user friendly as color-based
detection approaches, which could also be explored in the future using this device. The development
of a disposable miniaturized device fabricated in PDMS for the DNA amplification step would
facilitate future integration with the miniaturized device developed for the DNA purification step,
which was fabricated in the same material. However, this device did not include an integrated heating
system, being required additional equipment to perform the reactions. For the reusable miniaturized
device, two color-based detection approaches were evaluated in addition to the detection using
PEG/MUA-AuNPs previously described. Detection using a colorimetric commercial master mix
allowed the clearest naked-eye result visualization, but it greatly compromised the sensitivity of the
LAMP reaction, being observed false negative results for more diluted samples. The use of
hydroxynaphtol blue for color-based detection proved to be successful for the detection of D.
polymorpha in the samples analyzed. Similarly, detection using PEG/MUA-AuNPs was also
successful for this application. Contrarily to the disposable device, the reusable miniaturized prototype
included an integrated heating system and, therefore, could be operated independently. However, its
integration as a µTAS with the previous DNA analysis steps could be more challenging due to the
design of the prototype, which is less versatile than the designs that can be included in a disposable
PDMS device and can only include the device tubing for the reactions, being limited by its dimensions
and assembly options. Although it was not possible to follow the amplification reactions in real-time
with any of the miniaturized devices, the results obtained for the samples tested were in accordance
with the ones obtained using LoopAMP, which was always performed in parallel.
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5. CONCLUSIONS AND
FUTURE WORK
5.1 CONCLUSIONS

•

A novel DNA quantification approach for microvolumetric solutions was developed, providing an
accurate and flexible solution for quantification of standard DNA solutions with high degree of
fragmentation and low concentration. This tool was successfully implemented in the optimization
experiments of the washable and reusable miniaturized DNA purification device.

•

The reusable DNA purification device was then successfully adapted for the extraction of DNA
from olive oil samples. Also, since these samples constitute a quite challenging food matrix, a pretreatment step was successfully developed and implemented. Finally, the miniaturized device
showed better performance than the commercial kit that is commonly used for this type of samples,
providing a DNA concentration approximately three times higher for the spiked EVOO, and six
times higher for the non-spiked EVOO.

•

Considering the importance of food authenticity for the olive oil sector, different genotyping
strategies using SSR and SNP markers were implemented at bench scale for differentiation of
olive varieties and evaluated regarding their potential for future miniaturization. The SNP-based
methods tested (real-time AS-PCR and HRM analysis) showed to be more suitable for
miniaturization than SSR-based methods, with AS-PCR being the best option in terms of
fabrication requirements and simplicity of the analysis of results.

•

Two isothermal DNA amplification techniques (LAMP and RPA) were tested for allergen
detection applications and optimized using conventional equipment. Then, a miniaturized and
portable isothermal DNA amplification prototype was developed, including an integrated heating
system, to perform these amplification techniques. This prototype provided the advantage of not
requiring any additional equipment for the reaction, contrarily to several devices reported that still
rely on the use of external equipment for heating and temperature control. As a proof-of-concept,
the prototype performance was demonstrated for the identification of samples with glutencontaining cereals, showing similar performance to conventional equipment in terms of
amplification time, specificity, and sensitivity. Regarding amplification time, both the
miniaturized and conventional equipment achieved amplification by RPA under 20 min, and by
LAMP under 1h. In addition, combination of LAMP with functionalized PEG/MUA-AuNPs
reduced the amplification time of the positive control (pure wheat flour DNA) from 40 min to 28
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min. Regarding the limit of detection, for both the miniaturized and conventional equipment,
detection was achieved down to 0.180 ng µL-1 for LAMP and down to 0.0180 ng µL-1 for RPA.
•

Regarding environmental samples, different miniaturized devices were also developed and
optimized for the analysis of eDNA with specific focus on the detection of invasive alien species,
in particular D. polymorpha. A disposable microfluidic device was thoroughly optimized, from
design to experimental protocols, and successfully adapted for purification and concentration of
DNA from river water samples. Compatibility of the device with the following DNA amplification
step was also demonstrated.

•

Different amplification strategies were developed at bench scale for the detection of D.
polymorpha in river water, namely a fluorescence-based qLAMP and two qPCR methods using
different detection chemistries. The three methods evaluated showed similar results in terms of
specificity, allowing the detection of this species with no false positives. Regarding sensitivity,
the qPCR approaches achieved better results by one order of magnitude compared to qLAMP. The
limit of detection obtained for the qPCR approaches was 0.056 pg µL-1, while for the LAMP
approach was 0.56 pg µL-1. On the other hand, the fluorescence-based qLAMP method proved to
be faster than both qPCR approaches. For qLAMP, detection was achieved in about 9 min. For
the qPCR approaches, 23 min were needed using detection with hydrolysis probe and 29 min were
needed using primers F3/ B3 and the intercalating dye. In addition, a turbidity-based qLAMP
method was also developed for this application, showing similar specificity and sensitivity results
as the fluorescence-based approach. However, detection using this indirect approach was not as
fast as the fluorescence-based one, being achieved in 20.6 min.

•

After optimization at bench scale, miniaturized isothermal DNA amplification devices were also
fabricated and evaluated for the analysis of environmental samples, with both disposable and
reusable options being explored. Different detection chemistries were tested, including turbidity
and color-based approaches. The reusable isothermal DNA amplification prototype, which had
been previously tested for the detection of samples with gluten-containing cereals, was also
successfully implemented for the detection of D. polymorpha in river water samples by combining
LAMP with functionalized PEG/MUA-AuNPs for an integrated detection chemistry. The
simplicity of combining amplification and detection in a single step is highly desirable since it
accelerates the analysis. The disposable prototype was also successfully implemented for this
application using a turbidity-based detection approach. However, it did not include an integrated
heating system, requiring additional equipment for the amplification reaction.

