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Resumen

Los dispositivos analiticos microfluidicos electroforéticos basados en papel (e-uPADs) cons-
tituyen una plataforma emergente para el andlisis cuantitativo de especies idnicas, combinando
bajo costo, portabilidad y la posibilidad de operar con volumenes minimos de muestra, entre otras
ventajas. La implementacion en medios porosos como el papel presenta desafios particulares, re-
lacionados con la modelizacidon de la heterogeneidad y anisotropia del sustrato, el transporte de
especies y la variabilidad experimental asociada.

Esta tesis aborda el disefio y caracterizacion de este tipo de sistemas mediante un enfoque
integrado de modelado computacional y validacién experimental.

Se desarrollaron técnicas experimentales innovadoras para caracterizar fenomenos clave como
el flujo electroosmético (EOF), cuya comprension fue fundamental para el desarrollo de e-puPADs.
Mediante un enfoque de tubos constrictos, se describieron de forma precisa los principales mecanis-
mos de transporte involucrados en estos dispositivos: conduccion eléctrica, flujo electroosmético
e hidrodinamico e imbibicidn capilar.

Este marco teodrico-experimental permitiéo avanzar hacia el disefio de plataformas orientadas
tanto a la caracterizacion de propiedades electroforéticas de especies cargadas como a la deteccion
de analitos de interés. En particular, se propuso un método sencillo y reproducible para estimar la
movilidad electroforética de colorantes en condiciones de operacion reales. Asimismo, se desarro-
116 un dispositivo para la deteccion de glifosato en muestras de aguas residuales, basado en una
técnica de preconcentracion isotacoforética. Ambos sistemas fueron concebidos y optimizados me-
diante simulaciones numéricas, las cuales guiaron el disefio experimental y permitieron mejorar su
desempeiio. Estas aplicaciones ilustran el potencial del disefio asistido por modelos computaciona-
les como herramienta clave para el desarrollo racional de tecnologias analiticas portatiles, sensibles
y de bajo costo.

Los modelos, dispositivos y técnicas experimentales desarrollados constituyen un aporte ori-
ginal significativo a la comunidad cientifico-tecnoldgica dedicada a esta tematica, lo cual se ve

reflejado en las publicaciones con referato que compila esta tesis.
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Abstract

Electrophoretic microfluidic paper-based analytical devices (e-uPADs) constitute an emerging
platform for the quantitative analysis of ionic species, combining low cost, portability, and the
capability to operate with minimal sample volumes, among other advantages. Implementation in
porous media such as paper presents particular challenges related to modeling the heterogeneity
and anisotropy of the substrate, species transport, and associated experimental variability.

This thesis addresses the design and characterization of these systems through an integrated
approach combining computational modeling and experimental validation.

Innovative experimental techniques were developed to characterize key phenomena such as
electroosmotic flow, whose understanding was fundamental to developing e-pPADs. Using a cons-
tricted tube approach, the main transport mechanisms involved in these devices were precisely des-
cribed: electric conductivity electroosmotic and hydrodynamic flows, and capillary imbibition.

This theoretical-experimental framework enabled progress towards the design of platforms ai-
med at both the characterization of electrophoretic properties of charged species and the detection
of analytes of interest. In particular, a simple and reproducible method was proposed to estimate
the electrophoretic mobility of dyes under realistic operating conditions. Furthermore, a device was
developed for detecting glyphosate in wastewater samples based on an isotachophoretic precon-
centration technique. Both systems were conceived and optimized through numerical simulations
that guided the experimental design and improved performance. These applications illustrate the
potential of simulation-assisted design as a key tool for rationally developing portable, sensitive,
and low-cost analytical technologies.

The models, devices, and experimental techniques developed constitute a significant original
contribution to the scientific and technological community dedicated to this field, as reflected in

the peer-reviewed publications compiled in this thesis.
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Capitulo 1

Introduccion

La microfluidica es una disciplina que estudia y desarrolla tecnologias para controlar y ma-
nipular pequeiias cantidades de fluidos, generalmente en volimenes del orden de los microlitros,
dentro de dispositivos fabricados artificialmente. Dado que aborda tanto cuestiones teoricas como
aplicaciones practicas de varias ramas de la ciencia, se trata de un campo intrinsecamente mul-
tidisciplinario. En los ultimos afios, los dispositivos analiticos microfluidicos basados en papel
(uPADs) han emergido como una alternativa versatil y de bajo costo para el desarrollo de sistemas
de diagnostico y monitoreo en el punto de aplicacion. Estos dispositivos explotan las propiedades
capilares del papel como medio poroso para transportar fluidos sin la necesidad de bombas o equi-
pos auxiliares, lo que los convierte en plataformas altamente accesibles y compatibles con criterios
establecidos por la Organizacion Mundial de la Salud [Su et al., 2015].

En este contexto, la integracion de técnicas electroforéticas ha dado lugar a una subcategoria
conocida como e-uPADs, que permiten realizar separaciones de analitos, asi como su concentra-
cion y deteccidon con mayor sensibilidad y especificidad que los pPAD normalmente utilizados.
Las aplicaciones de los uPADs y e-uPADs son multiples. Abarcan el ambito clinico para el diag-
noéstico de enfermedades infecciosas, anemia y deteccion de variantes de hemoglobina, deteccion
de glucosa y monitoreo de biomarcadores tumorales, siendo especialmente ttiles en regiones con
recursos limitados debido a su bajo costo y facilidad de uso [Modha et al., 2021, An et al., 2021].
También se han implementado en el analisis de alimentos para la deteccion de adulterantes y conta-
minantes, asi como en el monitoreo ambiental, permitiendo identificar metales pesados, pesticidas
y otros compuestos toxicos [Modha et al., 2021, Salentijn et al., 2018, Tesfaye and Hussen, 2022].

La implementacion de procesos electroforéticos en medios porosos heterogéneos como el pa-
pel presenta desafios fundamentales. A diferencia de los microcanales convencionales, donde las
condiciones geométricas y fisicoquimicas son bien controladas, los sustratos porosos exhiben an-

isotropia, dispersion de los parametros descriptivos, y efectos de interaccion entre los analitos y la
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matriz; que afectan de manera significativa tanto la movilidad electroforética como la difusién de
las especies. A esto se suma la dificultad experimental de cuantificar parametros clave, asi como
la necesidad de adaptar modelos de transporte de masa y carga para sistemas multifasicos comple-
jos [Schaumburg et al., 2020b,a].

Desde el punto de vista computacional, la simulacidon de procesos electroforéticos en sustratos
porosos representa un desafio significativo debido a la necesidad de capturar la interaccion entre
multiples fendmenos de transporte (adveccion, difusidén, migracion idnica) en geometrias comple-
jas y heterogéneas. La implementacion de los modelos requiere tanto una adecuada formulacion
matematica como técnicas numéricas robustas que permitan representar con fidelidad el compor-
tamiento de los sistemas. En este contexto, herramientas como el método de volimenes finitos y
los enfoques acoplados se han consolidado como alternativas efectivas para explorar la dindmica
de los e-uPADs y guiar el diseflo de dispositivos con mejor desempeifio analitico [Marquez Damian
etal., 2019].

La presente tesis aborda estos desafios mediante una aproximacion multiestrategia que inclu-
ye: (i) el desarrollo de metodologias experimentales precisas para la medicion del flujo electroos-
motico(EOF) en sustratos de papel; (ii) la implementacion de un modelo multifisico que describe
diferentes fenomenos de transporte en medios porosos; (iii) la propuesta de un método simplificado
para la caracterizacion de la movilidad electroforética efectiva en papel; y (iv) la aplicacion de téc-
nicas de preconcentracion especificas como la isotacoforesis (ITP) para la deteccion cuantitativa
de compuestos de interés, como el glifosato.

Estos desarrollos permiten avanzar hacia el disefio de dispositivos e-uPADs con capacidad ana-
litica comparable a técnicas de laboratorio, pero conservando la portabilidad, bajo costo y facilidad
de uso caracteristicos del papel. Asimismo, contribuyen a cerrar la brecha entre el conocimiento
tedrico sobre fendmenos electroforéticos y su implementacion practica en entornos reales de diag-

noéstico, monitoreo ambiental y analisis de campo.

1.1. Objetivos

1.1.1. Objetivo general

El objetivo general de esta tesis es el desarrollo de dispositivos electroforéticos microfluidicos
basados en papel para deteccion y cuantificacion de sustancias de interés ambiental, bromatologi-
co y sanitario. Consecuentemente, el desarrollo de dispositivos como objetivo general involucra

objetivos especificos parciales para cada dispositivo en particular.
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1.1.2. Objetivos especificos

En particular, esta tesis contemplo los siguientes objetivos especificos:

1.2.

. Caracterizar sustratos porosos para mejorar modelos computacionales existentes.

Disefiar métodos y dispositivos analiticos electroforéticos basados en papel a través del uso

de modelos computacionales.

. Fabricar y probar los dispositivos disefiados en condiciones de laboratorio.

. Evaluar diferentes métodos de deteccion de acuerdo a las caracteristicas de los analitos, los

métodos de separacion y el campo de aplicacion del dispositivo.

Organizacion de la tesis

El texto principal de la tesis esta organizado en cuatro capitulos, con los siguientes contenidos:

1.3.

En el presente capitulo se realiza una introduccion a la tematica y se describe la motivacion

y los objetivos a abordar en esta tesis.
En el Capitulo 2 se presentara la metodologia seguida para la resolucion de los problemas.

En el Capitulo 3 se hard un resumen de los resultados obtenidos para cada uno de los obje-

tivos especificos propuestos.

Finalmente, en el Capitulo 4, se daran las conclusiones generales y se discutiran potenciales

trabajos futuros relacionados con los resultados de la tesis.

Antecedentes

La descripcién matematica detallada y confiable para predecir el comportamiento de e-uPADs

en diferentes situaciones operativas, asi como también parametros que describen los sustratos y la

dindmica de los analitos, son de interés fundamental. Su comprension permite el desarrollo de téc-

nicas numéricas y un disefio racional que es capaz de abarcar una amplia variedad de aplicaciones.

A continuacion se discuten algunos aspectos relacionados a los mecanismos fundamentales que

gobiernan el funcionamiento de los e-uPADs. En particular, se analiza el flujo electroosmético en

medios porosos como proceso clave para el transporte de fluidos, asi como también la formulacion

de un modelo multifisico que integre las distintas variables eléctricas, quimicas y de transporte

involucradas. Ademas, se aborda la movilidad electroforética de distintas especies, fuertemente
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influenciada por las propiedades estructurales del medio poroso y las condiciones de operacion.
Finalmente, se presenta una aplicacion concreta vinculada a la deteccion de glifosato (GlyP), des-
tacando el potencial de estas plataformas en tareas de monitoreo ambiental y analisis de contami-

nantes.

1.3.1. Flujo electroosmotico en medios porosos

El desarrollo reciente de pPADs ha renovado el interés en las separaciones electroforéticas so-
bre sustratos porosos [Salentijn et al., 2018]. Aunque esta tecnologia tuvo cierto auge a mediados
del siglo XX para la separacion de proteinas séricas [Cremer et al., 1950, Kunkel and Tiselius,
1951] y moléculas inorganicas pequeiias [Durrum, 1951, Grassmann and Hannig, 1950], el surgi-
miento de técnicas mas eficientes, como la electroforesis capilar y en gel, desplazo por décadas a
las separaciones basadas en papel. En la actualidad, sin embargo, el bajo costo y la facilidad de
fabricacion de los dispositivos sobre papel han motivado el resurgimiento de investigaciones cen-
tradas en la utilizacion de dicho sustrato para aplicaciones analiticas. En el marco de la mecanica
computacional, la caracterizacion y simulacion de medios porosos representa un desafio comple-
jo que requiere la integracion de modelos matematicos, numéricos y algoritmos computacionales
para describir el comportamiento macroscopico de sistemas heterogéneos.

Distintos grupos de investigacion han explorado la implementacion de e-uPADs, obteniendo
resultados diversos en términos de eficiencia de separacion y limites de deteccion. Se han demos-
trado separaciones por electroforesis de zona sobre papel para aminoacidos [Ge et al., 2014] y
aniones inorganicos [Xu et al., 2016, Chagas et al., 2016], asi como aplicaciones de ITP para me-
jorar la eficiencia en dispositivos de flujo lateral [Moghadam et al., 2014, Rosenfeld and Bercovici,
2014].

Sin embargo, los e-uPADs aun enfrentan limitaciones importantes, siendo la repetitibilidad
una de las mas criticas. Esta falencia se relaciona con la gran dispersion en los valores de los
parametros fisicos que caracterizan al sustrato poroso, los cuales condicionan su comportamiento
frente al flujo de fluidos, el transporte de masay la accion de campos eléctricos [Schaumburg et al.,
2020b,a]. Entre estos parametros se encuentran la porosidad (¢), la tortuosidad (7), la permeabi-
lidad (K), el coeficiente de dispersion (s) y la movilidad electroosmotica (ugor) [Urteaga et al.,
2018, Mirzadeh et al., 2020].

De estos parametros, ¢, K y s suelen reportarse de forma relativamente consistente. En cam-
bio, los valores informados para 7 y ;gor muestran una variabilidad significativa, lo cual dificulta
el disefio racional de dispositivos. Esta situacion pone en evidencia la necesidad de una caracteriza-

cion mas detallada de los papeles utilizados con mayor frecuencia en aplicaciones electroforéticas.
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En términos generales, i por se define como la relacion entre la velocidad promedio del EOF

(ugor)y el campo eléctrico aplicado (), es decir [ Yao and Santiago, 2003 ]:

UEOF (1.1)

HEOF = E

En medios no porosos, como canales capilares o microcanales, cuando la doble capa eléctrica
es delgada en comparacion con el tamaiio del canal, ppor puede calcularse mediante la relacion
de Helmholtz-Smoluchowski [Probstein, 2003]:

HEOF = & (1.2)
n

donde € es la permitividad eléctrica del solvente, 7 su viscosidad, y ( el potencial zeta, el cual
depende de las propiedades de la interfaz solido-liquido, la polaridad del solvente, la fuerza idnica
y el pH de la solucioén [Berli et al., 2003].

A diferencia del caso capilar, existen muy pocos modelos consolidados para describir el EOF en
medios porosos. Lamayoria de ellos modelan el papel como un conjunto de capilares no conectados
entre si [Schaumburg et al., 2020a, Yao and Santiago, 2003, Rosenfeld and Bercovici, 2019]. En
estos modelos, el potencial ¢ asociado al EOF en papel ((,) se considera un parametro efectivo que
resume multiples suposiciones del modelo. En particular, Schaumburg et al. [Schaumburg et al.,
2020a] propusieron un modelo que considera al papel como un medio constituido por capilares
tortuosos, con una seccion equivalente constante a lo largo de la tira. A partir de este modelo, y
bajo el supuesto de un gradiente de presion despreciable, como suele ser el caso del EOF puro
sobre una tira de papel, se obtiene una expresion modificada para upor:

PeCp

KEOF = — (1.3)
™n

De acuerdo con esta expresion, el conocimiento del potencial efectivo (;, y de las propiedades
del sustrato y del fluido permite estimar o en papel. No obstante, los valores reportados en
la literatura para ¢, muestran una gran dispersion. Por ejemplo, Rosenfeld y Bercovici [Rosenfeld
and Bercovici, 2019] obtuvieron ¢, = —45mV en nitrocelulosa a pH 8, mientras que Leung [Leung
et al., 2010] report6 ¢, = -12.5 &+ 6,5mV para papel Whatman #1 a pH 3.7, utilizando una técni-
ca monitoreo de corriente continua. Por otro lado, Schaumburg et al. [Schaumburg et al., 2020a]
validaron su modelo con reportes de la literatura, empleando un valor de ¢, = —15mV y 7 =2.9
para el mismo tipo de papel. En todos los casos, la incertidumbre asociada a estos pardmetros es
superior al 50 %.

Adicionalmente, varios trabajos han empleado el mencionado método de monitoreo de co-
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rriente para estimar pupor en papel [Kunkel and Tiselius, 1951, Mettakoonpitak and Henry, 2018,
Schaumburg et al., 2019]. Sin embargo, este método resulta dificil de implementar en sustratos
porosos ya que sufre de pobre reproducibilidad, a diferencia de lo que ocurre en microcanales o
capilares. La dispersion en los valores reportados de (, y figor. asi como la falta de modelos am-
pliamente aceptados para medios porosos, evidencian que la caracterizacion de estos pardmetros
aun no alcanza el nivel necesario para permitir el disefio sistematico de dispositivos electroforé-
ticos sobre papel. En consecuencia, la necesidad de modelos fiables y métodos robustos para la
cuantificacion de ppor sigue vigente, especialmente considerando su impacto directo en el de-
sempefio de los dispositivos en aplicaciones sensibles como diagnoéstico en el punto de atencion.
Los detalles acerca de como se abordé la estimaciéon de o p en este trabajo, incluyendo la me-
todologia experimental y los procedimientos de analisis de datos, se desarrollan en la Seccion 2.1.