•

Overall, all the different miniaturized devices developed and explored in this work were
successfully adapted for analysis of the target food and environmental samples, showing the
potential advantages of combining microfluidic technologies with molecular biology techniques
for the development of new solutions for portable DNA analysis in these sectors.
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5.2 FUTURE WORK
The work developed within the scope of this thesis was a contribution towards the implementation
of new miniaturized tools for DNA analysis in the food and environmental sectors, representing a
considerable advance in this direction. Nevertheless, there is still much work to be done in order to
deliver better, easy to use, and faster solutions in the future.
For both the reusable and the disposable miniaturized DNA purification devices explored in this
work, automation of the protocol should be the natural step to further improve applicability in limited
resource settings, make it more user-friendly, and reduce risk of contamination. It would also be
interesting to further optimize the DNA purification protocol of the disposable device using a DNA
standard with higher degree of fragmentation, since it has been demonstrated that DNA fragmentation
affects the purification process in this device and food and environmental samples usually contain
DNA with a degree of fragmentation much higher than the standard λDNA routinely used for protocol
optimization.
Regarding the miniaturized devices developed for isothermal DNA amplification, further work
should be focused on improving prototype automation. In addition, to facilitate future integration
with the other DNA analysis steps, a combination of the design and materials used in the disposable
device and the heating system developed for the reusable one could be explored, including the best
characteristics of the two prototypes. It should adapt the integrated heating system developed for the
reusable prototype to be combined with a disposable PDMS cartridge for more user-friendly and
versatile assembly options. The incorporation of optical sensors for real-time data collection and
monitoring could also be an interesting improvement for future integration and automatic data
transmission, giving more comprehensive information regarding the amplification reaction, and
avoiding the need to open the prototype tubing in some of the detection approaches, hence reducing
the possibility of contamination.
Considering the DNA amplification methods developed for D. polymorpha, detection of this and
other invasive species could be improved by further exploring the effect of environmental and
sampling conditions (e.g. season, sampling depth, water temperature) on the amount of target eDNA
present in the river water samples. In addition, more studies should be performed in the future
regarding pre-concentration of these samples and integration of this step with the devices and methods
developed in this work, facilitating on-site and early detection of invasive species.
For the genotyping methods developed at bench scale to distinguish olive varieties, further work
should include more target SNPs and other olive varieties to extend their applicability. In addition, for
the AS-PCR method, further improvement of primer specificity for some of the target SNPs could be
explored to allow end-point analysis and simplify the procedure. Considering the observations taken
from this work and the further improvements here discussed for this genotyping method, the next step
would be the development of a miniaturized platform for implementation of the genotyping method
selected for this application.
In conclusion, future integration of DNA purification and DNA amplification modules should be
evaluated for the development of more automated and integrated tools for miniaturized DNA-based
analysis. Such integration would represent a step forward on the development of µTAS with the
creation of sample-in answer-out type of devices that could be explored for DNA analysis of these
and other food and environmental samples.
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1. Grant of License
1. 1. The Licensor grants you a personal, non-exclusive, non-transferable, world-wide
licence to reproduce the Licensed Material for the purpose specified in your order
only. Licences are granted for the specific use requested in the order and for no other
use, subject to the conditions below.
1. 2. The Licensor warrants that it has, to the best of its knowledge, the rights to
license reuse of the Licensed Material. However, you should ensure that the material
you are requesting is original to the Licensor and does not carry the copyright of
another entity (as credited in the published version).
1. 3. If the credit line on any part of the material you have requested indicates that it
was reprinted or adapted with permission from another source, then you should also
seek permission from that source to reuse the material.
2. Scope of Licence
2. 1. You may only use the Licensed Content in the manner and to the extent permitted
by these Ts&Cs and any applicable laws.
2. 2. A separate licence may be required for any additional use of the Licensed
Material, e.g. where a licence has been purchased for print only use, separate
permission must be obtained for electronic re-use. Similarly, a licence is only valid in
the language selected and does not apply for editions in other languages unless
additional translation rights have been granted separately in the licence. Any content
owned by third parties are expressly excluded from the licence.
2. 3. Similarly, rights for additional components such as custom editions and
derivatives require additional permission and may be subject to an additional fee.
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these rights.
2. 4. Where permission has been granted free of charge for material in print,
permission may also be granted for any electronic version of that work, provided that
the material is incidental to your work as a whole and that the electronic version is
essentially equivalent to, or substitutes for, the print version.
2. 5. An alternative scope of licence may apply to signatories of the STM Permissions
Guidelines, as amended from time to time.
3. Duration of Licence
3. 1. A licence for is valid from the date of purchase ('Licence Date') at the end of the
relevant period in the below table:
Scope of Licence

Duration of Licence

Post on a website 12 months
Presentations
12 months
Books and journals Lifetime of the edition in the language purchased
4. Acknowledgement
4. 1. The Licensor's permission must be acknowledged next to the Licenced Material in
print. In electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
homepage. Our required acknowledgement format is in the Appendix below.
5. Restrictions on use
5. 1. Use of the Licensed Material may be permitted for incidental promotional use and
minor editing privileges e.g. minor adaptations of single figures, changes of format,
colour and/or style where the adaptation is credited as set out in Appendix 1 below. Any
other changes including but not limited to, cropping, adapting, omitting material that
affect the meaning, intention or moral rights of the author are strictly prohibited.
5. 2. You must not use any Licensed Material as part of any design or trademark.
5. 3. Licensed Material may be used in Open Access Publications (OAP) before
publication by Springer Nature, but any Licensed Material must be removed from OAP
sites prior to final publication.
6. Ownership of Rights
6. 1. Licensed Material remains the property of either Licensor or the relevant third party
and any rights not explicitly granted herein are expressly reserved.
7. Warranty

IN NO EVENT SHALL LICENSOR BE LIABLE TO YOU OR ANY OTHER PARTY OR
ANY OTHER PERSON OR FOR ANY SPECIAL, CONSEQUENTIAL, INCIDENTAL
OR INDIRECT DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, VIEWING OR USE OF THE
MATERIALS REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH
OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND
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WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF
SUCH DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.
8. Limitations
8. 1. BOOKS ONLY:Where 'reuse in a dissertation/thesis' has been selected the
following terms apply: Print rights of the final author's accepted manuscript (for clarity,
NOT the published version) for up to 100 copies, electronic rights for use only on a
personal website or institutional repository as defined by the Sherpa guideline
(www.sherpa.ac.uk/romeo/).
8. 2. For content reuse requests that qualify for permission under the STM Permissions
Guidelines, which may be updated from time to time, the STM Permissions Guidelines
supersede the terms and conditions contained in this licence.
9. Termination and Cancellation
9. 1. Licences will expire after the period shown in Clause 3 (above).
9. 2. Licensee reserves the right to terminate the Licence in the event that payment is not
received in full or if there has been a breach of this agreement by you.
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For Adaptations/Translations:
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.
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8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The Rightsholder and CCC hereby object to
any terms contained in any writing prepared by the User or its principals, employees, agents or affiliates and purporting to govern or otherwise
relate to the licensing transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms set forth in the
Order Confirmation and/or in these terms and conditions or CCC's standard operating procedures, whether such writing is prepared prior to,
simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a
separate instrument.
8.5. The licensing transaction described in the Order Confirmation document shall be governed by and construed under the law of the State of New
York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, suit, action, or proceeding arising out of, in connection
with, or related to such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in the County of New
York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the
Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-8400 or send an e-mail to
support@copyright.com.
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Creative Commons

Attribution-NonCommercial-NoDerivs 2.0
CREATIVE COMMONS CORPORATION IS NOT A LAW FIRM AND DOES NOT PROVIDE LEGAL
SERVICES. DISTRIBUTION OF THIS LICENSE DOES NOT CREATE AN ATTORNEY-CLIENT
RELATIONSHIP. CREATIVE COMMONS PROVIDES THIS INFORMATION ON AN "AS-IS" BASIS.
CREATIVE COMMONS MAKES NO WARRANTIES REGARDING THE INFORMATION PROVIDED,
AND DISCLAIMS LIABILITY FOR DAMAGES RESULTING FROM ITS USE.
License
THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERMS OF THIS CREATIVE
COMMONS PUBLIC LICENSE ("CCPL" OR "LICENSE"). THE WORK IS PROTECTED BY COPYRIGHT
AND/OR OTHER APPLICABLE LAW. ANY USE OF THE WORK OTHER THAN AS AUTHORIZED UNDER
THIS LICENSE OR COPYRIGHT LAW IS PROHIBITED.
BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, YOU ACCEPT AND AGREE TO BE
BOUND BY THE TERMS OF THIS LICENSE. THE LICENSOR GRANTS YOU THE RIGHTS CONTAINED
HERE IN CONSIDERATION OF YOUR ACCEPTANCE OF SUCH TERMS AND CONDITIONS.
1. Definitions
a. "Collective Work" means a work, such as a periodical issue, anthology or
encyclopedia, in which the Work in its entirety in unmodified form, along with a
number of other contributions, constituting separate and independent works in
themselves, are assembled into a collective whole. A work that constitutes a
Collective Work will not be considered a Derivative Work (as defined below) for the
purposes of this License.
b. "Derivative Work" means a work based upon the Work or upon the Work and
other pre-existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound recording, art
reproduction, abridgment, condensation, or any other form in which the Work may
be recast, transformed, or adapted, except that a work that constitutes a Collective
Work will not be considered a Derivative Work for the purpose of this License. For
the avoidance of doubt, where the Work is a musical composition or sound
recording, the synchronization of the Work in timed-relation with a moving image
("synching") will be considered a Derivative Work for the purpose of this License.
c. "Licensor" means the individual or entity that offers the Work under the terms of
this License.
d. "Original Author" means the individual or entity who created the Work.
e. "Work" means the copyrightable work of authorship offered under the terms of
this License.
f. "You" means an individual or entity exercising rights under this License who has
not previously violated the terms of this License with respect to the Work, or who
has received express permission from the Licensor to exercise rights under this
License despite a previous violation.
2. Fair Use Rights. Nothing in this license is intended to reduce, limit, or restrict any rights
arising from fair use, first sale or other limitations on the exclusive rights of the copyright owner
under copyright law or other applicable laws.
3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants
You a worldwide, royalty-free, non-exclusive, perpetual (for the duration of the applicable
copyright) license to exercise the rights in the Work as stated below:
a. to reproduce the Work, to incorporate the Work into one or more Collective Works,
and to reproduce the Work as incorporated in the Collective Works;
b. to distribute copies or phonorecords of, display publicly, perform publicly, and
perform publicly by means of a digital audio transmission the Work including as
incorporated in Collective Works;
The above rights may be exercised in all media and formats whether now known or hereafter
devised. The above rights include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats, but otherwise you have no rights to
make Derivative Works. All rights not expressly granted by Licensor are hereby reserved,
including but not limited to the rights set forth in Sections 4(d) and 4(e).
4. Restrictions.The license granted in Section 3 above is expressly made subject to and limited
by the following restrictions:
a. You may distribute, publicly display, publicly perform, or publicly digitally perform
the Work only under the terms of this License, and You must include a copy of, or

the Uniform Resource Identifier for, this License with every copy or phonorecord of
the Work You distribute, publicly display, publicly perform, or publicly digitally
perform. You may not offer or impose any terms on the Work that alter or restrict
the terms of this License or the recipients' exercise of the rights granted
hereunder. You may not sublicense the Work. You must keep intact all notices that
refer to this License and to the disclaimer of warranties. You may not distribute,
publicly display, publicly perform, or publicly digitally perform the Work with any
technological measures that control access or use of the Work in a manner
inconsistent with the terms of this License Agreement. The above applies to the
Work as incorporated in a Collective Work, but this does not require the Collective
Work apart from the Work itself to be made subject to the terms of this License. If
You create a Collective Work, upon notice from any Licensor You must, to the
extent practicable, remove from the Collective Work any reference to such Licensor
or the Original Author, as requested.
b. You may not exercise any of the rights granted to You in Section 3 above in any
manner that is primarily intended for or directed toward commercial advantage or
private monetary compensation. The exchange of the Work for other copyrighted
works by means of digital file-sharing or otherwise shall not be considered to be
intended for or directed toward commercial advantage or private monetary
compensation, provided there is no payment of any monetary compensation in
connection with the exchange of copyrighted works.
c. If you distribute, publicly display, publicly perform, or publicly digitally perform the
Work, You must keep intact all copyright notices for the Work and give the Original
Author credit reasonable to the medium or means You are utilizing by conveying
the name (or pseudonym if applicable) of the Original Author if supplied; the title
of the Work if supplied; and to the extent reasonably practicable, the Uniform
Resource Identifier, if any, that Licensor specifies to be associated with the Work,
unless such URI does not refer to the copyright notice or licensing information for
the Work. Such credit may be implemented in any reasonable manner; provided,
however, that in the case of a Collective Work, at a minimum such credit will
appear where any other comparable authorship credit appears and in a manner at
least as prominent as such other comparable authorship credit.
d. For the avoidance of doubt, where the Work is a musical composition:
i. Performance Royalties Under Blanket Licenses. Licensor
reserves the exclusive right to collect, whether individually or via a
performance rights society (e.g. ASCAP, BMI, SESAC), royalties for
the public performance or public digital performance (e.g. webcast)
of the Work if that performance is primarily intended for or directed
toward commercial advantage or private monetary compensation.
ii. Mechanical Rights and Statutory Royalties. Licensor reserves
the exclusive right to collect, whether individually or via a music
rights agency or designated agent (e.g. Harry Fox Agency), royalties
for any phonorecord You create from the Work ("cover version") and
distribute, subject to the compulsory license created by 17 USC
Section 115 of the US Copyright Act (or the equivalent in other
jurisdictions), if Your distribution of such cover version is primarily
intended for or directed toward commercial advantage or private
monetary compensation.
e. Webcasting Rights and Statutory Royalties. For the avoidance of doubt, where
the Work is a sound recording, Licensor reserves the exclusive right to collect,
whether individually or via a performance-rights society (e.g. SoundExchange),
royalties for the public digital performance (e.g. webcast) of the Work, subject to
the compulsory license created by 17 USC Section 114 of the US Copyright Act (or
the equivalent in other jurisdictions), if Your public digital performance is primarily
intended for or directed toward commercial advantage or private monetary
compensation.
5. Representations, Warranties and Disclaimer
UNLESS OTHERWISE MUTUALLY AGREED BY THE PARTIES IN WRITING, LICENSOR OFFERS THE
WORK AS-IS AND MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY KIND CONCERNING
THE WORK, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, INCLUDING, WITHOUT
LIMITATION, WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A PARTICULAR PURPOSE,
NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER DEFECTS, ACCURACY, OR THE
PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT DISCOVERABLE. SOME JURISDICTIONS
DO NOT ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, SO SUCH EXCLUSION MAY NOT
APPLY TO YOU.
6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO
EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL,
INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS
LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.
7. Termination
a. This License and the rights granted hereunder will terminate automatically upon
any breach by You of the terms of this License. Individuals or entities who have
received Collective Works from You under this License, however, will not have their
licenses terminated provided such individuals or entities remain in full compliance
with those licenses. Sections 1, 2, 5, 6, 7, and 8 will survive any termination of this
License.