El articulo completo con los resultados correspondientes puede consultarse en el Apéndice A.

1.3.2. Modelo multifisico de transporte

Comprender la microestructura y las propiedades fisicoquimicas de los medios porosos resulta
fundamental en multiples areas cientificas y tecnoldgicas para disefiar y optimizar procesos que
involucran transporte de fluidos, especies quimicas y transferencia de carga eléctrica [ Schaumburg
et al., 2018a, Masoodi and Pillai, 2010, Gerlero et al., 2022]. Para ello, es necesario contar con
modelos matematicos confiables que describan el comportamiento macroscopico del medio a partir
de su estructura microscopica, y que permitan predecir fenomenos bajo condiciones variadas, tales
como imbibicién capilar, flujo impulsado por gradientes de presion [Shen et al., 2021], EOF y
corrientes eléctricas [Mai et al., 2019, Franck et al., 2021].

Los medios porosos, en particular los sustratos de papel, han sido objeto de numerosos estudios
para comprender y modelar el transporte de fluidos. Desde comienzos del siglo XX, se han desa-
rrollado modelos matematicos que por lo general describen al medio como un conjunto de tubos
capilares o como una red interconectada de canales. Como se comentod anteriormente, los parame-
tros caracteristicos mas utilizados incluyen a ¢, que representa la fraccion de volumen vacio; K,
que vincula el gradiente de presion con el flujo volumétrico bajo condiciones de flujo laminar y
lineal; y 7, definida como la razén entre la longitud promedio real que recorre el fluido dentro del
medio y la longitud geométrica del sustrato en la direccion del flujo [Duda et al., 2011].

La dinamica de imbibicion capilar ha sido tradicionalmente descrita mediante la ley de Lucas—
Washburn [Washburn, 1921] , que establece que la posicion del frente de fluido L; se relaciona
con el tiempo ¢ mediante

L;?> =Dt
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donde el coeficiente de difusion o de Washburn D depende de las propiedades del fluido y de la
microestructura del medio poroso. La constante D se expresa generalmente en funcion de K, una
diferencia de presion AP y la viscosidad dinamica 7 del fluido. EI modelo clésico para la per-
meabilidad corresponde a un haz de tubos capilares rectos y paralelos de un determinado radio
hidrodinamico. No obstante, al aplicar este modelo simple a sustratos de papel como Whatman #1,
se observa que la velocidad de imbibicion experimental es significativamente menor que la pre-
dicha. Para ajustar los datos, se introduce un radio efectivo r. s notablemente menor, que puede
expresarse en funcidn de 7, e implica que el fluido recorre caminos mas largos y complejos debi-
do a la estructura fibrosa del papel, disminuyendo la permeabilidad efectiva. La tortuosidad, sin
embargo, es un parametro abstracto que no se mide directamente y que varia considerablemente
segun el tipo de experimento (flujo capilar, flujo hidrodindmico, transporte eléctrico) [Ezzataba-
dipour and Zahedi, 2021, Gerlero et al., 2021b]. Uno de los principales problemas asociados con
el uso de la tortuosidad como parametro ajustable es que los valores requeridos para reproducir
los resultados experimentales suelen ser muy elevados, mucho mayores que los esperados a partir
de la morfologia observada del medio poroso. Esto pone en evidencia las limitaciones de los mo-
delos basados en haces de tubos no interconectados para representar con fidelidad la complejidad

estructural de sustratos como el papel.

Para superar estas limitaciones, se han desarrollado modelos mas complejos, como el de tubos
periddicamente constrictos [Berli et al., 2017, Sharma and Ross, 1991], que representan el medio
como un haz de tubos con radios variables a lo largo de su eje . Este tipo de modelos busca capturar
de manera mas realista los efectos de la morfologia de los poros sobre el transporte, incorporan-
do la alternancia de constricciones y dilataciones caracteristicas de medios como el papel. Si bien
estos enfoques constituyen un avance significativo frente a los modelos basados en tubos rectos y
paralelos, su implementacion practica requiere una adecuada seleccion de pardmetros —como el
radio hidrodinamico y el radio capilar efectivo— que no siempre pueden determinarse de forma
directa a partir de la morfologia del sustrato. Esto implica que multiples combinaciones de parame-
tros pueden reproducir adecuadamente un experimento individual, pero no necesariamente reflejar
de forma consistente el comportamiento del sistema bajo distintas condiciones. Por lo tanto, el de-
safio radica en identificar configuraciones de parametros que representen fielmente la estructura
del medio poroso y sean capaces de predecir simultaneamente diversos tipos de efectos, como la

conducciodn eléctrica y el transporte hidrodinamico y capilar.

Las propiedades eléctricas de los medios porosos saturados también han sido estudiadas, des-
tacando relaciones empiricas y modelos tedricos que vinculan la conductividad eléctrica del medio

con la conductividad del fluido saturado, incluyendo enfoques basados en modelos de medio efec-
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tivo, teoria de percolacion y geometrias simplificadas [Archie, 1942, Bussian, 1983, Ghanbarian
et al., 2014, Herrick and Kennedy, 1994].

Por otro lado, fenémenos como el EOF y la migracion electroforética han recibido crecien-
te atencion debido a su relevancia en aplicaciones microfluidicas y analiticas [Schaumburg et al.,
2020a]. Modelos que integren estos fendmenos junto con el transporte advectivo y difusivo per-
miten una descripcion mas completa y realista del comportamiento en medios porosos.

En consecuencia, formular un modelo matematico que incorpore la variabilidad espacial del
radio de poro y contemple las multiples fisicas involucradas representa un desafio importante. Una
estrategia atractiva consiste en emplear modelos de tubos periddicamente constrictos capaces de
reproducir de forma coherente la dindmica de transporte bajo diferentes fendmenos fisicos, como
el flujo capilar, el flujo hidrodinamico y la conduccion eléctrica. El principal reto es identificar
un conjunto de parametros geométricos y fisicos que permita describir con precision esta multi-
fisica de manera unificada, evitando la dependencia exclusiva de parametros abstractos como la
tortuosidad, y capturando la heterogeneidad inherente del medio. De este modo, se busca mejorar
la predictibilidad y aplicabilidad del modelo para el disefio y optimizacion de dispositivos uPADsy
e-uPADs . La formulacion metodologica del modelo multifisico propuesto se detalla en la Sec-
cion 2.2, El desarrollo completo del trabajo, incluyendo los resultados experimentales y su analisis,

puede consultarse en el Apéndice B.

1.3.3. Movilidad electroforética en medios porosos

El estudio de las propiedades electroquimicas de los analitos es fundamental en distintas ramas
de la quimica analitica [Gerlero et al., 2021b], especialmente para el disefio racional de biosenso-
res destinados a la deteccion de compuestos en muestras bioldgicas o ambientales. En los Gltimos
afos, los e-uPADs se han posicionado como herramientas prometedoras para el andlisis de pro-
teinas [Hennig et al., 2021], ADN [Rosenfeld and Bercovici, 2018], sangre [Sena-Torralba et al.,
2021] y contaminantes ambientales [Kung et al., 2019, Casado-Carmona et al., 2019].

Un aspecto clave para su desarrollo es la caracterizacion adecuada de las propiedades fisico-
quimicas de los analitos y las soluciones buffer o de regulacion de pH en interaccion con medios
porosos [de los Santos-Ramirez et al., 2023]. Los datos disponibles para sistemas de canal abierto,
como las movilidades electroforéticas medidas en capilares y publicadas en bases de datos conso-
lidadas [Hirokawa et al., 1983], requieren de modelos que permitan extrapolar su comportamiento
en papel. Aunque estos modelos ain son escasos, su numero ha ido en aumento en los ultimos
afos [Franck et al., 2022, Novotny and Gas, 2021].

Ademas de su versatilidad en aplicaciones analiticas [ Schaumburg et al., 2020b], los e-uPADs
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ofrecen diversas técnicas de deteccion [Nguyen et al., 2020]. Para aplicaciones portatiles sin instru-
mental, la deteccion basada en color representa una alternativa atractiva [ Schaumburg et al., 2022],
tal como ocurrié con los primeros tests de embarazo [Wu et al., 2022]. Sin embargo, gran parte
del desarrollo de estos dispositivos se bas6 en métodos empiricos [Schaumburg et al., 2018b], lo
que limita su confiabilidad y robustez [Schaumburg et al., 2018a]. En este contexto, comprender el
comportamiento electroforético de colorantes resulta fundamental para avanzar en dispositivos sin
instrumental, lo que requiere tanto de modelos numéricos fiables como de datos experimentales

validados [Damian et al., 2019].

Existen antecedentes en el uso de colorantes combinados con electroforesis en distintos con-
textos. Por ejemplo, colorantes de tincion de acidos nucleicos se usan para visualizar fragmentos
en geles de electroforesis, evaluando tamarfio, cantidad y calidad del ADN [Haines et al., 2015];
la precipitacion de colorantes se ha empleado para concentrar proteinas urinarias en analisis bi-
dimensionales [Zukas and Breksa III, 2005]; y ciertas técnicas electroforéticas han servido para
detectar colorantes que actuan como contaminantes [Ali et al., 2015]. Algunos estudios analizaron
las movilidades electroforéticas de colorantes alimentarios en sistemas capilares o microfluidicos
de canal abierto [Lee et al., 2008, Alvarez et al., 2017, Jager et al., 2005], aunque los valores repor-
tados no son coincidentes. También se ha explorado la interaccion de colorantes idnicos en geles
porosos, observandose fendmenos de complejacion y precipitacion, asi como la caracterizacion
tedrica y experimental de sus movilidades [Bikos and Mason, 2019]. A pesar de estos avances,
aln son necesarias mas investigaciones para lograr un desarrollos cuantitativos de e-uPADs sin

instrumetal [Khurana and Santiago, 2008].

Para establecer correlaciones entre las movilidades en medios porosos y en canal abierto, se
ha propuesto un modelo que representa el medio poroso como un conjunto de capilares no interco-
nectados con constricciones periodicas [Franck et al., 2022]. A pesar de su simplicidad, el modelo
ha demostrado ser el primero en representar simultaneamente fenomenos como la conductividad
eléctrica, EOF, imbibicion capilar y flujo por presion en un material homogéneo. En este con-
texto, también se ha logrado representar el fendmeno de electromigracion. Alternativamente, la
misma correlacion lineal entre movilidades puede derivarse desde modelos continuos para medios

porosos, si se consideran adecuadamente sus parametros caracteristicos [Gerlero et al., 2021a].

Lamovilidad electroforética (1) representa la velocidad de migracion de una particula cargada
bajo un campo eléctrico [Dovhunova et al., 2020], y depende de factores como la fuerza idnica (1)
y el pH del medio, que afectan la carga efectiva de la molécula [Nowak et al., 2022]. La movilidad

en papel, sin tener en cuenta otras interacciones, puede estimarse mediante:
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" (pH, I) = (g) pre(pH, T)

donde C es el factor de constriccion [Franck et al., 2022]. Sin embargo, al realizar medicio-
nes experimentales, se deben considerar también los efectos del EOF, que suma una contribucién

adicional a la movilidad medida [Franck et al., 2021]:

pp(pH, 1) = p,"(pH, I) + ppor(pH, I)

Finalmente, para incorporar las interacciones entre los colorantes y el sustrato, como la ad-
sorcioén o retencion, la movilidad debe corregirse mediante un factor de retardo especifico para
cada colorante [Jaitpal et al., 2022]. La caracterizacion precisa de estos parametros, en especial de
la movilidad electroforética, resulta entonces esencial no sélo para interpretar los fenémenos ob-
servados, sino también para desarrollar modelos predictivos confiables que permitan optimizar el
disefio y funcionamiento de dispositivos e-PADs sin instrumental. En la seccion 2.3 se describe
la metodologia empleada para modelar y medir la movilidad electroforética en medios porosos.

Los resultados de las simulaciones y el analisis detallado se presentan en el Apéndice C.

1.3.4. Deteccion de glifosato en un e-uPAD

El GlyP es el herbicida de mayor uso a nivel mundial. Solo en el sector agricola, su uso au-
mento mas de 260 veces entre 1974 y 2014, impulsado principalmente por la adopcion de cultivos
genéticamente modificados tolerantes al GlyP a partir de 1996 [Benbrook, 2016], extendiéndo-
se a aplicaciones agricolas, forestales y urbanas [Huhn, 2018]. No obstante, el uso excesivo y no
regulado del GlyP ha generado preocupacion por su impacto ambiental [ Bruggen et al., 2018], es-
pecialmente por su movilidad hacia cuerpos de agua superficiales, donde puede representar una
amenaza para los ecosistemas [Gill et al., 2017]. A pesar de estos riesgos, muchos paises ain no
implementan monitoreos sistematicos de GlyP en aguas [Oltramare et al., 2022].

Para el andlisis de GlyP, la técnica estandar es la cromatografia liquida acoplada a espectro-
metria de masas (LC-MS), generalmente luego de una derivatizacion con cloruro de 9-fluorenil
metilcarbonilo (FMOC), lo cual encarece y ralentiza los analisis [Okada et al., 2018]. Por esta ra-
z0On, se han investigado métodos alternativos basados en técnicas espectroscopicas, sensores elec-
troquimicos o electroforesis capilar (CE) [Valle et al., 2018]. Particular relevancia han cobrado los
métodos colorimétricos, dado su bajo requerimiento instrumental. Algunos de estos han alcanzado
limites de deteccion compatibles con el monitoreo ambiental. Por ejemplo, utilizando una sonda

fluorescente en combinacidon con complejacion competitiva con cobre, se logro detectar GlyP con
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una simple lampara ultravioleta (UV) como unico equipamiento, alcanzando un limite de deteccion

(LOD) de 12,04 nM [Wei et al., 2023].

Mas recientemente, se desarrollé un método colorimétrico con deteccion a simple vista, en el
cual la complejaciéon de Cu* con violeta de pirocatecol (PV) genera un complejo azul. Debido a
que el GlyP presenta una constante de formacién de complejo con Cu?>* mayor que la del PV, la
competencia por el cobre genera una disociacion del complejo azul y la aparicion del color amarillo
caracteristico del PV libre. Este cambio permite detectar GlyP visualmente en agua de grifo con un
limite de deteccion de 20 uM, y cuantificar mediante analisis con teléfono movil concentraciones

tan bajas como 2,66 uM [Yadav and Zelder, 2021].

Sin embargo, estos métodos enfrentan dos grandes limitaciones. En primer lugar, las concen-
traciones de GlyP en cuerpos de agua superficiales suelen encontrarse por debajo de 6 nM [Ulrich
and Ferguson, 2021, Schwientek et al., 2024], lo que hace insuficiente la sensibilidad de los en-
foques actuales. En segundo lugar, la presencia de agentes complejantes en la matriz, como el
EDTA, interfiere en el analisis al formar complejos con Cu®>* de manera mas eficiente que el PV,

impidiendo la deteccion de GlyP.

Una estrategia para superar estas limitaciones consiste en incorporar una etapa previa de pre-
concentracion de muestra y eliminacion de interferencias antes de la deteccion colorimétrica. En
este contexto, la ITP sobre papel aparece como una técnica prometedora para cumplir ambas fun-

ciones.

Los ensayos colorimétricos en papel se han empleado desde hace mas de un siglo. Sin embargo,
en las ultimas décadas, los e-/PADs han cobrado gran protagonismo por su bajo costo, portabilidad,
rapidez y bajo consumo de muestra. Estos dispositivos pueden integrarse con métodos de deteccion
colorimétricos, electroquimicos [Ferreira et al., 2021], u dpticos, y utilizar detectores simples como
camaras de teléfonos moviles [Zheng et al., 2021]. El analisis de imagenes obtenidas mediante estos
dispositivos puede realizarse mediante programas informaticos, utilizando informacién del color

o de canales individuales del espacio de color [Nery and Kubota, 2013].

La mayoria de los uPADs utilizan fenémenos de imbibicion capilar o difusion para transportar
la muestra hasta los reactivos. Sin embargo, estos mecanismos pasivos no permiten separar el
analito de interés de los compuestos interferentes presentes en la matriz. Esta separacion puede
lograrse mediante el uso de campos eléctricos que movilicen activamente especies cargadas, como

el GlyP.
Los e-uPADs han ganado atencion en los Gltimos afios [Salentijn et al., 2018], especialmente
por su integracidén con tecnologias moviles para la deteccion [Schaumburg et al., 2020b, 2022].