b. Subject to the above terms and conditions, the license granted here is perpetual
(for the duration of the applicable copyright in the Work). Notwithstanding the
above, Licensor reserves the right to release the Work under different license
terms or to stop distributing the Work at any time; provided, however that any
such election will not serve to withdraw this License (or any other license that has
been, or is required to be, granted under the terms of this License), and this
License will continue in full force and effect unless terminated as stated above.
8. Miscellaneous
a. Each time You distribute or publicly digitally perform the Work or a Collective Work,
the Licensor offers to the recipient a license to the Work on the same terms and
conditions as the license granted to You under this License.
b. If any provision of this License is invalid or unenforceable under applicable law, it
shall not affect the validity or enforceability of the remainder of the terms of this
License, and without further action by the parties to this agreement, such provision
shall be reformed to the minimum extent necessary to make such provision valid
and enforceable.
c. No term or provision of this License shall be deemed waived and no breach
consented to unless such waiver or consent shall be in writing and signed by the
party to be charged with such waiver or consent.
d. This License constitutes the entire agreement between the parties with respect to
the Work licensed here. There are no understandings, agreements or
representations with respect to the Work not specified here. Licensor shall not be
bound by any additional provisions that may appear in any communication from
You. This License may not be modified without the mutual written agreement of
the Licensor and You.

Creative Commons is not a party to this License, and makes no warranty whatsoever in
connection with the Work. Creative Commons will not be liable to You or any party on any
legal theory for any damages whatsoever, including without limitation any general, special,
incidental or consequential damages arising in connection to this license. Notwithstanding the
foregoing two (2) sentences, if Creative Commons has expressly identified itself as the
Licensor hereunder, it shall have all rights and obligations of Licensor.
Except for the limited purpose of indicating to the public that the Work is licensed under the
CCPL, neither party will use the trademark "Creative Commons" or any related trademark or
logo of Creative Commons without the prior written consent of Creative Commons. Any
permitted use will be in compliance with Creative Commons' then-current trademark usage
guidelines, as may be published on its website or otherwise made available upon request from
time to time.
Creative Commons may be contacted at https://creativecommons.org/.
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Creative Commons Legal Code
Attribution-ShareAlike 3.0 Unported

CREATIVE COMMONS CORPORATION IS NOT A LAW FIRM AND DOES NOT PROVIDE LEGAL
SERVICES. DISTRIBUTION OF THIS LICENSE DOES NOT CREATE AN ATTORNEY-CLIENT
RELATIONSHIP. CREATIVE COMMONS PROVIDES THIS INFORMATION ON AN "AS-IS" BASIS.
CREATIVE COMMONS MAKES NO WARRANTIES REGARDING THE INFORMATION PROVIDED,
AND DISCLAIMS LIABILITY FOR DAMAGES RESULTING FROM ITS USE.

License
THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERMS OF THIS CREATIVE
COMMONS PUBLIC LICENSE ("CCPL" OR "LICENSE"). THE WORK IS PROTECTED BY COPYRIGHT
AND/OR OTHER APPLICABLE LAW. ANY USE OF THE WORK OTHER THAN AS AUTHORIZED
UNDER THIS LICENSE OR COPYRIGHT LAW IS PROHIBITED.
BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, YOU ACCEPT AND AGREE TO BE
BOUND BY THE TERMS OF THIS LICENSE. TO THE EXTENT THIS LICENSE MAY BE CONSIDERED
TO BE A CONTRACT, THE LICENSOR GRANTS YOU THE RIGHTS CONTAINED HERE IN
CONSIDERATION OF YOUR ACCEPTANCE OF SUCH TERMS AND CONDITIONS.
1. Definitions
a. "Adaptation" means a work based upon the Work, or upon the Work and other pre-existing works,
such as a translation, adaptation, derivative work, arrangement of music or other alterations of a
literary or artistic work, or phonogram or performance and includes cinematographic adaptations or
any other form in which the Work may be recast, transformed, or adapted including in any form
recognizably derived from the original, except that a work that constitutes a Collection will not be
considered an Adaptation for the purpose of this License. For the avoidance of doubt, where the
Work is a musical work, performance or phonogram, the synchronization of the Work in timedrelation with a moving image ("synching") will be considered an Adaptation for the purpose of this
License.
b. "Collection" means a collection of literary or artistic works, such as encyclopedias and
anthologies, or performances, phonograms or broadcasts, or other works or subject matter other
than works listed in Section 1(f) below, which, by reason of the selection and arrangement of their
contents, constitute intellectual creations, in which the Work is included in its entirety in unmodified
form along with one or more other contributions, each constituting separate and independent works
in themselves, which together are assembled into a collective whole. A work that constitutes a
Collection will not be considered an Adaptation (as defined below) for the purposes of this License.
c. "Creative Commons Compatible License" means a license that is listed at
https://creativecommons.org/compatiblelicenses that has been approved by Creative Commons as
being essentially equivalent to this License, including, at a minimum, because that license: (i)
contains terms that have the same purpose, meaning and effect as the License Elements of this
License; and, (ii) explicitly permits the relicensing of adaptations of works made available under
that license under this License or a Creative Commons jurisdiction license with the same License
Elements as this License.
d. "Distribute" means to make available to the public the original and copies of the Work or
Adaptation, as appropriate, through sale or other transfer of ownership.
e. "License Elements" means the following high-level license attributes as selected by Licensor and
indicated in the title of this License: Attribution, ShareAlike.
f. "Licensor" means the individual, individuals, entity or entities that offer(s) the Work under the
terms of this License.
g. "Original Author" means, in the case of a literary or artistic work, the individual, individuals, entity
or entities who created the Work or if no individual or entity can be identified, the publisher; and in
addition (i) in the case of a performance the actors, singers, musicians, dancers, and other persons
who act, sing, deliver, declaim, play in, interpret or otherwise perform literary or artistic works or
expressions of folklore; (ii) in the case of a phonogram the producer being the person or legal
entity who first fixes the sounds of a performance or other sounds; and, (iii) in the case of
broadcasts, the organization that transmits the broadcast.
h. "Work" means the literary and/or artistic work offered under the terms of this License including
without limitation any production in the literary, scientific and artistic domain, whatever may be the
mode or form of its expression including digital form, such as a book, pamphlet and other writing; a
lecture, address, sermon or other work of the same nature; a dramatic or dramatico-musical work;
a choreographic work or entertainment in dumb show; a musical composition with or without
words; a cinematographic work to which are assimilated works expressed by a process analogous
to cinematography; a work of drawing, painting, architecture, sculpture, engraving or lithography; a
photographic work to which are assimilated works expressed by a process analogous to
photography; a work of applied art; an illustration, map, plan, sketch or three-dimensional work
relative to geography, topography, architecture or science; a performance; a broadcast; a
phonogram; a compilation of data to the extent it is protected as a copyrightable work; or a work
performed by a variety or circus performer to the extent it is not otherwise considered a literary or
artistic work.

i. "You" means an individual or entity exercising rights under this License who has not previously
violated the terms of this License with respect to the Work, or who has received express
permission from the Licensor to exercise rights under this License despite a previous violation.
j. "Publicly Perform" means to perform public recitations of the Work and to communicate to the
public those public recitations, by any means or process, including by wire or wireless means or
public digital performances; to make available to the public Works in such a way that members of
the public may access these Works from a place and at a place individually chosen by them; to
perform the Work to the public by any means or process and the communication to the public of
the performances of the Work, including by public digital performance; to broadcast and
rebroadcast the Work by any means including signs, sounds or images.
k. "Reproduce" means to make copies of the Work by any means including without limitation by
sound or visual recordings and the right of fixation and reproducing fixations of the Work, including
storage of a protected performance or phonogram in digital form or other electronic medium.
2. Fair Dealing Rights. Nothing in this License is intended to reduce, limit, or restrict any uses free from
copyright or rights arising from limitations or exceptions that are provided for in connection with the
copyright protection under copyright law or other applicable laws.
3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants You a
worldwide, royalty-free, non-exclusive, perpetual (for the duration of the applicable copyright) license to
exercise the rights in the Work as stated below:
a. to Reproduce the Work, to incorporate the Work into one or more Collections, and to Reproduce
the Work as incorporated in the Collections;
b. to create and Reproduce Adaptations provided that any such Adaptation, including any translation
in any medium, takes reasonable steps to clearly label, demarcate or otherwise identify that
changes were made to the original Work. For example, a translation could be marked "The original
work was translated from English to Spanish," or a modification could indicate "The original work
has been modified.";
c. to Distribute and Publicly Perform the Work including as incorporated in Collections; and,
d. to Distribute and Publicly Perform Adaptations.
e. For the avoidance of doubt:
i. Non-waivable Compulsory License Schemes. In those jurisdictions in which the right to
collect royalties through any statutory or compulsory licensing scheme cannot be waived,
the Licensor reserves the exclusive right to collect such royalties for any exercise by You of
the rights granted under this License;
ii. Waivable Compulsory License Schemes. In those jurisdictions in which the right to collect
royalties through any statutory or compulsory licensing scheme can be waived, the Licensor
waives the exclusive right to collect such royalties for any exercise by You of the rights
granted under this License; and,
iii. Voluntary License Schemes. The Licensor waives the right to collect royalties, whether
individually or, in the event that the Licensor is a member of a collecting society that
administers voluntary licensing schemes, via that society, from any exercise by You of the
rights granted under this License.
The above rights may be exercised in all media and formats whether now known or hereafter devised.
The above rights include the right to make such modifications as are technically necessary to exercise the
rights in other media and formats. Subject to Section 8(f), all rights not expressly granted by Licensor are
hereby reserved.
4. Restrictions. The license granted in Section 3 above is expressly made subject to and limited by the
following restrictions:
a. You may Distribute or Publicly Perform the Work only under the terms of this License. You must
include a copy of, or the Uniform Resource Identifier (URI) for, this License with every copy of the
Work You Distribute or Publicly Perform. You may not offer or impose any terms on the Work that
restrict the terms of this License or the ability of the recipient of the Work to exercise the rights
granted to that recipient under the terms of the License. You may not sublicense the Work. You
must keep intact all notices that refer to this License and to the disclaimer of warranties with every
copy of the Work You Distribute or Publicly Perform. When You Distribute or Publicly Perform the
Work, You may not impose any effective technological measures on the Work that restrict the
ability of a recipient of the Work from You to exercise the rights granted to that recipient under the
terms of the License. This Section 4(a) applies to the Work as incorporated in a Collection, but this
does not require the Collection apart from the Work itself to be made subject to the terms of this
License. If You create a Collection, upon notice from any Licensor You must, to the extent
practicable, remove from the Collection any credit as required by Section 4(c), as requested. If You
create an Adaptation, upon notice from any Licensor You must, to the extent practicable, remove
from the Adaptation any credit as required by Section 4(c), as requested.
b. You may Distribute or Publicly Perform an Adaptation only under the terms of: (i) this License; (ii) a
later version of this License with the same License Elements as this License; (iii) a Creative
Commons jurisdiction license (either this or a later license version) that contains the same License
Elements as this License (e.g., Attribution-ShareAlike 3.0 US)); (iv) a Creative Commons
Compatible License. If you license the Adaptation under one of the licenses mentioned in (iv), you
must comply with the terms of that license. If you license the Adaptation under the terms of any of
the licenses mentioned in (i), (ii) or (iii) (the "Applicable License"), you must comply with the terms
of the Applicable License generally and the following provisions: (I) You must include a copy of, or
the URI for, the Applicable License with every copy of each Adaptation You Distribute or Publicly
Perform; (II) You may not offer or impose any terms on the Adaptation that restrict the terms of the
Applicable License or the ability of the recipient of the Adaptation to exercise the rights granted to
that recipient under the terms of the Applicable License; (III) You must keep intact all notices that
refer to the Applicable License and to the disclaimer of warranties with every copy of the Work as