Estos dispositivos han permitido la preconcentracion y separacion eficiente de proteinas séricas
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humanas y bovinas [Niu et al., 2018], asi como el analisis de biomarcadores como lipidos, car-
bohidratos, acidos nucleicos y células [Pagaduan et al., 2015]. Asimismo, se han utilizado para
mejorar el limite de deteccion de ensayos inmunoldgicos en flujo lateral. En estos casos, la técnica
de isotacoforesis ha demostrado ser eficaz, alcanzando factores de preconcentracion de hasta 900
veces [Moghadam et al., 2014].

La ITP se basa en sistemas electroliticos con gradientes o perfiles discontinuos de concentra-
cion, permitiendo concentrar analitos traza en una region estrecha. Esta técnica ha sido implemen-
tada exitosamente tanto en microfluidica como en analisis bioquimicos y quimicos en papel [Ra-
machandran and Santiago, 2022], mejorando sustancialmente los limites de deteccion [Mala and
Gebauer, 2018]. Su versatilidad en el andlisis de compuestos ionicos la convierte en una herra-
mienta valiosa para aplicaciones biomédicas y medioambientales [Mala and Gebauer, 2023].

La combinacion de deteccion colorimétrica con técnicas de separacion electroforética en pa-
pel, como la I'TP, representa una estrategia innovadora para el monitoreo ambiental de GlyP. Esta
integracion permite resolver limitaciones actuales en sensibilidad y selectividad, y ofrece una al-
ternativa accesible en contextos donde el equipamiento es limitado o las regulaciones son escasas.

Para una descripcion detallada de la metodologia implementada en el dispositivo de deteccion
de GlyP mediante e-uPADs con ITP en papel, se remite al capitulo 2.4, mientras que el desarrollo

completo y validaciones experimentales se encuentran disponibles en el apéndice D.



Capitulo 2

Metodologia

En el presente capitulo se expone la metodologia empleada para abordar los problemas objeti-
vo, describiendo en detalle las técnicas experimentales, los modelos matematicos y las estrategias

numéricas utilizadas.

Se introduce un método gravimétrico innovador para la medicion precisa del EOF en papel,
asi como el desarrollo y la validacion experimental de un modelo de tubos constrictos. Asimis-
mo, se presenta la utilizacion de métodos computacionales especializados para la simulacion de
la imbibicién capilar y los fendomenos de electroforesis, aplicados a la medicion de movilidades
electroforéticas. Este ultimo modelo también fue empleado en el disefio y la optimizacion de un
dispositivo destinado a la deteccion de GlyP. La integracion de caracterizacidon experimental y mo-
delado computacional constituye el eje central de esta tesis, sentando las bases para futuros disefios

y optimizaciones de sistemas microfluidicos acoplados.

Cada seccion de este capitulo se corresponde directamente con uno de los cuatro articulos que

forman la compilacion de esta tesis:

La Secciéon A.2 describe la metodologia presentada en el Articulo 1 (Anexo A).

Las Secciones B.2 y B.3 corresponden a la metodologia del Articulo 2 (Anexo B).

La Secciéon C.3 presenta la metodologia del Articulo 3 (Anexo C).

La Secciéon D.2 detalla la metodologia del Articulo 4 (Anexo D).

13
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2.1. Flujo electroosmotico en medios porosos

2.1.1. Montaje experimental

Se disefié un dispositivo para medir el EOF en tiras de 3 papeles diferentes, S&S, Whatman #1
y Munktell 00A, utilizando una balanza de precision. El sistema consiste en dos cuchillas metalicas
paralelas sobre las cuales se apoya un portaobjetos de vidrio. En el centro del portaobjetos se fija
una tira de papel laminada, colocada de manera que sus extremos sobresalen para formar dos reser-
vorios de liquido. Una de las cuchillas esta apoyada sobre una balanza de precision, mientras que
la otra permanece fija sobre un soporte. De esta manera, cualquier desplazamiento de masa indu-
cido por el EOF se traduce en una variacion de fuerza medible por la balanza, gracias al momento

generado respecto del punto de apoyo fijo (ver Fig. 2.1).

Figura 2.1: Montaje experimental utilizado para medir el EOF en sustratos de papel. Una
balanza y un soporte fijo sostienen la tira de papel. Los signos menos (negro) y mas (rojo)
indican una posible configuracion para aplicar el potencial eléctrico en los reservorios 7,
y R,, respectivamente, generando EOF en la direccion indicada por la flecha azul. Esta
direccion se alterna durante los experimentos.

Las tiras de papel fueron recortadas con laser a partir de discos comerciales de papel de filtro
y luego laminadas con film plastico en ambos lados, dejando libre una seccion de 9 mm en cada
extremo para los reservorios. La lamina se adhiri6 al portaobjetos de vidrio mediante una cinta
doble faz hidrofdbica.

Se aplicaron potenciales eléctricos entre 100 y 500 V mediante electrodos de platino ubi-
cados en los reservorios. Para mitigar efectos de evaporacion y procesos redox en los electrodos,
la polaridad se invirti6 cada 50 segundos. Los experimentos se repitieron al menos tres veces, cada
uno incluyendo entre 6 y 10 ciclos de inversion de voltaje. También se realizaron mediciones de

temperatura con un termometro infrarrojo.
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2.1.2. Principio de medicion

El principio de medicidn consiste en registrar el desplazamiento de masa entre los dos reser-
vorios producido por el EOF. Este flujo genera un desbalance sobre el sistema que se traduce en
una variacion en la lectura de la balanza. Si inicialmente hay equilibrio con una lectura de fuerza
R,y luego de aplicar un campo eléctrico se traslada una masa Am, la nueva lectura de fuerza sera

R'. Ladiferencia Ry = Ry’ - Ry esta relacionada con la masa desplazada mediante:

Lcm
ds

Rs = gAm (2.1)

donde ¢ es la aceleracion gravitacional, Ly, = Lemn1 + Lemo es la distancia total entre los
centros de masa de los reservorios y d; es la distancia entre el punto de apoyo fijo y la balanza. Cabe
sefialar que, al elegir un valor pequefio de d, se incrementa el cociente LdL;”, lo que implica una
amplificacion de la variacion de fuerza medida por la balanza para una misma masa desplazada.

Este disefio también permite compensar los efectos de evaporacion. Si una cantidad igual de
liquido se evapora de ambos reservorios y se elige Ly, 1~ Lemo , €l momento neto sobre el sistema
no cambia, por lo que la lectura de la balanza permanece constante. Cualquier efecto residual
producido por alguna asimetria en el sistema se elimina mediante el promedio de los ciclos de

voltaje de signo opuesto.

ugor se calculé mediante la siguiente expresion:

Rsds

- 2.2
guhpmAi Lo 22)

UEOF =

donde w y h son el ancho y el espesor del canal de papel, respectivamente, p,,, es la densidad

del liquido y At es el intervalo de tiempo durante el cual ocurre la transferencia de masa Am.

2.1.3. Calibracion del sistema

Para determinar el factor de amplificacion L., /ds, se utilizé un método experimental simple
que evita errores asociados a la estimacion geométrica del centro de masa del liquido en los reser-
vorios. En equilibrio, se coloca una gota de masa conocida mg en el reservorio 1, y se registra la
variacion en la lectura de la balanza Am;. Luego se agrega otra gota idéntica en el reservorio 2,
lo cual produce una variacion opuesta Ames.

El factor de amplificacion se obtiene como:

Lcm _ Aml — Amz
ds N mo

(2.3)
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En los experimentos realizados, el factor de amplificacion resultante fue de alrededor de 25.

2.1.4. Procesamiento de datos

Los datos obtenidos de la balanza se procesaron para calcular la masa desplazada por unidad
de tiempo, Am/At, lo cual permite determinar la velocidad del EOF. Este valor se utilizé para

calcular ugor, que caracteriza el comportamiento del EOF en los diferentes papeles analizados.

Para cada experimento, se analizaron multiples ciclos de aplicacion de voltaje y se descarta-
ron los primeros segundos de cada ciclo para evitar efectos transitorios. Los datos se ajustaron
mediante regresiones lineales para estimar las pendientes y, con ellas, las velocidades medias del

flujo inducido.

2.2. Modelo multifisico de transporte

LaFig. 2.2 muestraun esquema simplificado de un sustrato poroso modelado como un conjunto
de N, tubos paralelos con constricciones. La funcién R(x) representa el radio del tubo en funcion

de la distancia x, que es la direccion principal del flujo y del campo eléctrico.

Figura 2.2: Esquema simplificado de un tubo con constriccion. La estructura se repite
aleatoriamente /N, veces, sin conexion entre los tubos vecinos.

La porosidad se calcula como:

N, fOL nR(z)%dx
AL

o=

donde A es el area de la seccion transversal y L la longitud del material.
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2.2.1. Modelo hidrodinamico

Asumiendo que R(z) es suave a lo largo de = y despreciando efectos inerciales (niimero
de Reynolds bajo), el caudal a través de un tinico poro se calcula usando la relacion de Hagen-

Poiseuille [Reyssat et al., 2008]:

AP

On= 8n fOL R(z)~*dx

donde AP es la diferencia de presion aplicada y 7 la viscosidad del liquido. El caudal total

para N, tubos es Qg = N,Qp. lo que lleva a:

0, = APoA 1
ST fOL R(x)2dx fOL R(z)~*dx

El momento estadistico de orden n de la distribucion de radios se define como:
L
R(x)"dx

Asi, se puede definir un radio hidraulico equivalente Ry :

Ry = QH877L . 1
1=\ arPgA — \| (R4 (R?)

Este es el valor de radio que tendria un tubo de seccion constante que produce el mismo caudal

que el tubo constricto. El segundo miembro relaciona momentos de la distribucion de radios con

este valor de radio hidraulico efectivo medible.

2.2.2. Modelo de imbibicion capilar

La imbibicion capilar en materiales porosos ha sido ampliamente estudiada [Cai et al., 2022,
Piovesan et al., 2022]. Para un tubo con constricciones, la dinamica de llenado se modela co-
mo [Young, 2004, Gorce et al., 2016, Reyssat et al., 2008]:

L L Ot 1;
0 o R() 4n

donde L es el largo total del tubo, L; es la posicion de la interfaz, x la direccion del flujo, v es

la tension superficial, 6 el angulo de contacto, y t ;; el tiempo de llenado.

Asumiendo una morfologia homogénea a lo largo de x, es decir, que la funcion de densidad de



18 CAPITULO 2. METODOLOGIA

probabilidad (PDF) es igual en todas las regiones macroscopicas, se puede escribir:

L Li o L
/ R(L;)? [ / 4} dLj~< R *> / R(L))L; dL
0 o R(z) 0

Suponiendo un perfil periddico de radio, con periodo I, y L >> 1, se obtiene:

L L2
/ R(L)3L; dL; ~< R® > 5
0

Sustituyendo en la primer ecuacion:

<R_4><R3>L72%M
2 4n

Se define un radio capilar equivalente R¢:

2L2n 1

Ro = = _
¢ yeosOtry  (R™) (R3)

Este radio equivale al de un tubo recto que reproduce el mismo tiempo de imbibicién capilar
que un tubo con variaciones en su seccion transversal. El resultado coincide con modelos pre-
vios para tubos sinusoidales y peliculas mesoporosas [Sharma and Ross, 1991, Berli et al., 2017].

Ademas, permite calcular el valor de D efectivo [ Washburn, 1921]:

__ycosORc
=

D

2.2.3. Modelo eléctrico

Asumiendo que R(x) es suave y que la conductividad eléctrica de las fibras es despreciable,

la resistencia eléctrica de un conjunto de NV, tubos paralelos se calcula como:

_ Pe L da

0, =
P Ny Jo WR($)2

donde p, es la resistividad del liquido.

Aplicando la ecuacion de la porosidad, se obtiene:

L L z
Pe Jo mR(x)*dx [ WRdT)Q
P GAL
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lo cual lleva a la relacion:

A
Qp<¢ ) =<R*><R?*>
peL
El término del lado derecho representa un factor de constriccion C, que siempre es mayor a 1
para tubos constrictos o bien igual a 1 en el caso de tubos de radio uniforme. La resistencia eléctrica
. L . . e
de un material saturado, Z:—A, corresponde a un prisma rectangular equivalente de resistividad p.,

seccion ¢ Ay longitud L.

2.2.4. Modelo de flujo electroosmotico

El EOF surge al aplicar una diferencia de potencial A® en un medio poroso saturado, car-

gado eléctricamente en la interfaz sélido-liquido. La velocidad se calcula como el producto de la

A
movilidad electroosmotica (upor = é) y el campo eléctrico (F = T)'
n

Para un solo poro de radio variable R(x). el caudal Q¢ es:

_c¢_ae
) /L dx
o mR(z)?

Considerando NN, poros, el caudal total en el medio poroso se expresa en funcién de los mo-

Qeof = 7TR2§ E
n

mentos estadisticos de los radios como

eCpA 1
= AP
Cror = = — A% R )

Este resultado indica que el EOF depende inversamente del producto de los momentos (R~2)
y (R?), que es el mismo factor de constriccion C hallado para el modelo eléctrico, reflejando la
influencia de la distribucion del tamafio de los poros. Aunque no es posible determinar directa-
mente estos momentos solo a partir de la medicion de ) gor sin conocer el potencial ¢, la relacion
puede invertirse usando medidas eléctricas para obtener los momentos y asi estimar ( a partir de

experimentos de EOF.

2.2.5. Diseiio Experimental

Se realizaron tres tipos de experimentos para caracterizar el transporte en dos tipos de papel di-
ferentes (Whatman #1 y Munktell 00A): flujo inducido por presion hidrostatica, imbibicion capilar

y conduccion eléctrica. La Fig. 2.3 muestra los esquemas de configuracion de cada montaje.
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Figura 2.3: Esquemas experimentales: (a, b) flujo inducido por presion hidrostética, (c)
imbibicion capilar, (d) conduccion eléctrica.

2.2.5.1. Flujo inducido por presion hidrostatica

Para medir el flujo inducido por gravedad, se conectaron dos reservorios a cada lado de la ti-
ra de papel de manera tal que se encontraran a diferente altura y se registrd la variacion de masa
entre de ellos utilizando un sistema similar al descrito en la seccion 2.1.1, como puede observarse
en las Figs. 2.3ay 2.3b . La calibracion se realizé depositando volimenes conocidos de liquido a
cada lado y observando la respuesta del sistema, permitiendo determinar un factor de amplifica-
cion y corregir los efectos de evaporacion. Este método posibilité la medicion precisa de caudales

pequeiios inducidos por diferencias de altura entre reservorios.

2.2.5.2. Imbibicion capilar

La imbibicién capilar se estudié colocando 10 tiras de papel de forma horizontal, mojando los
reservorios de uno de los extremos. La saturacion progresiva de los papeles se observd con una
camara y luz de fondo, permitiendo distinguir claramente la region himeda de la seca (Fig. 2.3¢).

El avance del frente humedo se midid en funcion del tiempo, y los datos se ajustaron a la ley de
Washburn, que establece que la distancia recorrida es proporcional a la raiz cuadrada del tiempo.
Este andlisis permitid estimar el radio capilar efectivo del papel R¢, previamente desarrollado.

Se realizaron experimentos con diferentes soluciones para evaluar el efecto de propiedades co-
mo viscosidad y concentracion de solutos sobre la velocidad de imbibicion, aportando informacion

valiosa para modelar el transporte capilar en el sistema.

2.2.5.3. Experimentos eléctricos

Se realizaron mediciones eléctricas para determinar la resistencia del papel saturado, usando
diferentes soluciones electroliticas para variar la conductividad del liquido. Se aplic6 un potencial
constante bajo (aprox. 10 V) a través de tiras de papel de 10 mm de ancho y 40 mm de largo,

minimizando efectos de calentamiento Joule y EOF (Fig. 2.3d). La resistividad de las soluciones
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se midi6 con un medidor de conductividad. Mas detalles pueden encontrarse en la seccion B.3.1

del apéndice B.

2.3. Movilidad electroforética en medios porosos

2.3.1. Modelo matematico

Como se describio en la seccion anterior, el medio poroso se modela como un conjunto de
capilares periddicamente constrictos y no interconectados [Franck et al., 2022], lo que permite
representar varios fendmenos fisico-quimicos simultaneamente, incluyendo la electromigracion.

Lamovilidad electroforética efectiva en el medio poroso se relaciona con la movilidad en canal

abierto (u) mediante ¢ y C"

pp” (pH, T) = (g) pe(pH, I)

donde el pH y la fuerza idnica (/) afectan la movilidad.