included in the Adaptation You Distribute or Publicly Perform; (IV) when You Distribute or Publicly
Perform the Adaptation, You may not impose any effective technological measures on the
Adaptation that restrict the ability of a recipient of the Adaptation from You to exercise the rights
granted to that recipient under the terms of the Applicable License. This Section 4(b) applies to the
Adaptation as incorporated in a Collection, but this does not require the Collection apart from the
Adaptation itself to be made subject to the terms of the Applicable License.
c. If You Distribute, or Publicly Perform the Work or any Adaptations or Collections, You must, unless
a request has been made pursuant to Section 4(a), keep intact all copyright notices for the Work
and provide, reasonable to the medium or means You are utilizing: (i) the name of the Original
Author (or pseudonym, if applicable) if supplied, and/or if the Original Author and/or Licensor
designate another party or parties (e.g., a sponsor institute, publishing entity, journal) for attribution
("Attribution Parties") in Licensor's copyright notice, terms of service or by other reasonable means,
the name of such party or parties; (ii) the title of the Work if supplied; (iii) to the extent reasonably
practicable, the URI, if any, that Licensor specifies to be associated with the Work, unless such
URI does not refer to the copyright notice or licensing information for the Work; and (iv) , consistent
with Ssection 3(b), in the case of an Adaptation, a credit identifying the use of the Work in the
Adaptation (e.g., "French translation of the Work by Original Author," or "Screenplay based on
original Work by Original Author"). The credit required by this Section 4(c) may be implemented in
any reasonable manner; provided, however, that in the case of a Adaptation or Collection, at a
minimum such credit will appear, if a credit for all contributing authors of the Adaptation or
Collection appears, then as part of these credits and in a manner at least as prominent as the
credits for the other contributing authors. For the avoidance of doubt, You may only use the credit
required by this Section for the purpose of attribution in the manner set out above and, by
exercising Your rights under this License, You may not implicitly or explicitly assert or imply any
connection with, sponsorship or endorsement by the Original Author, Licensor and/or Attribution
Parties, as appropriate, of You or Your use of the Work, without the separate, express prior written
permission of the Original Author, Licensor and/or Attribution Parties.
d. Except as otherwise agreed in writing by the Licensor or as may be otherwise permitted by
applicable law, if You Reproduce, Distribute or Publicly Perform the Work either by itself or as part
of any Adaptations or Collections, You must not distort, mutilate, modify or take other derogatory
action in relation to the Work which would be prejudicial to the Original Author's honor or
reputation. Licensor agrees that in those jurisdictions (e.g. Japan), in which any exercise of the
right granted in Section 3(b) of this License (the right to make Adaptations) would be deemed to be
a distortion, mutilation, modification or other derogatory action prejudicial to the Original Author's
honor and reputation, the Licensor will waive or not assert, as appropriate, this Section, to the
fullest extent permitted by the applicable national law, to enable You to reasonably exercise Your
right under Section 3(b) of this License (right to make Adaptations) but not otherwise.
5. Representations, Warranties and Disclaimer
UNLESS OTHERWISE MUTUALLY AGREED TO BY THE PARTIES IN WRITING, LICENSOR OFFERS
THE WORK AS-IS AND MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY KIND
CONCERNING THE WORK, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, INCLUDING,
WITHOUT LIMITATION, WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A PARTICULAR
PURPOSE, NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER DEFECTS,
ACCURACY, OR THE PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT DISCOVERABLE.
SOME JURISDICTIONS DO NOT ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, SO SUCH
EXCLUSION MAY NOT APPLY TO YOU.
6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO
EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL,
INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS
LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.
7. Termination
a. This License and the rights granted hereunder will terminate automatically upon any breach by You
of the terms of this License. Individuals or entities who have received Adaptations or Collections
from You under this License, however, will not have their licenses terminated provided such
individuals or entities remain in full compliance with those licenses. Sections 1, 2, 5, 6, 7, and 8 will
survive any termination of this License.
b. Subject to the above terms and conditions, the license granted here is perpetual (for the duration of
the applicable copyright in the Work). Notwithstanding the above, Licensor reserves the right to
release the Work under different license terms or to stop distributing the Work at any time;
provided, however that any such election will not serve to withdraw this License (or any other
license that has been, or is required to be, granted under the terms of this License), and this
License will continue in full force and effect unless terminated as stated above.
8. Miscellaneous
a. Each time You Distribute or Publicly Perform the Work or a Collection, the Licensor offers to the
recipient a license to the Work on the same terms and conditions as the license granted to You
under this License.
b. Each time You Distribute or Publicly Perform an Adaptation, Licensor offers to the recipient a
license to the original Work on the same terms and conditions as the license granted to You under
this License.
c. If any provision of this License is invalid or unenforceable under applicable law, it shall not affect
the validity or enforceability of the remainder of the terms of this License, and without further action
by the parties to this agreement, such provision shall be reformed to the minimum extent
necessary to make such provision valid and enforceable.
d. No term or provision of this License shall be deemed waived and no breach consented to unless
such waiver or consent shall be in writing and signed by the party to be charged with such waiver

or consent.
e. This License constitutes the entire agreement between the parties with respect to the Work
licensed here. There are no understandings, agreements or representations with respect to the
Work not specified here. Licensor shall not be bound by any additional provisions that may appear
in any communication from You. This License may not be modified without the mutual written
agreement of the Licensor and You.
f. The rights granted under, and the subject matter referenced, in this License were drafted utilizing
the terminology of the Berne Convention for the Protection of Literary and Artistic Works (as
amended on September 28, 1979), the Rome Convention of 1961, the WIPO Copyright Treaty of
1996, the WIPO Performances and Phonograms Treaty of 1996 and the Universal Copyright
Convention (as revised on July 24, 1971). These rights and subject matter take effect in the
relevant jurisdiction in which the License terms are sought to be enforced according to the
corresponding provisions of the implementation of those treaty provisions in the applicable national
law. If the standard suite of rights granted under applicable copyright law includes additional rights
not granted under this License, such additional rights are deemed to be included in the License;
this License is not intended to restrict the license of any rights under applicable law.

Creative Commons Notice
Creative Commons is not a party to this License, and makes no warranty whatsoever in connection
with the Work. Creative Commons will not be liable to You or any party on any legal theory for any
damages whatsoever, including without limitation any general, special, incidental or consequential
damages arising in connection to this license. Notwithstanding the foregoing two (2) sentences, if
Creative Commons has expressly identified itself as the Licensor hereunder, it shall have all rights and
obligations of Licensor.
Except for the limited purpose of indicating to the public that the Work is licensed under the CCPL,
Creative Commons does not authorize the use by either party of the trademark "Creative Commons"
or any related trademark or logo of Creative Commons without the prior written consent of Creative
Commons. Any permitted use will be in compliance with Creative Commons' then-current trademark
usage guidelines, as may be published on its website or otherwise made available upon request from
time to time. For the avoidance of doubt, this trademark restriction does not form part of the License.
Creative Commons may be contacted at https://creativecommons.org/.