Ademas, la contribucion del EOF, que modifica el desplazamiento macroscépico medido, se

agrega como un término adicional:
Mp(pHa I) = Mpo(pHﬂ I) + ,UJEOF(pH’ I)

Finalmente, para considerar la interaccion retardante de las moléculas con el sustrato, se intro-

duce un factor de retardo R especifico para cada colorante, dando la movilidad efectiva corregida:

10 1) = Byng(pit, 1) = Ry ( Spslo. 1)+ pmor o, 1) )

2.3.2. Electroforesis capilar

Se midieron cinco colorantes alimentarios comunes: Naranja de metilo, Fast Green FCF, Tar-
trazina, Rojo Ponceau y Azul Brillante. Las movilidades electroforéticas de estos colorantes fueron
evaluadas tanto en sistemas de CE como en el dispositivo de papel. Para ello, se emplearon dos
soluciones buffer como electrolito de fondo (BGE), uno a pH 5.5 (Tris-Acetato) y otro a pH 9.0
(Amonio-Acetato), seleccionados por su uso frecuente en sistemas de papel y para permitir estudiar
el efecto del pH. Los ensayos de CE se realizaron en un equipo con deteccion UV, utilizando un

capilar de silice fundida sin recubrimiento (75 um de diametro interno y 31 cm de longitud total).
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2.3.3. Electroforesis en papel

Se disefiaron dispositivos de papel cortados a partir de discos de papel de filtro Whatman grado
N.° 1 (150 mm) utilizando un laser de CO;, de 40 W. Luego del corte, los dispositivos fueron lami-
nados en caliente para prevenir evaporacion. Se dejaron espacios simétricos de 5 mm sin laminar
en los extremos del canal central para formar reservorios de liquido (ver Fig. 2.4). Este laminado
no afecta significativamente la porosidad del papel [Elizalde et al., 2015, Gerlero et al., 2022].

El dispositivo se monta sobre una cinta adhesiva hidrofobica de doble faz adherida a una placa
de vidrio, lo que evita derrames y flujos secundarios. Se aplico un potencial eléctrico con una fuente
de voltaje que también mide la corriente aplicada.

Para medir el R de los colorantes se usaron tiras rectangulares de papel de 10 mm x 40 mm,
laminadas parcialmente para dejar espacio a los reservorios de entrada. Se emplearon soluciones
de colorante y buffer con las mismas concentraciones que en las pruebas electroforéticas.

Los experimentos se registraron con una camara fotografica ubicada a 30 cm del dispositivo,
iluminando desde abajo con un diodo emisor de luz (LED) de color blanco. Los detalles sobre la
composicion de las soluciones buffer tanto de esta como de la seccion 2.3.2, asi como la informa-

cion técnica de los equipos utilizados, se incluyen en el anexo C.

2.3.4. Funcionamiento del dispositivo

El dispositivo de electroforesis en papel (Fig. 2.4) se compone de tres zonas: entrada, deteccion
y salida. En la zona de entrada se introduce el colorante diluido en el BGE, mientras que en los
extremos de la zona de deteccidn se colocan los reservorios con buffer. La zona de salida contiene

una bomba capilar hecha del mismo papel.

Capillary pump

Outbound {

Detection {

Laminated

y \
L. Dye/Buffer reservoir Buffer reservoir

Figura 2.4: Dispositivo de electroforesis en papel. Se observan las tres zonas funcionales:
entrada, deteccidn y salida. La inyeccion del colorante ocurre desde la zona de entrada.
Posteriormente, se genera una linea delgada en la zona de deteccion mediante inversion del
flujo, y finalmente se aplica un campo eléctrico para realizar la separacion. La laminacion
evita la evaporacion durante los experimentos.
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La operacion consta de tres etapas: inyeccion, enfoque y electroforesis. En la etapa de in-
yeccion, el buffer avanza desde los reservorios laterales hacia el centro, y poco antes de que se
encuentren los frentes de mojado, se agrega la solucion de colorante en el extremo inferior. El di-
sefio geométrico permite limitar la dispersion mecanica, generando una forma triangular inicial en
la zona de deteccion [Urteaga et al., 2018].

En la etapa de enfoque, se reemplaza la entrada de colorante por otra bomba capilar. Esta
redistribuye el colorante, generando una linea delgada adecuada para el andlisis electroforético.
La geometria de las alas laterales y las resistencias hidrodinamicas determinan las trayectorias del
flujo.

Finalmente, en la electroforesis, se aplica una diferencia de potencial constante de 500 V en-
tre los extremos de la zona de deteccion. Dos electrodos de platino se colocan en los reservorios
laterales, generando un campo eléctrico que permite observar el movimiento diferencial de los co-
lorantes. La longitud de las alas y el ancho del canal (8 mm) estan disefiados para maximizar la
resolucidn sin introducir efectos de borde significativos. La seccion C.3.4 del apéndice C propor-

ciona informacion ampliada al respecto.

2.3.5. Herramientas computacionales

Para determinar la posicion espacial de los colorantes, se utilizéo un método de deteccion por
intensidad relativa. Se recortaron los perfiles de intensidad al 50 % del valor maximo, y se tomé
ese punto como posicion del colorante. A partir de la posicion en funcion del tiempo, se aplicd un
ajuste lineal por minimos cuadrados. Los experimentos se repitieron, en la mayoria de los casos,
tres veces y se utilizé el valor medio y la desviacion estandar para calcular la movilidad efectiva.
La principal fuente de dispersion proviene de la variabilidad entre tiras de papel [Elizalde et al.,
2016].

En cuanto a las simulaciones computacionales, las mallas se generaron con el softwa-
re STAR-CCM+ ®, utilizando aproximadamente 250.000 celdas de distribucion mayormen-
te uniforme. Las simulaciones se realizaron con OpenFOAM® v2112, empleando los solvers
porousMicroTransport (modelo LETd para flujo capilar no saturado) [Gerlero et al., 2023,

2022]y electroMicroTransport (para separaciones electroforéticas) [Gerlero et al., 2021b].

2.3.5.1. Condiciones de borde

Durante la efapa de inyeccion, se aplica una condicion de saturacion en los extremos de los
tres reservorios para modelar el llenado capilar, con contenido de humedad inicial correspondiente

al aire seco y condiciones de flujo nulo en el resto del dominio. Los buffer se introducen mediante
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condiciones de Dirichlet en los reservorios, con concentracion inicial nula en el dominio y condi-

ciones de flujo nulo en los demas bordes, al igual que el colorante.

En la etapa de enfoque, 1a condicion en el reservorio de colorante/buffer cambia a flujo nulo,

simulando su agotamiento.

Durante la electroforesis, se asume saturacion completa, por lo que no se resuelve mas el flujo
capilar. El modelo considera transporte electroforético y EOF. Las concentraciones tienen con-
diciones de flujo nulo en todo el dominio, y el potencial eléctrico se impone con condiciones de

Dirichlet en las entradas laterales.

2.4. Deteccion de glifosato en un e-pPAD

Para el desarrollo de los experimentos se utilizo GlyP estandar (98 %) junto con colorantes,
complejos metalicos y disoluciones tampon, incluyendo BGE como HEPES, MES, y soluciones de

amoniacoy acido formico para ITP, todos preparados en agua ultrapuray sin purificacion adicional.

2.4.1. Optimizacion de la deteccion colorimétrica

Se registraron espectros UV/VIS con un espectrofotometro para analizar las constantes de
estabilidad para los complejos Cu?>*-GlyP (|GLP])(log 3 = 11.8-11.9) [Daniele, 1997, Madsen
et al., 1978, Popov et al., 2001] y se asumi6 un valor aproximado de 5.7 para el complejo Cu?™-
PV ([PV]) [Yadav and Zelder, 2021, Kocyta et al., 2017]. Estas constantes dependen del pH y de
las condiciones del medio, por lo que se utilizaron como referencia para estimar la competitividad

del GlyP en la formacion de complejos.

2.4.1.1. Evaluacion de sustratos porosos

Se evaluaron tres soportes porosos para su uso en e-uPADs: papel de celulosa, nitrocelulosa y
una placa de cromatografia de capa fina ALUGRAM RP-18W/UVas54. Se recortaron fragmentos
de 5 mm x 5 mm, sobre los que se aplicaron soluciones de [PV] (75 uM) preparadas con colorante
y Cu?* en MES pH 6.5. Se ensayaron soluciones de GlyP con concentraciones entre 0y 500 uM.
Luego de secados, se aplicé el complejo colorimétrico y se tomaron fotografias en cada etapa para

evaluar la visibilidad y el contraste en los diferentes sustratos.
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2.4.2. Analisis por electroforesis capilar acoplada a espectrometria

de masas (CE-MS)

Los analisis se realizaron en un sistema Agilent 7100 CE acoplado a un espectrémetro de masas
por interfaz de electrospray. Las separaciones se realizaron en un capilar de silice fundida (50 pm
diametro interno, 75 cm de longitud), con acondicionamiento previo y recubrimiento dinamico.

Se aplico una presion interna de 50 mbar y un voltaje creciente de —15kV a —30kV. La inyec-

cion fue hidrodindmica y la deteccidn se realizo en modo monitoreo de iones seleccionados (SIM)

2.4.3. Herramientas computacionales

Las simulaciones numéricas se realizaron con OpenFOAM v2212®, utilizando el solver
electroMicroTransport para separaciones electroforéticas [Gerlero et al., 2021b]. La malla
fue generada con blockMesh, con aproximadamente 15 000 celdas distribuidas uniformemente. El
modelo geométrico fue una tira rectangular de papel con una distancia efectiva de aplicacion del
campo eléctrico de 65 mm. Se considerd el transporte electroforético sin EOF, con condiciones de
frontera de flujo nulo para los electrolitos y potencial prescrito en los reservorios. La porosidad y la
tortuosidad del papel se determinaron experimentalmente de acuerdo a modelos anteriores [Franck
et al., 2022]. Las movilidades electroforéticas se obtuvieron de PeakMaster, salvo la de GlyP, que

se obtuvo de la bibliografia [Graf et al., 2022].

2.4.4. Electroforesis en papel

Se desarrollo un e-pPAD de bajo costo esquematizado en la Fig. 2.5a . Consiste en una carcasa
impresa en 3D con una camara de separacion, reservorios para &nodo y catodo con electrodos de
platino, y una tira de nitrocelulosa de 80 mm de largo por 10 mm de ancho. La tira se apoyo sobre
un vidrio, uniendo los dos reservorios, y se ilumin6 con una lampara LED difusa de color blanco

ubicada debajo del dispositivo de manera que se registrd la luz transmitida a través de la tira.

2.44.1. Electroforesis capilar en papel

A partir de los resultados colorimétricos, se desarroll6 una electroforesis capilar en papel (pCE)
utilizando MES como BGE ajustado a pH 6.5 con KOH. Se prepar6 una solucion con 175 uM de
PV y 350 uM de CuCl, en el BGE. Se emplearon soluciones de GlyP a 100, 150, 400y 1200 M,

y en todos los casos se agregd 3 % m/v de polivinilpirrolidona (PVP) para suprimir el EOF.
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2.4.4.2. ITP en papel

En ITP, los analitos se preconcentran y separan gracias al uso de un electrolito lider (LE),
con mayor movilidad iénica, y un electrolito terminal (TE), con menor movilidad. Bajo un campo
eléctrico, los iones de la muestra migran y se ordenan entre LE y TE segun su movilidad electrofo-
rética, alcanzando una misma velocidad migratoria. Esta propiedad permite lograr zonas discretas
y estables de concentracion elevada, lo que hace de ITP una técnica muy efectiva para la precon-
centracion de especies cargadas [Ramachandran and Santiago, 2022].

Los experimentos de ITP emplearon 2,5mM de HEPES como TE, con 5mM de acido e-
aminocaproico como contraiéon (CI). El LE fue una solucion de HCl 26 mM, y como CI se usé
una mezcla de 4cido e-aminocaproico y TRIS (26 mm cada uno). Todos los electrolitos se optimi-
zaron con PeakMaster [Gas, 2023] y simulaciones numéricas (Seccion D.2.4) para mantener un
pH de 6.5. Para evitar efectos de borde por imbibicion, se utilizé cinta adhesiva hidrofobica en los
extremos del vidrio [Schaumburg and Berli, 2019].

(a)

TE Reservoir
+ GLY

mmf__— Platinum Electrodes

Nitrocellulose (b)
+ Glass Slide TE

LE Reservoir GLY
+ [PV]

(c)

3D Printed Device
Backlight Lamp

Figura 2.5: (a) Esquema del dispositivo e-uPAD con carcasa impresa en 3D, electrodos
de platino y tira de nitrocelulosa entre los reservorios. (b) Configuracion tras llenar los
reservorios y antes de la migracion. (¢) Preconcentracion de GlyP y cambio de color tras
aplicar el campo eléctrico.

El reservorio del anodo se llen6 con el complejo colorimétrico [PV] a 175 uM en el LE. Luego
de 150s, el reservorio catodico se llend con GlyP disuelto en TE. El GlyP y [PV] se desplazaron
por transporte por difusion, formando la configuracion de la Fig. 2.5b.

Una vez que la tira estd completamente mojada, los iones migran al aplicar un campo eléc-
trico. Esta configuracion permite carga semi-infinita de muestra y preconcentracion continua por
ITP [Ramachandran and Santiago, 2022]. El cambio de color ocurre cuando GlyP preconcentra-
do alcanza el complejo [PV], de menor movilidad electroforética (Fig. 2.5¢). Se aplicaron 400 V

usando una fuente que permite la medida en simultaneo de la corriente utilizada. Se registraron
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imagenes con una camara fotografica colocada a 30 cm. Informacion adicional sobre el dispositivo

utilizado se presenta en la seccion D.2.5.2 del apéndice D.
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Capitulo 3

Resultados principales

En este capitulo se presentan los resultados mas relevantes vinculados a cada uno de los objeti-
vos especificos de la tesis, los cuales se desarrollan en detalle en los trabajos originales que forman
la compilacion y que se incluyen como anexos en este documento.

Cada seccion de este capitulo se corresponde directamente con uno de los cuatro articulos

publicados:
= La Seccion A.3 resume los resultados del Articulo 1 (Anexo A).
= La Seccion B.4 presenta los resultados del Articulo 2 (Anexo B).
= La Seccion C.4 aborda los resultados del Articulo 3 (Anexo C).

= [a Seccion D.3 expone los resultados del Articulo 4 (Anexo D).

3.1. Flujo electroosmotico en medios porosos

Se midio la velocidad y movilidad electroosmotica en funcion del potencial eléctrico para tres
valores de pH en tres tipos de papeles. A bajos potenciales se observd un comportamiento lineal,
validando el modelo tedrico. A mayores potenciales, la linealidad disminuy6, lo que se atribuye

principalmente a efectos térmicos discutidos mas adelante.

3.1.1. Calculo de ;150" y ¢,

La movilidad electroosmotica es, en principio, independiente del campo eléctrico. Sin embar-
g0, al incrementar la intensidad del campo comienzan a manifestarse efectos térmicos que pueden
modificar su valor. Para evitar esta dependencia con la temperatura, se define un valor de referencia

de la movilidad electroosmotica a temperatura ambiente, denotado como pzor". En la Tabla 3.1

29
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se presentan los valores de movilidad electroosmética de referencia, 1por°, junto con los valores
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de ;. obtenidos para distintos sustratos y condiciones de pH.

0
HEOF
d) pH nm2] Cp [mV]
Vs

What 478 561 + 22 | —11,840,5
" atman 0.69 7 664 + 65 | 13,9+14
9.29 854 + 92 | —17,9+1,9
478 537 + 95 | —16,6+2,9
%‘:‘kte“ 0.47 7 549 + 40 | —16,9+1,2
9.29 512 + 68 | —15,8+2,1
478 SL £ 35 | 27+12
S&S 0.42 7 214 £ 52 | 7,3 +18
9.29 258 + 56 | 88+ 1,

Tabla 3.1: {, y uror® obtenidos para distintas soluciones buffer y tipos de sustrato. Las
incertidumbres corresponden a intervalos de confianza del 95 % .

Se aplicaron correcciones al modelo lineal considerando el aumento de temperatura por efecto
Joule, que afecta simultdneamente parametros eléctricos y reologicos. Para el calculo de ¢, se
consider6 7 = 2,9 [Schaumburg et al., 2020a]. La porosidad de los sustratos se determin6 pesando

los materiales secos y humedos.

pH
3 4 5 6 7 8 9 10
0 : 0
2 * 2
4 -4
6 1-6
-8 1-8
>
E-10 -10
@

Figura 3.1: (,(pH) para distintos sustratos. Marcadores cuadrados (B [Leung et al.,
2010]), circulares (@ [Mettakoonpitak and Henry, 2018]) y romboidales (¢ [Schaumburg
et al., 2019]) corresponden a datos bibliograficos de Whatman #1. Los triangulares repre-
sentan estimaciones experimentales de este trabajo para Whatman #1 (»), Munktell 00A
(V) y S&S («).
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Dado que se trabajé con soluciones acuosas diluidas, se us6 n = 1,0 mPas a 23 °C y permiti-
vidad relativa e = 7,08 x 10710 C2 /Nm?. Los valores de (p obtenidos se comparan con datos de
literatura en la Fig. 3.1 . Se observa coherencia tanto en las barras de error como en la variacion
monotona con el pH. Los tres sustratos mostraron un aumento de pipor y ¢p con el pH, con ma-
yor dependencia del pH en S&S, intermedia en Whatman #1 y muy baja en Munktell 00A. S&S,
con su bajo upor, es adecuado para aplicaciones que requieren minimizar el EOF. Munktell 00A,
con buena estabilidad frente al pH, es util en técnicas de amplio rango de pH como isoelectroen-
foque. Whatman #1 presenta un comportamiento comparable a materiales como vidrio o PDMS
hidrofilico, siendo una opcion apropiada para adaptar separaciones electroforéticas tradicionales a
papel.

Los valores reportados corresponden a sustratos laminados para reducir evaporacion, lo cual
mejora la reproducibilidad. Sin embargo, podrian variar levemente si se usan sustratos sin laminar
o con distintos materiales de laminado, dado que este proceso influye parcialmente en la superficie

libre de fibras responsable del EOF.

3.1.2. Desviaciones del modelo lineal

Con el fin de considerar fuentes de error que desvian los valores experimentales obtenidos del
modelo lineal, a continuacion se describen distintos efectos presentes en el montaje experimental
que afectan la medicion. También se discute cdmo abordarlos o cuantificarlos para mejorar futuros

montajes.

3.1.2.1. Evaporacién

La evaporacion es un efecto importante, ya que reduce el volumen de los reservorios con el
tiempo y afecta las mediciones. Sin embargo, el montaje presentado se autocompensa, como se
explico en laseccion 2.1.2. La evaporacion afecta simétricamente a ambos reservorios, por lo tanto,
se espera que la balanza no registre cambios. Sin embargo, puede quedar un efecto residual debido
a una leve asimetria en la posicion relativa de los reservorios, lo cual se corrige promediando las

pendientes positivas y negativas durante las mediciones.

3.1.2.2. Deriva de conductividad y efecto Joule

La resistencia eléctrica del papel disminuye con el tiempo al aplicar un voltaje. Esta variacion
se atribuye al calentamiento por efecto Joule, que reduce la viscosidad del electrolito y, por lo tanto,

aumenta su conductividad. La resistencia puede expresarse como:
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1L

0 =
P op A

donde o), es la conductividad eléctrica del papel y depende de la viscosidad del fluido:

qj
671777"?;

N
Op = FZZjQ%ngbv con  fle =
j=1

donde F’ es la constante de Faraday, z; la valencia del ion j, st su movilidad electroforética, C la
concentracion idnica. ¢’ es la carga del ion j y 7 su radio hidrodinamico. A altos voltajes, el ca-
lentamiento provoca no linealidades en el flujo electroosmico. Para describir este comportamiento
se desarroll6 un modelo donde se propone la siguiente dependencia de la constante electrosmotica

con el potencial aplicado:

2upor’ 4P
= , con =
S RV N = F T LwhQ)

donde w es un parametro que depende de la pendiente P, que mide la dependencia de la viscosidad

relativa con la temperatura de la solucion. i’ es el coeficiente de transferencia de calor convectivo
y Qg la resistencia eléctrica a temperatura ambiente. Los parametros del modelo fueron ajustados

experimentalmente y concuerdan con los valores esperados para el sistema.

3.2. Modelo multifisico de transporte

3.2.1. Resultados experimentales

Se realizaron experimentos hidrodinamicos para evaluar el radio equivalente correspondiente.
Tras la calibracion del sistema, se midieron variaciones de masa al colocar gotas en los reservorios
superior ¢ inferior. A partir de estas mediciones y siguiendo el protocolo de calibracion descrito
anteriormente (seccion 2.1.3), se determinaron los factores de amplificacion. El flujo masico neto
se obtuvo a partir de un ajuste lineal, y se calcul6 de esta manera el valor de Ry.

El flujo de masa medida fue de aproximadamente 3,4 x 10~ g/sec, con factores de ampli-
ficacion de flujo y evaporacion de 29 y —0,69, respectivamente. El flujo evaporativo alcanzo
3,33x 1075 g/sec, siendo comparable al flujo hidrodindmico a través del papel (1,25 x 107 g/sec),
lo que valida la sensibilidad del sistema para distinguir ambas contribuciones, al mismo tiempo que
indica la importancia de considerar este efecto para la correcta obtencidn del flujo.

Se realizaron también experimentos de imbibicion capilar para evaluar el radio capilar equi-

valente. Se observo una correlacion lineal del cuadrado de la posicion del frente de liquido con el
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tiempo, cumpliendo con la ley de Lucas-Washburn [Lucas, 1918, Washburn, 1921]. A partir de la
pendiente se obtuvo el coeficiente D, dependiente del tipo de papel y del liquido. Se observaron
dos grupos de valores correspondientes a distintos tipos de papel, con una dispersion del orden del
7%, en linea con trabajos previos [Elizalde et al., 2016], aunque con valores promedio menores
debido al uso de papel laminado.

Finalmente, se realizaron mediciones de conductividad eléctrica tanto en solucion libre como
en papel. Los resultados coincidieron con los valores tedricos esperados para las concentraciones de
electrolitos a temperatura ambiente. La linealidad entre la conductancia medida y la conductividad
eléctrica indic6 buena correlacion y ausencia de efectos relevantes como calentamiento Joule o

EOF.

3.2.2. Distribucion del tamafio de poro

Se evaluaron tres PDFs para describir la distribucion del tamaiio de los poros: (i) una distribu-
cion bimodal basada en dos funciones delta de Dirac que representan radios con igual probabilidad;
(ii) una distribucidn tipo arcoseno que modela los radios como una funcion seno oscilante entre

Rpmaz Y Rmins y (iii) una distribucion log-normal continua, observadas en la Fig. 3.2.
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Figura 3.2: PDFs exploradas en el modelado: (a) densidades de probabilidad en funcién
del radio, (b) representacion esquematica de formas y radios caracteristicos, (¢)
desempefio de cada PDF para describir datos experimentales de dos sustratos, evaluado
mediante la prueba 2.

Las distribuciones bimodal y arcoseno son simples desde el punto de vista fisico y matema-
tico, y pueden manejarse analiticamente. Sin embargo, estan limitadas en el rango de tamaiios de
poro que pueden describir (discreto en el caso bimodal), lo que restringe la representacion de la

morfologia de los poros en sustratos de papel. Por otro lado, la distribucion log-normal presenta
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mayor complejidad, pero permite representar una variacion continua y amplia en los tamafios de

poro, lo que puede describir de manera mas realista la distribucién de poros en sustratos reales.

La distribucion log-normal se define como:

1 _ (mR—¢)?
e 202

donde la variable aleatoria R representa un radio especifico. Los parametros £ y v determinan la

media aritmética E'[R] y la varianza Var[R] segln:
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Figura 3.3: Mapa de contorno de los valores de M usando la distribucion log-normal
para Whatman #1 (a) y Munktell 00A (b). Las lineas solidas indican las combinaciones
de parametros para las cuales la distribucion reproduce los resultados experimentales de

Ry (linea naranja), R (linea roja) y C' (linea verde). La region coloreada en azul
corresponde a M < 3,84, que representa la regidon de confianza del 95 % para los
parametros predichos. Los recuadros a la izquierda muestran la PDF log-normal 6ptima
que produce el valor minimo de M.
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Para evaluar el desempefio de las PDFs, se construy6 una funcion de mérito M que compara
los valores experimentales de Ry, Ry C con los valores predichos por el modelo para diferentes
combinaciones de i y o (ver Fig. 3.3). Estas predicciones se calculan usando los momentos de
la PDF y se ponderan segtin la dispersion experimental, obteniendo una distribucién tipo Chi-

cuadrado:

(Ru — Ru(&,v))” | (Bc — Ro(6,v))° | (C— C(€v))°
Var|Ryg] Var|Rc] Var|C|

M(fav) =

Los resultados muestran que la distribucion log-normal ofrece un mejor desempeiio para represen-
tar simultaneamente los tres experimentos. L.a combinacion 6ptima de parametros £ y v se puede
usar para predecir las respuestas experimentales. L.a mayor dispersion en Munktell indica que el

modelo ajusta con menor fidelidad ese sustrato.

3.2.3. Comparacion entre diferentes modelos

En la Tabla 3.2 se presenta la relacion entre las PDF y parametros clasicos de modelos de fisica
en particular, como K, D,y {. También se incluyen C, y los radios equivalentes Ry y R¢ para

ambos sustratos.

Sustrato Whatman #1 Munktell 00A

Prediccion Prediccion]

Magnitud Definicion Medicion del Medicion del
modelo modelo
Radio hidrodindmico equivalente [um] | Rg = \/% 0,86 + 0,08 0,79 1,140, 0,93
Permeabilidad de Darcy x 10~ 14[m?) K= RTHZ 9,3+0,9 7,8 13+£1 10,9
Radio capilar equivalente [pm] Reo = (I%*‘llw 0,089 + 0,008 0,096 0,064 + 0,006 0,07
Coeficiente de Washburn x10—6 [mTz] D= % 1,8+0,2 1,9 1,3+0,1 14
Factor de constriccion C = (R?)(R™?) 2,6 +0,3 3,1 3,3+0,3 4

Potencial zeta [mV] Cp = % 2,8+0,3 3,3 5,3+0,5 6,4

Tabla 3.2: Parametros para cada modelo fisico particular y sus radios estadisticos corres-
pondientes. jipor se tomd de [Franck et al., 2021] para pH=4.7y E = 2,5kV/m.

Las diferencias entre medicion y prediccion son pequefias y en general compatibles con la
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incertidumbre experimental. El modelo reproduce correctamente que Ry es aproximadamente diez
veces mayor que R¢ en los papeles estudiados.

En cuanto a los radios hidrodinamicos y capilares, las aparentes discrepancias [Alava et al.,
2004] son inherentes a la extrapolacién de modelos de flujo impulsados por capilaridad de tubos
individuales a medios porosos: el principal inconveniente es considerar un radio de poro unico
tanto para la presion de Laplace como para la resistencia hidrodinamica.

En cuanto al EOF, el factor de constriccion predicho es similar a la tortuosidad reportada para
fenomenos electroforéticos y EOF |Gerlero et al., 2021b], aunque difiere de valores para transporte
de fluidos [Matyka et al., 2008]. Ademas, estos valores corresponden a papel laminado por am-
bos lados y pueden variar en papeles con distinto tratamiento superficial [Noh and Phillips, 2010,

Elizalde et al., 2016].

3.3. Movilidad electroforética en medios porosos

3.3.1. Prototipo asistido numéricamente

El disefio del dispositivo fue asistido numéricamente, y los resultados de las simulaciones defi-
nieron su configuracion final. La secuencia operativa se analiza en tres etapas: inyeccion, enfoque
y electroforesis.

Durante la etapa de inyeccion, las longitudes de los canales determinan la dinamica de im-
bibicion de las soluciones. Al fijar un punto de control en el centro de la zona de deteccion, se
puede ajustar el tiempo de entrada del buffer y el analito para que lleguen simultdneamente. La
imbibicion en tiras de papel homogéneo sigue la relacion L;?> = Dt y es independiente del ancho.
La incertidumbre tipica del coeficiente D (~20 %) |Elizalde et al., 2016] puede afectar el tiempo
de llegada, aunque no altera la configuracion cuasi-estacionaria de los colorantes.

La Fig. 3.4 muestra la comparacion entre simulaciones y resultados experimentales. En la
etapa de inyeccion, la distribucion triangular del colorante en condiciones cuasi-estacionarias es
reproducida por el modelo numérico. En la etapa de enfoque, el analito remanente se redistribuye
siguiendo las nuevas lineas de corriente definidas por la geometria y los nuevos flujos. La simetria
final se alcanza tras operar la segunda bomba capilar durante aproximadamente 500 segundos. La
cantidad de colorante presente puede controlarse con el tiempo de operacidn de la etapa de enfoque.

Los solvers porousMicroTransport y electroMicroTransport requieren como entrada
los parametros caracteristicos del medio poroso: porosidad (¢ = 0,69), factor de constriccion
(C = 2,6) y factor de dispersion (s=30 um) [Urteaga et al., 2018]. También se necesita la movili-

dad electroforética en flujo libre (1) y el pKa de los componentes del electrolito. Estos datos se
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obtuvieron de la base electrolytesy, en el caso de los colorantes, se ajustaron con los resultados

experimentales, incorporando un factor de retardo cromatografico especifico (Fy).

C d

Figura 3.4: Etapas de validacion del disefio propuesto. Resultados experimentales (A y B)
vs simulaciones numéricas (C y D) en las etapas de inyeccion y enfoque.

En la simulacion de la Fig. 3.4, se utilizaron los valores de . y Ry reportados en la Tabla 3.3
para el colorante Tartrazina.

Las diferencias entre los resultados experimentales y simulados se deben a las incertidumbres
en los parametros macroscopicos del medio poroso. Aun asi, las formas obtenidas en cada etapa
son similares, lo que confirma la utilidad del disefio asistido por simulaciéon numérica para reducir

tiempos de desarrollo y nimero de prototipos experimentales.

3.3.2. Electroforesis en papel

Una vez completadas las etapas de inyeccion y enfoque, se aplicd una diferencia de potencial
entre los extremos de los reservorios en la zona de deteccion. La simetria del dispositivo permite
analizar moléculas con carga superficial positiva o negativa. Se analizaron cinco colorantes tanto en
el dispositivo de papel como por CE. Los valores obtenidos y sus incertidumbres se presentan en la
Tabla 3.3. Lareproducibilidad se probo al menos cinco veces con Tartrazina a pH 5.5, observandose
una dispersion menor al 7%, coherente con la reproducibilidad tipica de e-PADs [Schaumburg
et al., 2018a]. Las incertidumbres reportadas son la desviacidn estandar de los valores medidos (se
asign6 un 10 % a los colorantes medidos solo una vez).

Como ejemplo, se muestra la dinamica de la Tartrazina. En la Fig. 3.5A se observa el dispo-
sitivo durante la carrera electroforética a t = 300 s. La Fig. 3.5B muestra las curvas procesadas
ent = 0 (azul) y t = 300 s (amarillo). La reconstruccidén 2D del experimento se presenta en la

Fig. 3.5C, donde ¢l eje horizontal indica la posicion y el vertical el tiempo. Su contraparte numéri-
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ca se muestra en la Fig. 3.5D . La dispersion experimental es mayor que la simulada, posiblemente
por diferencias en la movilidad efectiva de la molécula en el sustrato poroso. Factores como afini-
dad a las fibras, dispersion eléctrica y mecanica, y efectos de borde pueden contribuir, aunque no

suelen afectar significativamente a canales abiertos o microchips.
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Figura 3.5: Resultados experimentales y numéricos para la electroforesis en papel de Tar-
trazina. a) Dispositivo operando a t = 300 s; b) Curvas procesadas parat = 0 s (azul) y
t = 300 s (amarillo); ¢) Reconstruccidon 2D experimental (posicién vs tiempo); d) Resul-
tado numérico correspondiente.

3.3.2.1. Cromatografia en papel

Para cuantificar el efecto de la afinidad de los colorantes a las fibras, se realizaron experimentos
cromatograficos con las mismas concentraciones que en las corridas electroforéticas. Se observaron
patrones de color ligeramente irregulares, ya que el avance en los bordes es mas lento debido a la
evaporacion. Se midi6 un valor de Ly, para el colorante en el centro de la tira y un valor de
Ly f fer para el buffer. La pendiente del ajuste lineal de la posicion del frente de colorante y buffer
determina el factor de retardo Ry. Los valores de Ry se midieron para dos BGEs a pH 5.5y 9.0,

observandose diferencias segtin el pH. Estos resultados se presentan en la Tabla 3.3.