Creative Commons

Attribution-ShareAlike 2.0
CREATIVE COMMONS CORPORATION IS NOT A LAW FIRM AND DOES NOT PROVIDE LEGAL
SERVICES. DISTRIBUTION OF THIS LICENSE DOES NOT CREATE AN ATTORNEY-CLIENT
RELATIONSHIP. CREATIVE COMMONS PROVIDES THIS INFORMATION ON AN "AS-IS" BASIS.
CREATIVE COMMONS MAKES NO WARRANTIES REGARDING THE INFORMATION PROVIDED,
AND DISCLAIMS LIABILITY FOR DAMAGES RESULTING FROM ITS USE.
License
THE WORK (AS DEFINED BELOW) IS PROVIDED UNDER THE TERMS OF THIS CREATIVE
COMMONS PUBLIC LICENSE ("CCPL" OR "LICENSE"). THE WORK IS PROTECTED BY COPYRIGHT
AND/OR OTHER APPLICABLE LAW. ANY USE OF THE WORK OTHER THAN AS AUTHORIZED UNDER
THIS LICENSE OR COPYRIGHT LAW IS PROHIBITED.
BY EXERCISING ANY RIGHTS TO THE WORK PROVIDED HERE, YOU ACCEPT AND AGREE TO BE
BOUND BY THE TERMS OF THIS LICENSE. THE LICENSOR GRANTS YOU THE RIGHTS CONTAINED
HERE IN CONSIDERATION OF YOUR ACCEPTANCE OF SUCH TERMS AND CONDITIONS.
1. Definitions
a. "Collective Work" means a work, such as a periodical issue, anthology or
encyclopedia, in which the Work in its entirety in unmodified form, along with a
number of other contributions, constituting separate and independent works in
themselves, are assembled into a collective whole. A work that constitutes a
Collective Work will not be considered a Derivative Work (as defined below) for the
purposes of this License.
b. "Derivative Work" means a work based upon the Work or upon the Work and
other pre-existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version, sound recording, art
reproduction, abridgment, condensation, or any other form in which the Work may
be recast, transformed, or adapted, except that a work that constitutes a Collective
Work will not be considered a Derivative Work for the purpose of this License. For
the avoidance of doubt, where the Work is a musical composition or sound
recording, the synchronization of the Work in timed-relation with a moving image
("synching") will be considered a Derivative Work for the purpose of this License.
c. "Licensor" means the individual or entity that offers the Work under the terms of
this License.
d. "Original Author" means the individual or entity who created the Work.
e. "Work" means the copyrightable work of authorship offered under the terms of
this License.
f. "You" means an individual or entity exercising rights under this License who has
not previously violated the terms of this License with respect to the Work, or who
has received express permission from the Licensor to exercise rights under this
License despite a previous violation.
g. "License Elements" means the following high-level license attributes as selected
by Licensor and indicated in the title of this License: Attribution, ShareAlike.
2. Fair Use Rights. Nothing in this license is intended to reduce, limit, or restrict any rights
arising from fair use, first sale or other limitations on the exclusive rights of the copyright owner
under copyright law or other applicable laws.
3. License Grant. Subject to the terms and conditions of this License, Licensor hereby grants
You a worldwide, royalty-free, non-exclusive, perpetual (for the duration of the applicable
copyright) license to exercise the rights in the Work as stated below:
a. to reproduce the Work, to incorporate the Work into one or more Collective Works,
and to reproduce the Work as incorporated in the Collective Works;
b. to create and reproduce Derivative Works;
c. to distribute copies or phonorecords of, display publicly, perform publicly, and
perform publicly by means of a digital audio transmission the Work including as
incorporated in Collective Works;
d. to distribute copies or phonorecords of, display publicly, perform publicly, and
perform publicly by means of a digital audio transmission Derivative Works.
e. For the avoidance of doubt, where the work is a musical composition:
i. Performance Royalties Under Blanket Licenses. Licensor waives
the exclusive right to collect, whether individually or via a