3.3.3. Validacion del modelo

Para evaluar la influencia del medio poroso sobre las movilidades electroforéticas de los colo-
rantes, se compararon las movilidades en papel y en canal abierto, como se muestra en la Fig. 3.6.
Se realizoé un ajuste lineal por minimos cuadrados para los valores obtenidos de cada colorante

If

a ambos valores de pH, siguiendo la relacion lineal entre j1;,”’ y pe. Es importante destacar que

para la regresion lineal se considerd un unico parametro libre (la pendiente de la funcioén lineal sin
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término independiente). Este parametro es %, dado que todos los demas términos fueron medidos

en este trabajo o tomados de la literatura [Franck et al., 2021].
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Figura 3.6: Validacion experimental del modelo de movilidades electroforéticas en sus-
tratos porosos. Se midieron las movilidades en canal abierto y en papel para distintos
colorantes a dos valores de pH. Los cuadrados corresponden a pH=5.5 y los circulos a
pH=9.0. La linea punteada representa el ajuste lineal por minimos cuadrados a todos los
datos con un tnico pardmetro libre.

Sustancia Le 10_9%2 puct! 10_9% Ry
pH=5.5 pH=9.0 | pH=5.5 | pH=9.0 pH=5.5 pH=9.0
Tartrazina -42.1 £0.2|-41.9 £ 0.3|-9.2 £ 0.6| -8.6 = 0.9 [0.75 £ 0.02{0.68 4+ 0.03
Fast Green FCF |-27.8 £0.1-33.5+£0.2| -88+1 | -94+1 [0.98 +0.03] 1+ 0.07
Brillant Blue |-27.6 £ 0.1|-25.6 = 0.2|-7.6 = 0.8| -5.7 £ 0.6 {0.92 + 0.02{0.93 £ 0.04
Naranja de metilo|-21.9 + 0.1| -21 £ 0.2 |-1.6 £0.2| -1.7 £ 0.1 |0.27 £ 0.02]0.35 £ 0.03
Rojo Ponceau |[-45.3 +£0.2(-43.6 £0.2| -10+1 |-11.4 +1.1{0.83 £+ 0.03| 0.97 + 0.1

Tabla 3.3: Movilidades electroforéticas en canal abierto y en sustratos de papel, y factor
de retencion de distintos colorantes a dos valores de pH.

Los resultados mostrados en la Fig. 3.6 corroboran la hipotesis de que existe una relacion
lineal entre la movilidad efectiva medida en el papel (uf}f ! )Y e, y que dicha relacion depende
unicamente de las caracteristicas del medio poroso (es decir, de %). Una consecuencia practica
muy importante de la validacion de este modelo es que uf,f ! puede obtenerse directamente a partir

de j1. cuando se conocen ¢ y C para el sustrato y se mide Iy para el colorante en dicho sustrato.
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La correlacion propuesta es valida siempre que el BGE sea el mismo tanto en el canal abierto como
en el medio poroso.

Para la regresion lineal mostrada, el valor obtenido de C' es 2,3 + 0,1, que es similar a valores
obtenidos previamente mediante experimentos independientes basados en imbibicion de agua, flujo

impulsado por presion y conductividad eléctrica (ver apéndice B).

3.4. Deteccion de glifosato en un e-yPAD

3.4.1. Optimizacion de la deteccion colorimétrica

La deteccion colorimétrica se basa en la competencia entre el GlyP y PV por Cu?*t, formando
GlyP complejos mas estables que los de PV [Yadav and Zelder, 2021]. Esto genera un cambio de

color de azul a amarillo, lo que permite la deteccion de GlyP.

+GlyP

PV +2Cu*" = [PV] ., —— PVamarito + [GlyP—Cu*T]

azul

La curva de calibracion mostré un rango lineal de 1 a 60 uM. El limite de deteccion alcanzado

fue de aproximadamente 1 uM por espectroscopia UV/Vis y 15 uM por deteccion visual.

3.4.1.1. Pruebas en sustratos porosos

En el papel de celulosa, no se observo cambio de color, lo que sugiere una fuerte adsorcion de
GlyP al sustrato, probablemente debido a interacciones con grupos —-OH y O™ [de Aguiar Filho
et al., 2021, Graf et al., 2022, Wimmer B. and C., 2022].

En nitrocelulosa se observo el cambio de color esperado, pero se presentd el efecto “anillo
de café”, que se debe a que el solvente se evapora mas rapido en el centro de la tira, lo que ge-
nera un gradiente de concentracion [Zheng et al., 2021]. El EOF en este material es elevado (ver
apéndice A), por lo que se afiadié PVP para suprimir este flujo.

En placas TLC RP-18 W, la descomposicion del complejo [PV] fue evidente por la pérdida del
color azul y la aparicién del color amarillo del PV libre.

Por lo tanto, se selecciond la nitrocelulosa como soporte solido para los experimentos poste-

riores.

3.4.2. Optimizacion numérica del electrolito para ITP

Se realizaron simulaciones numéricas para identificar las combinaciones de electrolitos mas

adecuadas para experimentos de ITP en papel. Se analizaron diferentes combinaciones de LE y de
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TE, considerando el pH optimo para la deteccion colorimétrica del GlyP, los factores de precon-
centracion alcanzados, la migracion relativa de GlyP y el reactivo PV para asegurar complejacion

competitiva, y la influencia de los electrolitos sobre la estabilidad del complejo con PV.
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Figura 3.7: Resultados de simulaciones numéricas para optimizar combinaciones de elec-
trolitos en ITP en papel. (a) Distribucion de GlyP usando HEPES como TE, TRIS/e-
aminocaproico como CI y HCI como LE, a los 900 s. (b) Factores de preconcentracién
para diferentes combinaciones en funcion del tiempo. (¢) Efectos de matriz con glicina,
acido oxalico y acido citrico, usando acido metilsulféonico como LE.

La Fig. 3.7 muestra los resultados obtenidos. En (a) se observa un pico agudo de GlyP pre-
concentrado a partir de 1 uM hasta aproximadamente 820 uM. En (b) se comparan los factores de
preconcentracion para todas las combinaciones de electrolitos LE y TE, destacando un rendimien-
to inferior con MES como TE. En (c¢) se evaluaron efectos de matriz: la glicina no se incluye en
el stack de ITP, y los 4cidos oxalico y citrico se separan adecuadamente de GlyP usando acido
metilsulfénico como LE, aunque con un leve descenso en el factor de preconcentracion respecto
a HCI. Por esta razén, se seleccioné HCI como LE para los experimentos, y se propone el sistema

con acido metilsulféonico para muestras ambientales complejas.

3.4.3. Verificacion de la separacion mediante ITP-UV

Para verificar la migracion relativa del GlyP, el complejo [PV]y el PV libre, se reprodujo el

sistema establecido de ITP sobre papel en un equipo comercial de CE. El capilar fue inicialmente
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llenado con el LE, que contenia el complejo [PV], y posteriormente se introdujo el TE mediante
presion. Al aplicar la tension, se establecié un ITP dentro del capilar.

Los electroferogramas obtenidos demostraron una exitosa reproduccién de la separacion ITP
para concentraciones de 1 y 2uM de GlyP en el TE. La deteccion del GlyP se realiz6 de manera
indirecta mediante la absorcion UV del PV libre, liberado tras la disociacion del complejo [PV] en
presencia de GlyP [Yadav and Zelder, 2021]. Para ello, se monitored la absorcion a 596 nm para el
complejo [PV]y a 444 nm para el PV libre. Se observo una preconcentracion de GlyP proveniente
del TE, que se acumula en el frente del stack de ITP. Si bien la separacion es sensible a variaciones
del EOF debido al recubrimiento dindmico, no se realizaron ajustes adicionales para optimizarlo.
Finalmente, se observo una disminucion gradual de la linea base atribuida a la baja estabilidad del
complejo en el medio buffer, asi como una reduccion en la sefial en ambas longitudes de onda,

causada por la preconcentracion de impurezas antes de la llegada del GlyP.

3.4.4. Electroforesis sobre papel
3.4.4.1. Electroforesis capilar sobre papel

Se aplicaron 20 pLL de solucion de [PV] a la derecha de una linea imaginaria en el centro de
la tira. Luego, se agregaron 10 ul. de BGE y 20 pL de GlyP a la izquierda. Una vez llenados
ambos reservorios con solucion BGE, se aplic un campo eléctrico de 1500 Vm~!. Bajo estas
condiciones, el GlyP migré hacia el catodo con mayor velocidad que [PV], alcanzando la banda
del complejo colorimétrico. Esto dio lugar a la formacién del tinte libre amarillo y del complejo
glifosato-cobre.

La curva de calibracion mostrd una saturacion a partir de aproximadamente 400 uM de GlyP,
estableciendo el limite superior del rango lineal. Las diferencias respecto a la muestra de 1200 uM
fueron insignificantes, lo que sugiere que el rango 6ptimo de deteccion fue entre 100 uM 'y 400 uM,
utilizando una concentracion inicial de 175 uM de [PV]. El analisis de imagenes se realizd de
manera idéntica al empleado en los experimentos de ITP descritos en la Seccion 3.4.4.2. Aunque
se ensayaron concentraciones menores de GlyP, el valor de 50 uM estuvo por debajo del LOD,

estimado en torno a 100 pM, por lo que esta técnica no resulta adecuada para muestras ambientales.

3.4.4.2. ITP sobre papel

La técnica pCE mostré un LOD elevado para GlyP de 100 uM, mientras que en experimentos
por lotes se alcanzaron valores de 2,66 uM con deteccion por smartphone | Yadav and Zelder, 2021 |

y de 1 uM usando el espectrometro UV/VIS de alta gama. Por ello, se reemplazo pCE por la técnica
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ITP en papel, para permitir la preconcentracion. Se realizaron experimentos con concentraciones
de GlyP de 1, 2, 5y 25 uM, mas un blanco con buffer puro.

Durante cada experimento se analizaron imagenes seleccionando un area rectangular de 34 mm
x 3,3 mm, como se muestra en la Fig. 3.8a para la concentracion de 5 uM al tiempo inicial. En la
imagen inicial puede verse claramente la zona azul del complejo [PV] en LE, y una franja azul mas
intensa donde el TE con GlyP se encuentra con el [PV], debido al efecto de anillo de café.

A los 15 minutos de aplicar un voltaje de 400 V, se observa una clara preconcentracion de
GlyP, también en la Fig. 3.8a. Se identifican distintas zonas en la tira (ver Fig. 2.5¢): i) zona de
GlyP en TE, ii) zona mixta con complejo [GLP]y PV libre, iii) zona de [PV] en LE. La mezcla de
compuestos azules y amarillos dificulta una evaluacién visual directa.

Para un analisis completo, se construyeron matrices espacio-temporales para cada canal rojo-
verde-azul (RGB), promediando verticalmente las intensidades del area analizada en cada imagen,
y apilandolas temporalmente (Fig. 3.8b). Esto permite visualizar la dinamica del sistema en una

unica imagen.
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Figura 3.8: Resultados de deteccion de GlyP en el e-uPAD mediante ITP con deteccion
colorimétrica. (a) Fotografias al inicio y a los 15 minutos, con el area de analisis en ro-
jo. (b) Matriz espacio-temporal mostrando la dinamica del sistema. La linea punteada
indica la imagen promedio vertical (a), en t=15 min. (¢) Valores de AABS integrados
espacialmente, por canal, a lo largo del tiempo. (d) Curva de calibracion para multiples
concentraciones de GlyP (1, 2, 5 y 25 uM) usando el indice de absorcion integrada W.

La intensidad de cada canal RGB sigue la ley de Beer-Lambert:
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IRGB(JJ,t) _ I(])%GB(x)e—(ao-l-a[pV])d

donde IF%B(z) es la intensidad de la luz de fondo, ag y aqpy] los coeficientes de absorcion
del sustrato y del complejo [PV], respectivamente, y h el espesor del sustrato. Como apyjh =

BRGB[C] (pv](t), se obtiene:

log(I(, 1)) = log(Io(x)) — aoh + BP[Clipy(t)

Restando esta expresion en ¢ty en tg, se elimina la influencia de la luz incidente y del sustrato:

AABSTEE (2, t) = log(I(x,0)) — log(I(x, 1)) = BEF([Clipvy(t) — [Clipv)(0))

El complejo [PV] absorbe preferentemente en rojo y el PV libre en azul, por lo que AABSE
es proporcional al [PV] complejo y AABS?® al PV libre. En presencia de GlyP se incrementa
AABSP® y disminuye AABS. Esto se muestra en la Fig. 3.8¢c para 5 uM, donde AABS* crece
linealmente y AABS® disminuye.

Se construy6 una curva de calibracion usando el indice de diferencia de absorcién integrada:
U = [/ (AABS® — AABS®)dt, con t,.; = 900 s. En la Fig. 3.8d se presenta ¥ con barras

de error y ajuste lineal logaritmico.

3.4.4.3. Validacion de la preconcentracion

La validacién del factor de preconcentracion de GlyP en ITP en papel se realizé en dos etapas.
Primero, se efectué una calibracion depositando soluciones de GlyP a distintas concentraciones
sobre nitrocelulosa. Luego de secarse, el GlyP fue extraido y cuantificado mediante CE-MS, uti-
lizando como estandar interno glifosato-2-13C a una concentracién conocida de 6 uM. La com-
paracion entre la sefial de GlyP extraido y la del estandar mostré una eficiencia de extraccion de
aproximadamente 50 %.

En una segunda etapa, se llevo a cabo un experimento de I'TP en papel con una concentracion
inicial de GlyP de 1 uM. La tira de nitrocelulosa se dividié en cinco segmentos, los cuales se
analizaron por CE-MS. La mayor concentracion se detectd en la zona central, donde la relacion
de sefiales entre GlyP y el estandar fue aproximadamente 15. Como el estandar estaba presente a
6 uM, esto indica que la concentracion local de GlyP alcanzé aproximadamente 90 uM.

Teniendo en cuenta la eficiencia de extraccion del 50 %, se estima que la concentracion real

de GlyP en el papel fue del orden de 180 uM, lo que representa el factor de preconcentracion
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alcanzado. Este valor es una estimacion conservadora, ya que localmente podrian alcanzarse con-

centraciones aiin mayores.
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Capitulo 4

Conclusiones

En esta seccion se desarrollan las conclusiones que se han obtenido a través del desarrollo de

cada uno de los objetivos especificos de esta tesis, mencionados en la seccion 1.1.2.

1. Caracterizar sustratos porosos para mejorar modelos computacionales existentes.

La caracterizacion de sustratos porosos llevada a cabo en esta tesis permitié mejorar los mo-
delos computacionales empleados en el disefio y simulacion de dispositivos electroforéticos mi-
crofluidicos de papel. Mediante mediciones precisas del flujo electroosmotico en tres tipos de pa-
pel, se obtuvo un parametro representativo de cada sustrato que resulté fundamental tanto para su
seleccion en una aplicacion especifica como para integrar esta informacion al modelo numérico
mediante la estimacion del potencial (. Ademas, el desarrollo de un modelo multifisico facilit6 la
estimacion de parametros estructurales esenciales, como la porosidad y la tortuosidad, necesarios
para representar fielmente el transporte en medios porosos. Este modelo multifisico se construy6
a partir del uso de una distribucién de tamaiio de poros adecuada, que so6lo requiere de dos para-
metros experimentales para quedar completamente determinada. De esta manera, se obtiene una
descripcion mas detallada de la morfologia del sustrato sin incorporar una complejidad excesiva
en su representacion. Complementariamente, la medicion de movilidades electroforéticas permitid
ampliar la base de datos de analitos relevantes en e-uPADs, mejorando la capacidad predictiva de

los modelos y contribuyendo al disefio de sistemas analiticos mas robustos y eficientes.

2. Diseiar métodos y dispositivos analiticos electroforéticos basados en papel a

través del uso de modelos computacionales existentes.
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A través de la integracion de modelos computacionales con experimentacion, se desarrollaron
métodos analiticos y dispositivos electroforéticos en papel con un enfoque racional y optimizado.
En particular, en la evaluacion de movilidades electroforéticas en medios porosos se aplicaron dos
solvers complementarios: uno para el llenado capilar del dispositivo (porousMicroTransport)
y otro para simular el transporte electroforético de los analitos (electroMicroTransport). Es-
ta estrategia permitio interpretar adecuadamente los resultados experimentales y sent6 las bases
para avanzar hacia disefios mas complejos. En el caso del dispositivo orientado a la deteccion de
glifosato, estas herramientas numéricas fueron utilizadas para guiar decisiones clave de disefio y
operacion, lo que permitié implementar una técnica de preconcentracion isotacoforética efectiva,
de bajo costo y con buena reproducibilidad. De este modo, los modelos existentes no solo sirvie-
ron como apoyo teorico, sino como una plataforma central para el disefio y validacion de sistemas
analiticos funcionales. Estos desarrollos son de codigo abierto y estan disponibles para que la co-

munidad cientifica pueda utilizarlos y adaptarlos directamente a sus propias investigaciones.

3. Fabricar y probar los dispositivos disefiados en condiciones de laboratorio.

Los dispositivos disefiados se fabricaron empleando técnicas de microfabricacion tradiciona-
les, con control preciso sobre dimensiones y propiedades fisicas para asegurar su correcto fun-
cionamiento. Las pruebas experimentales, realizadas con equipamiento avanzado, confirmaron la
eficacia para la medicion de movilidad electroforética en colorantes y para la preconcentracion
isotacoforética de glifosato para su posterior deteccion. En particular, en la tesis se desarrollaron
dos técnicas experimentales novedosas para medir el EOF y la movilidad electroforética de colo-
rantes en papeles, las cuales permiten obtener con alta precision coeficientes fundamentales que la
comunidad cientifica interesada en el tema requiere para avanzar en sus investigaciones. Los resul-
tados evidenciaron que los dispositivos operan conforme a los principios planteados en el disefio,
mostrando reproducibilidad y sensibilidad adecuadas para aplicaciones analiticas. La combinacion
de tecnologias de fabricacion y métodos de caracterizacion avanzados garantizo un desempefio ro-
busto y confiable bajo condiciones controladas de laboratorio. Este proceso permitid establecer un
conjunto de técnicas y metodologias que no solo validan los dispositivos desarrollados, sino que
también sientan las bases para el desarrollo y diversificacion de futuras aplicaciones basadas en

plataformas e-uPAD, ampliando su potencial hacia nuevos campos de andlisis y diagnoéstico.

4. Evaluar diferentes métodos de deteccion de acuerdo a las caracteristicas de los

analitos, los métodos de separacion y el campo de aplicacion del dispositivo.
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Se evaluaron diversas técnicas electroforéticas para la separacion y deteccion de analitos en
medios porosos, considerando sus caracteristicas particulares, los métodos de separacion dispo-
nibles y el ambito de aplicacion de los dispositivos. En este proceso, los estudios con colorantes
constituyeron una base fundamental para el desarrollo de algoritmos computacionales de analisis
de imagenes que permitieron extender la metodologia a analitos mas complejos, como la medi-
cion indirecta de glifosato mediante pirocatecol violeta. Asimismo, se priorizo el uso de técnicas
de deteccion accesibles y de bajo costo, como la captura de imagenes digitales, para garantizar la
viabilidad practica de los dispositivos. Ademas, se compararon estos métodos con técnicas analiti-
cas de alta calidad y eficiencia, como la electroforesis capilar acoplada a espectrometria de masas,
encontrando que no se observaron pérdidas significativas en sensibilidad ni precision. En el ca-
so especifico del detector de glifosato, tras evaluar multiples métodos electroforéticos mediante
la herramienta computacional electroMicroTransport, la isotacoforesis se destaco por ofrecer
el mejor compromiso entre capacidad de preconcentracion y tiempo de deteccion, consolidandose
como la técnica mas adecuada para este analito en el contexto estudiado. Finalmente, es importante
destacar la relevancia de contar con un método de deteccidn sensible y de bajo costo para glifosato,
que, segun los resultados obtenidos en esta tesis, es factible y puede contribuir significativamente

a aplicaciones ambientales.

4.1. Publicaciones y presentaciones realizadas vinculadas

a la tesis

En el marco de esta tesis se han realizado diversas publicaciones y presentaciones que contri-
buyeron a la difusion y validacion de los resultados obtenidos. Estas incluyen articulos con referato
en revistas internacionales, donde se presentaron los avances y hallazgos, asi como presentacio-
nes en congresos nacionales que permitieron discutir y contrastar los resultados con la comunidad

cientifica especializada.

= G. S. Gerlero, S. Marquez Damian, F. Schaumburg, N. Franck, P. A. Kler. Numerical simu-
lations of paper-based electrophoretic separations with open-source tools. Electrophoresis,

42(16), 15431551, 2021.

= G. S. Gerlero, Z. 1. Guerenstein, N. Franck, C. L. A. Berli, P. A. Kler. Comprehensive nu-
merical prototyping of paper-based microfluidic devices using open-source tools. Talanta

Open, 10(100350), 100350, 2024.

= N. Franck, P. A. Kler, R. Urteaga. Numerical prototyping of paper-based isotachophoresis.
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Sesion: Flujo y transporte multifasico en medios porosos y microescala. Exposicion en con-
greso MECOM - Congreso Argentino de Mecanica Computacional. Universidad Nacional

de Resistencia, Chaco. 19(38):761, 2021.

= N. Franck, G. S. Gerlero, F. Schaumburg, R. Urteaga, P. A. Kler. Design of an Electropho-
retic Device for Dye Characterization. Sesion: Flujo y transporte multifasico en medios po-
rosos y microescala. Exposicion en congreso MECOM - Congreso Argentino de Mecanica

Computacional. Universidad Nacional del Sur, Bahia Blanca, Buenos Aires, 2022.

= N. Franck, G. S. Gerlero, F. Schaumburg, R. Urteaga, P. A. Kler. Development of a paper-
based microfluidic device for electrophoretic characterization of dyes. Exposicion en con-
greso MUFA - Congreso Argentino de Microfluidica. CNEA, Capital Federal, Buenos Ai-
res, 2022.

= N. Franck, P. A. Kler, R. Urteaga. Design of a pre-concentrator paper-based microfluidic
device with variable cross-sections. Exposicién en congreso MECOM - Congreso Argentino

de Mecanica Computacional. Universidad Nacional de Concordia, Entre Rios, 2023.

4.2. 'Trabajos a futuro

Una direccion relevante para el desarrollo futuro consiste en la extension del solver
electroMicroTransport mediante la incorporacion de reacciones quimicas acopladas al trans-
porte electroforético. Esta capacidad resulta fundamental para el modelado de una amplia variedad
de procesos de interés en microfluidica y quimica analitica. Entre los casos con validacion expe-
rimental disponibles se encuentra el dispositivo desarrollado para la deteccion de GlyP, basado
en la reaccion con PV. La inclusion de estas reacciones permitira simular de forma integrada dis-
positivos funcionales, asi como explorar nuevas configuraciones experimentales orientadas a la
deteccion selectiva de especies quimicas.

Asimismo, se identifica como una linea estratégica la integracion de las herramientas
electroMicroTransport y porousMicroTransport. Esta fusion posibilitaria el tratamiento
numérico de sistemas que combinan flujo electroforético, medios porosos no saturados y cinética
quimica, actualmente modelados en etapas desacopladas. Tal desarrollo permitiria una descripcion
mas amplia de fendmenos complejos en contextos experimentales realistas.

Adicionalmente, se prevé la aplicacion de las herramientas desarrolladas al disefio y optimi-
zacion de plataformas para electroforesis y deteccion de proteinas, como las implementadas en

técnicas del tipo Western Blot en dispositivos microfluidicos. En particular, trabajos recientes de-
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muestran el uso de medios porosos como geles de agarosa, para la separacion y posterior inmuno-
deteccion. Las metodologias numéricas abordadas en esta tesis poseen el potencial de contribuir al
disefio racional de estos sistemas, evaluando el impacto de la geometria, las propiedades del medio

y las condiciones de operacion. Estas lineas forman parte del plan de trabajo posdoctoral del autor.
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Abstract

A novel method for electroosmotic flow (EOF) measurement on paper substrates is presented;
it is based on dynamic mass measurements by simply using an analytical balance. This technique
provides a more reliable alternative to other EOF measurement methods on porous media. The pro-
posed method is used to increase the amount and quality of the available information about physical
parameters that characterize fluid flow on microfluidic paper—based analytical devices (WPADs).
Measurements were performed on some of the most frequently used materials for uPADs, i.e.
Whatman #1, S&S and Muntktell 00A filter paper. Obtained experimental results are consistent
with the few previously reported data, either experimental or numerical, characterizing EOF in
paper substrates. Moreover, a thorough analysis is presented for the quantification of the different
effects that affect the measurements such as Joule effect and evaporation. Experimental results
enabled, for the first time, to establish well defined electroosmotic characteristics for the three

substrates in terms of the magnitude of EOF as funtion of pH, enabling researchers to make a ra-
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tional choice of the substrate depending on the electrophoretic technique to be implemented. The
measurement method can be described as robust, reliable, and affordable enough for being adopted

by researchers and companies devoted to electrophoretic pPADs and related technologies.

Keywords: Paper-based microfluidics, Electrophoresis, Electroosmosis, Whatman #1.

A.1. Introduction

Paper-based electrophoretic separations have renewed its relevance due to the contemporary
expansion of paper-based microfluidic analytic devices (WPADs)[Salentijn et al., 2018]. Although
several attempts were made in the mid 20th century for the separation of serum proteins [Cremer
etal., 1950, Kunkel and Tiselius, 1951], and small inorganic molecules [Durrum, 1951, Grassmann
and Hannig, 1950], the advantages later shown by capillary and gel-based separations interrupted

the development of such techniques in paper substrates, for more than 70 years.

Hence, several research groups began developing electrophoretic uPADs (e-uPADs ) in the
last years. Paper-based electrophoretic separations have been demonstrated with different results
in terms of separation efficiency and detection limits. For example paper zone electrophoresis
has been proven for amino-acids [Ge et al., 2014] and small inorganic molecules [Xu et al., 2016,
Chagas et al., 2016] as well as isotachophoresis for increasing the efficiency of lateral flow anal-
ysis [Moghadam et al., 2014, Rosenfeld and Bercovici, 2014]. However, pPADs in general and
e-uPADs in particular suffer from poor repeatably, preventing this technology from finding new
applications in sensitive fields like point-of-care (POC) or food safety. Such lack of reproducibil-
ity, is attached to the high scatter of the physical parameters that describe the substrates, and de-
termine their behavior under fluid flow, mass transport and electric field actions [Schaumburg
et al., 2020b,a]. These parameters are the porosity (¢), tortuosity (7), permeability (K), dispersion
coefficient (s), and electroosmotic mobility (K.,) [Urteaga et al., 2018, Mirzadeh et al., 2020].
Although a detailed knowledge of the substrates seems to be necessary to develop reliable devices,
little effort has been done to characterize the the most common paper types used in e-uPADs. The
aforementioned set of parameters can be split into two groups. On one hand ¢, K, and s are con-
sistently informed with a remarkable reproducibility. On the other hand 7 and K., are scarcely
reported and with significant dispersion over their numerical values. Although this work focuses

on K, it is also of critical importance to develop similar studies on 7.

On a general basis, K., can be defined as the ratio between the mean electroosmotic velocity
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Ueo and the electric field £, i.e. [ Yao and Santiago, 2003],
Kep = —. (A.1)

For non-porous media (tipically capillary tubes or microchannels), when the electric double layer
is thin compared to the width of the channel, K, is given by the Helmholtz-Smoluchowski rela-

tion [Probstein, 2003]:

Keo = _é (A.2)

1

where e and p represent the electrical permittivity and viscosity of the solvent, while { represents
the electrokinetic potential, i.e. the potential difference across the electric double layer, which
depends on the material of the wall, polarity of the solvent, and, ionic strength and pH of the
electrolyte solution [Berli et al., 2003].

In contrast to equation A.2, extensively validated for capillary and microchip electrophoretic
separations [Damidn et al., 2019], there are only a few models of K, for porous media, mainly
based on modelling the paper substrate as a bunch of non-interconnected capillary tubes [Schaum-
burg et al., 2020a, Yao and Santiago, 2003, Rosenfeld and Bercovici, 2019]. In such models, the
¢-potential associated to electroosmotic flow (EOF) in paper substrates () plays the role of an
operational parameter, whose value condenses most of the assumptions performed by such models.
Recently, Schaumburg et al. presented a comprehensive model for electromigrative phenomena
in paper-based substrates [ Schaumburg et al., 2020a]. This model considers the e-uPADs material
as a set of tortuous capillaries, with a preferential direction for the flow and with an equivalent
section along the flow for each capillary. Using this model it is possible to arrive to an expression
for K.,; by considering the pressure gradient negligible, as it is the case of pure EOF on a single

paper strip (which is also the case of our experimental setup) such expression is:

PeCp

T2

K., =— . (A3)

Thus, K¢, can be obtained from ¢, provided that parameters characteristic of the substrate and
the fluid are known. It that regard, Schaumburg et al. validated their model with a ZE experiment
from literature, using 7 = 2.9 and ¢, = —15mV for Whatman # 1 filter paper, although parameters
were reported with a level of uncertainty higher than 50 %. Similarly, the scarce (;, values reported
calculated using other porous media models, also show great scatter. For instance, Rosenfeld and
Bercovici [Rosenfeld and Bercovici, 2019] obtained ¢, = —45 mV starting from an EOF measure-

ment in nitrocellulose at pH{ = 8. Also, Leung [Leung et al., 2010] obtained (,, = —12.5+6.5mV
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when pH = 3.7 for Whatman #1 paper using a fiber-pad streaming potential technique. To the
best of our knowledge, the rest of the reported numerical values for EOF characterization were
obtained using the electric current monitoring method for Whatman #1 or other filter paper with
similar pore sizes [Kunkel and Tiselius, 1951, Mettakoonpitak and Henry, 2018, Schaumburg et al.,
2019]. Different from capillaries or microchannels, using the electric current method for EOF mea-
surement in paper substrates is challenging and suffers from poor reproducibility. The uncertainty
and scatter of informed (;, and K, values show that substrate characterization is still not up to the
requirements of rational design of e-uPADs . The aforementioned problem uncovers the need of
a unique and accepted model for e-pPADs to enable researchers to associate EOF with an intrin-
sic (-potential at the solid-liquid interface in the microscopic level, and the need of a reliable and
robust method for the quantification of EOF in e-uPADs for direct estimation of K.
Consequently, in this work we present a reliable and affordable method for K, measurement.
We also present numerical values for K,,, with a conscious quantification of uncertainties, for
three different substrates with frequent use in e-uPADs : Whatman #1, S&S, and Muntktell 00A
filter paper. Besides the numerical values obtained for uncertainties a discussion is included to
identify and quantify possible deviations from the linear model in terms of evaporation and viscos-
ity changes due to the heating by Joule effect of the substrates. We also provide equivalent values
for (;, by using the model presented in [Schaumburg et al., 2020a] and finally gather such infor-
mation with previously reported values in order to provide readers for the first time (to the best of
our knowledge) with a reliable compilation of (;, values for the most frequently used substrates.
The presented EOF measurement method as well as the numerical values obtained will endow
developers with reliable data, which will allow rational design of e-uPADs, needed to tackle new

applications in sensitive fields like POC or food safety.

A.2. Materials and methods

A.2.1. Buffer solutions

In order to keep pH values constant during measurements Tris acetate (12 mM Tris - 22 mM
acetic acid, pH=4.78), Tris phosphate (6.3 mM Tris - 4 mM phosphoric acid, pH=7.02), and Am-
monium acetate (7 mM ammonium - 3.5 mM acetic acid, pH=9.29) were used as BGEs. All
compounds were purchased from Laboratorios Cicarelli (Reagent SA, San Lorenzo, Argentina).
All solutions were prepared with ultra pure water obtained from an inverse osmosis purifier (Os-
moion, Apema SRL, Villa Dominico Argentina). The pH and conductivity of solutions were cor-

roborated with ph-Meter (Adwa A12, Szeged, Hungary) and conductivity meter (Adwa AD 203,
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Szeged,Hungary).

A.2.2. Experimental setup

The proposed setup is based on the gravimetric measurement of the electroosmotic flow in a
paper strip placed over two parallel blades in the arrangement shown in the Fig. A.1. Here, the
middle blade is attached to a fixed support and the left blade is placed over a precision scale (Ohaus
Pioneer, Parsippany, NJ, USA). The scale records the change of mass distribution produced by the
EOF. This scheme amplifies the force over the scale and balances the effects of evaporation, as
will be explained in the next section. More graphical details about the setup and connections can

be found in the supporting information.

Paper strips were cut from disks (Whatman #1, grade No. 1, 120 mm discs; Munktell, 00A,
125 mm discs; S&S, 0859, 150 mm discs) into 58 mm long (L) and 20 mm width (w) pieces
following the machine direction [Elizalde et al., 2016]. Devices were fabricated by laser-cutting
(40W C'O, laser from Lasers Cuyana, San Rafael, Argentina) and hot lamination (DASA L.M330)
on both sides of the paper strip. At both ends, symmetric 9 mm space was intentionally left for the
liquid reservoirs by using a shorter lamination pouch on one side. Paper channels were laminated
using film pouches of 150 um thick (Binderplus, China) at 130 °C, at constant speed of 3.5 mm/s.
The back of the strip was attached to hydrophobic double-sided adhesive tape (Stiko, Silkstone SA,
Buenos Aires, Argentina), and placed over a glass slide settled on the top of the two thin blades,

following the scheme in Fig. A.1.