performance rights society (e.g. ASCAP, BMI, SESAC), royalties for
the public performance or public digital performance (e.g. webcast)
of the Work.
ii. Mechanical Rights and Statutory Royalties. Licensor waives the
exclusive right to collect, whether individually or via a music rights
society or designated agent (e.g. Harry Fox Agency), royalties for
any phonorecord You create from the Work ("cover version") and
distribute, subject to the compulsory license created by 17 USC
Section 115 of the US Copyright Act (or the equivalent in other
jurisdictions).
f. Webcasting Rights and Statutory Royalties. For the avoidance of doubt, where
the Work is a sound recording, Licensor waives the exclusive right to collect,
whether individually or via a performance-rights society (e.g. SoundExchange),
royalties for the public digital performance (e.g. webcast) of the Work, subject to
the compulsory license created by 17 USC Section 114 of the US Copyright Act (or
the equivalent in other jurisdictions).
The above rights may be exercised in all media and formats whether now known or hereafter
devised. The above rights include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats. All rights not expressly granted by
Licensor are hereby reserved.
4. Restrictions.The license granted in Section 3 above is expressly made subject to and limited
by the following restrictions:
a. You may distribute, publicly display, publicly perform, or publicly digitally perform
the Work only under the terms of this License, and You must include a copy of, or
the Uniform Resource Identifier for, this License with every copy or phonorecord of
the Work You distribute, publicly display, publicly perform, or publicly digitally
perform. You may not offer or impose any terms on the Work that alter or restrict
the terms of this License or the recipients' exercise of the rights granted
hereunder. You may not sublicense the Work. You must keep intact all notices that
refer to this License and to the disclaimer of warranties. You may not distribute,
publicly display, publicly perform, or publicly digitally perform the Work with any
technological measures that control access or use of the Work in a manner
inconsistent with the terms of this License Agreement. The above applies to the
Work as incorporated in a Collective Work, but this does not require the Collective
Work apart from the Work itself to be made subject to the terms of this License. If
You create a Collective Work, upon notice from any Licensor You must, to the
extent practicable, remove from the Collective Work any reference to such Licensor
or the Original Author, as requested. If You create a Derivative Work, upon notice
from any Licensor You must, to the extent practicable, remove from the Derivative
Work any reference to such Licensor or the Original Author, as requested.
b. You may distribute, publicly display, publicly perform, or publicly digitally perform a
Derivative Work only under the terms of this License, a later version of this License
with the same License Elements as this License, or a Creative Commons iCommons
license that contains the same License Elements as this License (e.g. AttributionShareAlike 2.0 Japan). You must include a copy of, or the Uniform Resource
Identifier for, this License or other license specified in the previous sentence with
every copy or phonorecord of each Derivative Work You distribute, publicly display,
publicly perform, or publicly digitally perform. You may not offer or impose any
terms on the Derivative Works that alter or restrict the terms of this License or the
recipients' exercise of the rights granted hereunder, and You must keep intact all
notices that refer to this License and to the disclaimer of warranties. You may not
distribute, publicly display, publicly perform, or publicly digitally perform the
Derivative Work with any technological measures that control access or use of the
Work in a manner inconsistent with the terms of this License Agreement. The
above applies to the Derivative Work as incorporated in a Collective Work, but this
does not require the Collective Work apart from the Derivative Work itself to be
made subject to the terms of this License.
c. If you distribute, publicly display, publicly perform, or publicly digitally perform the
Work or any Derivative Works or Collective Works, You must keep intact all
copyright notices for the Work and give the Original Author credit reasonable to the
medium or means You are utilizing by conveying the name (or pseudonym if
applicable) of the Original Author if supplied; the title of the Work if supplied; to
the extent reasonably practicable, the Uniform Resource Identifier, if any, that
Licensor specifies to be associated with the Work, unless such URI does not refer
to the copyright notice or licensing information for the Work; and in the case of a
Derivative Work, a credit identifying the use of the Work in the Derivative Work
(e.g., "French translation of the Work by Original Author," or "Screenplay based on
original Work by Original Author"). Such credit may be implemented in any
reasonable manner; provided, however, that in the case of a Derivative Work or
Collective Work, at a minimum such credit will appear where any other comparable
authorship credit appears and in a manner at least as prominent as such other
comparable authorship credit.
5. Representations, Warranties and Disclaimer
UNLESS OTHERWISE AGREED TO BY THE PARTIES IN WRITING, LICENSOR OFFERS THE WORK
AS-IS AND MAKES NO REPRESENTATIONS OR WARRANTIES OF ANY KIND CONCERNING THE
MATERIALS, EXPRESS, IMPLIED, STATUTORY OR OTHERWISE, INCLUDING, WITHOUT
LIMITATION, WARRANTIES OF TITLE, MERCHANTIBILITY, FITNESS FOR A PARTICULAR PURPOSE,
NONINFRINGEMENT, OR THE ABSENCE OF LATENT OR OTHER DEFECTS, ACCURACY, OR THE

PRESENCE OF ABSENCE OF ERRORS, WHETHER OR NOT DISCOVERABLE. SOME JURISDICTIONS
DO NOT ALLOW THE EXCLUSION OF IMPLIED WARRANTIES, SO SUCH EXCLUSION MAY NOT
APPLY TO YOU.
6. Limitation on Liability. EXCEPT TO THE EXTENT REQUIRED BY APPLICABLE LAW, IN NO
EVENT WILL LICENSOR BE LIABLE TO YOU ON ANY LEGAL THEORY FOR ANY SPECIAL,
INCIDENTAL, CONSEQUENTIAL, PUNITIVE OR EXEMPLARY DAMAGES ARISING OUT OF THIS
LICENSE OR THE USE OF THE WORK, EVEN IF LICENSOR HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.
7. Termination
a. This License and the rights granted hereunder will terminate automatically upon
any breach by You of the terms of this License. Individuals or entities who have
received Derivative Works or Collective Works from You under this License,
however, will not have their licenses terminated provided such individuals or
entities remain in full compliance with those licenses. Sections 1, 2, 5, 6, 7, and 8
will survive any termination of this License.
b. Subject to the above terms and conditions, the license granted here is perpetual
(for the duration of the applicable copyright in the Work). Notwithstanding the
above, Licensor reserves the right to release the Work under different license
terms or to stop distributing the Work at any time; provided, however that any
such election will not serve to withdraw this License (or any other license that has
been, or is required to be, granted under the terms of this License), and this
License will continue in full force and effect unless terminated as stated above.
8. Miscellaneous
a. Each time You distribute or publicly digitally perform the Work or a Collective Work,
the Licensor offers to the recipient a license to the Work on the same terms and
conditions as the license granted to You under this License.
b. Each time You distribute or publicly digitally perform a Derivative Work, Licensor
offers to the recipient a license to the original Work on the same terms and
conditions as the license granted to You under this License.
c. If any provision of this License is invalid or unenforceable under applicable law, it
shall not affect the validity or enforceability of the remainder of the terms of this
License, and without further action by the parties to this agreement, such provision
shall be reformed to the minimum extent necessary to make such provision valid
and enforceable.
d. No term or provision of this License shall be deemed waived and no breach
consented to unless such waiver or consent shall be in writing and signed by the
party to be charged with such waiver or consent.
e. This License constitutes the entire agreement between the parties with respect to
the Work licensed here. There are no understandings, agreements or
representations with respect to the Work not specified here. Licensor shall not be
bound by any additional provisions that may appear in any communication from
You. This License may not be modified without the mutual written agreement of
the Licensor and You.

Creative Commons is not a party to this License, and makes no warranty whatsoever in
connection with the Work. Creative Commons will not be liable to You or any party on any
legal theory for any damages whatsoever, including without limitation any general, special,
incidental or consequential damages arising in connection to this license. Notwithstanding the
foregoing two (2) sentences, if Creative Commons has expressly identified itself as the
Licensor hereunder, it shall have all rights and obligations of Licensor.
Except for the limited purpose of indicating to the public that the Work is licensed under the
CCPL, neither party will use the trademark "Creative Commons" or any related trademark or
logo of Creative Commons without the prior written consent of Creative Commons. Any
permitted use will be in compliance with Creative Commons' then-current trademark usage
guidelines, as may be published on its website or otherwise made available upon request from
time to time.
Creative Commons may be contacted at https://creativecommons.org/.

« Back to Commons Deed

Micro and nanotechnologies have been contributing to
revolutionize many industry sectors. This thesis combines these
emerging technologies at microscale with well-established
molecular biology techniques to perform different steps of DNAbased analysis: extraction and purification, amplification and
detection. The main goal was the development of
miniaturized DNA analysis devices for food and environmental
samples, providing efficient tools for a simpler, faster and
less expensive analysis. Application in the food sector was
particularly focused on food authenticity and allergen
detection,
while application in the environmental sector was focused on
the detection of invasive species in river water. The devices
and protocols developed were compared with conventional
techniques at bench scale for performance evaluation.