Electric potential on the range of + 100 — 500 V were applied across the reservoirs by using
two platinum electrodes keeping minimum contact with the liquid in the reservoirs to minimize in-
terference from buoyancy forces. It was supplied by a computer controlled electric source (Keith-
ley 6487 Picoammetter, Cleveland, OH, USA). This instrument can measure the applied current,
which allows estimating the electrical resistance of the circuit as a function of time. The polar-
ity was inverted periodically after 50 s in order to balance residual evaporation effects (see next
section), but also possible redox effects on electrode surface, such as bubble formation or elec-
trolyte exhaustion, among others. Temperature measurements were performed with an infrared
thermometer Testo 8051 (Neustadt, Germany). Mass measurement experiments were repeated at
least three times. Each experiment involved 6 to 10 voltage cycles. The scale digital output was

analyzed by using the open source tool GNU Octave [GNU Octave Online, 2022].
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A.2.3. Measuring principle

The stability of the glass slide in Fig. A.1 requires a zero net sum of the moments with respect

to the fixed support:
Ly — FsLo — Reds =0

where F) and F are the liquid weight in reservoir 1 and 2 respectively, Ry is the force measured
by the scale, and L1 and L4 are the lengths measured from the center of mass of each reservoir to
the fixed support (See Fig. A.1). In this equilibrium equation, the torque contributions of the paper
strip, double-sided adhesive tape and the glass slide are not considered as they do not change their

contribution during the measurement process.

Fixed
Support I ¥

F2

Figure A.1: Experimental setup used to measure EOF on paper substrates. A scale and a
fixed support holds the paper strip. Minus (black) and plus (red) signs indicate a possible
configuration for applying electric potential at reservoirs R; and Rs, respectively, gener-
ating EOF in the direction indicated by the blue arrow. This direction is alternated over
the experiments as it is described in section A.2.5.

When a positive electric potential difference A® is applied between reservoirs 1 and 2, after
a time period At, a mass fraction Am moves from reservoir 2 to reservoir 1. In this condition, a

new equilibrium situation is reached, i.e.:
(Fy — gAm)Ly — (Fy + gAm)La — Ryds =0

where R; is the new force measured in the scale. In this way, the variation in the scale R; — Ry =

AR can be calculated as:

ARs = gAm— = gAm—. (A4)

Since gAm is the force value that the balance would record when measuring a mass Am, i.e.
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the weight of Am, the ratio L/d results in an amplification factor of the measured weight. In
our experiments this factor is approximately 25. Simultaneously, this experimental layout allows
self-compensation of the mass variations at the reservoirs due to evaporation. Actually, if a mass

quantity Am, is evaporated simultaneously at each reservoir, the scale measurement variation will

be:

L1 — Lo

ARs = gAm,
g m ds

(A.5)

In this way, by choosing L; similar to Lo by symmetrically placing the reservoirs around the
fixed support, the variations due to evaporation can be canceled out. In any case, if any asymmetry
still persists, it is expected a constant change of the scale measure. If the direction of the EOF
is periodically reversed (changing the polarity of the potential), then it is possible to subtract this

effect from the measurements, as it is shown in the next section.

The electroosmotic volume flow rate Q por and Am are related through density p, i.e. Am =
pQrorAt; where Qpor = uporwh with h being the thickness of the paper strip. Combining

these definitions, eq. (A.4), and using Am = AR,/g one finally obtain,

Amd

_— A.6
whpAtL (A-6)

UpOF =

A.2.4. Calibration

The calibration procedure presented in this section is meant to obtain the amplification factor
L/ds shown in eq. (A.4). This coefficient could be calculated by direct measure of the distances
involved, however this will introduce a new error, since L; and Ly are measured from the fixed
support to the center of mass of the drops on the reservoirs. Here we propose a simple method to
overcome this issue. Initially, the glass slide is placed in position (i.e: the center of gravity of the
slide between the fixed support and the scale); once equilibrium is achieved, a buffer solution drop
of mass my is released on reservoir 1, noticing a change in the scale of mass Amj; = myq - L1 /ds.
At this time, the liquid starts to flow in direction to reservoir 2. When the fluid front reaches the end
ofthe laminated paper strip, a second drop of mass my is released on reservoir 2, with a consequent
change of magnitude Amgs = —my - Lo/ds. In this case the force on the scale decreases, given

the relative position of the reservoir 2 to the fixed support (See Fig. A.1).

Taking into account the mass change values obtained during the calibration procedure, the
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amplification factor can be readily obtained as,

Amg — A
Ljd, = Am1— Ams A
mg
In the experiments, the mass of the drops used at calibration, mg, was approximately 200 pg,
corresponding to a solution volume of 200 pL. Distances (L1 and L) from the center of mass of

each reservoir to the fixed support were about 25 mm. The distance between blades was approxi-

mately 2 mm, resulting in an amplification factor of approximately 25.

It is important to note that it is assumed that throughout the measurement process, the center
of mass of the liquid in the reservoirs does not change its position. This hypothesis is reasonable

since the shape of the liquid does not change substantially due to evaporation.

A.2.5. Data processing

Data acquired from mass measurements is processed in order to calculate the mass change ratio
Am/At from eq. (A.6) to finally calculate K., by means of eq. (A.1). Fig. A.2 A shows the mass
evolution obtained for a typical measurement using Whatman #1 paper at pH = 4.78, alternating
AP = £ 300 [V] every At = 50s. It is worth to note the positive and negative slopes after a At
period, which correspond to the polarity inversion of A®. Taking relative peak points at regular

interval of At, Am can be precisely accounted for.

Data series with positive and negative slopes are averaged separately and later combined to
obtain a single value. This procedure corrects the mass drift found in each experiment. A linear
trend is used to fit data-points. The initial and final 5 % of the signal is not considered to avoid
noisy data obtained around the abrupt voltage changes (inset in Fig. A.2 A). These sharp peaks are
produced by small bubbles detached from electrode surface generating a detectable force that is

measured by the scale.

In addition to the mass drift, Fig. A.2 shows a similar effect over the electric resistance, which

exhibits a decay (Fig. A.2 B).

Electric resistance has a transitory phase due to the reconfiguration of the electrical double
layer at electrode surfaces (resistance downward sharp peaks in Fig. A.2 B). It is worth to mention
that the described sharp transitory effects are kept out of the measurement results as far as they

occur in a region that is not considered for calculation.

The decay effects over mass and resistance measurements will be discussed in section A.3.3.

Finally, weighted arithmetic mean is used to estimate the ugop for each pH value.
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Figure A.2: Scale lecture (A), and electrical resistance (B) as function of time for Tris-
Acetic, pH = 4.78, A® = + 300 [V] and At = 50s, for Whatman #1 . The linear fit for
averaged mass signal is shown in the inset.

A.3. Results and discussion

A.3.1. Electroosmotic flow measurements

Fig. A.3 gathers the main results obtained with the presented experimental method, showing
the measured electroosmotic velocity and mobility as a function of electric potential for the three
different values of pH, in Whatman #1 paper.

A remarkable linearity is shown for low electric potential values, which reinforces the model
presented in eq. (A.3). In contrast, linearity decreases with high potential values, and the possible

causes for this deviation are discussed in section A.3.3.

A3.2. K., and zeta potential calculations

Table C.1 presents the results obtained for K., and (, by using egs. (A.1) and (A.3), respec-
tively. Reported values for K, were corrected from the deviations of the linear model, by consid-
ering the temperature increase due to Joule effect, with its consequent influence over the viscosity.
Such influence simultaneously affects electrical and rheological parameters of the system. The
reported values of K, obtained at room temperature (K ,0) are obtained from fitting the experi-

mental data with a model of heating by Joule effect. This model is discussed in section A.3.3.2.
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Figure A.3: Measured electroosmotic velocity (A) and electroosmotic mobility (B) for
different electric potentials using buffer solutions with variable pH in Whatman #1. Data
fit corresponds to eq (A.11), where K., is modeled using the non-linear model described
in section A.3.3.2.Uncertainty values represent the 95 % confidence intervals on the mean
using a Student-t distribution.

For the calculation of (;, by applying eq. (A.3), 7 = 2.9 was considered [Schaumburg et al.,
2020a] for all substrates due to the high uncertainty in literature about this parameter. Reliable and
robust measurements of 7 will be part of a future work. Substrate porosity was found by weighting
dry and wet substrates with known geometries.

As far as aqueous diluted solutions were used, we considered ;1 = 1.0 mPas at initial 23 °C

and a relative permittivity ¢ = 7.08 x 10719 C2/Nm?2.

K
¢ pH um Cp [MV]
Vs
Whatman 478 561 + 22 | —11.8+0.5
o 0.69 7 664 = 65 | 139+ 1.4
9.29 854 £ 92 | —17.941.9
478 537 + 95 | —16.6L2.9
lgginkte“ 0.47 7 510 + 40 | —169+1.2
9.29 512 - 68 | —158+2.1
478 81 + 35 | 27+12
S&S 0.42 7 214 £ 52 | 73+ 1.8
9.29 258 £ 56 | —8.8 = 1.9

Table A.1: (, potentials and K, obtained for different buffer solutions and types of sub-
strates used. Uncertainty values were calculated by using 95 % confidence bounds in fit
process by using eq. A.11
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Finally, the obtained values for ¢, were gathered with other values obtained from literature in
Fig. A.4. This figure reflects the reliability and robustness of the proposed method by consider-
ing the magnitude of the error bars, but also the monotonicity of the measured values with pH.
The behaviour of the other measured substrates is similar, i.e. K., and ¢, increase with pH, with
higher influence of pH for S&S, moderate for Whatman #1, and very stable conditions for Muntk-
tell 00A. In terms of magnitude of the flow S&S paper exhibits a very low K., which makes it
suitable for applications that require EOF cancellation or minimization. In the case of Muntktell
00A, its stability over pH offers good oportunities to implement techniques with broad pH range
operations such as IEF. Finally, Whatman # 1 paper offers a similar behaviour to closed chan-
nel materials such as glass or hydrophylic PDMS, working as a good starting point for adapting
traditional electrophoretic separations to paper-based substrates.

It is worth to mention here that the reported values for K.,y and (, correspond to those mea-
sured with pouch laminated paper substrates to minimize evaporation effects as far it is recom-
mendable for improving reproducibility. These reported values can be slightly modified when
working with bare substrates (without lamination) or different lamination materials, due to the
fact that lamination has a limited influence over the total fiber free surface that allocates electrical

double layer producing EOF.

pH
3 4 5 6 7 8 9 10
0 . 0
2 * 2
4 4
6} 6
8t 8
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>
E-10} 1-10
Lp

-20 : : : : : ‘ 20

Figure A.4: (,(pH ) values for different substrates. Square (ll [Leung et al., 2010]), circu-
lar (@ [Mettakoonpitak and Henry, 2018]) and rhomboidal (¢ [Schaumburg et al., 2019])
markers correspond to results obtained for Whatman#1 starting from bibliography data.
Triangular markers correspond to estimations performed with experimental data obtained
in this work for different paper types: Whatman #1 (»), Munktell 00A (¥) and S&S («0).
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A.3.3. Deviations from linear model

In order to account for possible error sources which deviate the obtained experimental values
from the linear model, in the following we describe different effects that are present in the setup
affecting the measurement process. We discuss also how to tackle or quantify such effects for

improving future setups.

A.3.3.1. Evaporation

Evaporation is an important effect to consider in measurements. It reduces reservoir volume
with time and affects measurements. However, the presented setup self-compensates the evapo-
ration effect as it was already discussed in section A.2.3. However, such effect can be quantified
in a calibration procedure by measuring the slope after the wetting front reaches the end of the
paper strip and waiting for the pores of the paper strip to be fully saturated as was described in
section A.2.4. Evaporation symmetrically affects both reservoirs, consequently, the scale will not
register any changes in this configuration. Nevertheless, a small effect is still present due to a
possible asymmetry of the relative reservoir positions relative to the fixed support. This residual
asymmetry is corrected by averaging positive and negative slopes as it is shown in Fig. A.2 A and

its inset.

A.3.3.2. Conductivity drift and Joule effect

In Fig. A.2B the electric resistance over time is shown for A® = 300V inverted periodically
every 50s. It can be seen there that the average value is decreasing over time. On a general basis,

such resistance is given by:
1 L

R =
P op Ap

(A.8)

where subscript p refers to paper, A, is the cross-sectional area and o), the electric conductivity.
Therefore, the time-dependent variations observed in Fig. A.2 B can be explained only through
changes in L, A, or o,,. Assuming that L and A,, are constant parameters over long time periods,
focus must be put on o, changes. For a paper substrate, completely wet with an electrolyte solution,

op can be calculated as [Schaumburg et al., 2020a]:
N .
O
_ 2
op=F 2; 25— (A.9)
‘7:

where F is the Faraday constant, ()’ the electrophoretic mobility, 27 the charge number and C7

concentration of the j—th species, respectively. By assuming a buffered system, C” is constant and
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the only variable parameter in eq. (A.9) is 7. If j is a small ion, a possible model for €2/ [Probstein,

2003] is:

) ¢
= . (A.10)
67 prd
where ¢/ is the charge, 7 is the hydrodynamic radius related to the size of the j-hydrated molecule.
Again, from this expression, the only parameter than can change its value over time is x. The decay
observed in the electric resistance as it is shown in Fig. A.2B must be due to the decrease of the
viscosity of the solution, due to thermal heating produced by Joule effect. Considering the electric

current and potential measured during the experiments, this effect is not negligible.

The power of heating is P = % and it depends on o, for each buffer solution. The maximum
value for P can reach up to 1W at A® = 500V. Such heating produces changes in bulk fluid
viscosity that are consistent with changes in electric conductivity. For example, surface temper-
ature measurements made in Munktell filter paper using an infrared thermometer, shows that for
AP = 400V, the temperature change is AT = 22 °C. In this process, the electric resistance varies
from 2.84 x 10° Q to 1.88 x 10° 2 respectively, obtaining a variation ratio of 0.66. Such ratio is
consistent with the expected decrease of the viscosity for the measured temperature range [Huber

et al., 2009].

As far as the temperature increase reduces the buffer solution viscosity and this in turn produces
the non-linear behavior of upor showed in Fig. A.3 at high voltage values. In order to quantify
this effect, a physical model that accounts for variations in rheological and electrical properties of
the electrolyte was developed. In the following, the main results for such model are provided. Full

hypotheses discussion and mathematical details can be found in the supporting information.

Based on such model, the final expression for K., related to the electric potential is:

2K
K - cop All
14+ V1—aAd? (A1)

The values reported in Table C.1 were obtained by using this model to fit data shown in Figure
A.3. Here, the parameter o gathers the thermal characteristics of the strip and electrical properties

of the buffer solution that determine the thermal behavior of the system, it can be calculated as:

4A

-t A12
“ = Twh'Ry (A-12)

where A measures the relative viscosity variation dependence with the solution temperature (about
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0.024 K~ [Huber et al., 2009] at ambient temperature), L and w are geometrical dimensions of the
paper strip (see Fig.A.1), Ry is the electrical resistance at room temperature and /' is the convective
heat transfer coefficient. As it was mentioned, the parameter o characterize, the system both in
terms of heat generation (due to Joule effect, through Rg), but also in terms of heat dissipation
capacity of the strip (through A’ and the rest of the parameters).

The values of a obtained from fitting the experimental data are in the range of 2.5 x 1076-
3.5 x 1079V —2. This values are consistent with the experimental value found for »’ of about
68 & 15 W/m?K and measured values of Ry around 0.5 M. More details about this calculations

can be found in the supporting information.

A.4. Concluding remarks

In this work, a novel measurement method for K., has been developed in order to tackle the
lack of information for developing robust and rational e-uPADs design. It has been demonstrated
along the paper that such method is robust, reliable, and affordable. Such robustness is partially
based on the fact that the setup auto-calibrates and self-compensates evaporation effects. All ex-
periments demonstrate to be reproducible with remarkable low scatter when compared to previous
works on e-uPADs. The experimental results obtained for K, are independent of the applied volt-
age for moderate field values. For high field values, Joule heating must be taken into account, and
it was found that the variation in the value of measured K, can be explained in a consistent way
with the decrease in the viscosity of the solution due to temperature increase. A model has been
proposed to describe the dependence K., with the applied voltage, finding a proper correlation
with the experimental data. From the obtained K, we derived (,(pH) values that are consistent
with those previously reported in the bibliography. Moreover, these K, and ¢, values allow data
driven decision making. For example, a e-uPAD designer might choose Munktell 00A paper, with
an almost constant K.,(pH ), if the pH of the solution is unknown or it is expected to change, but
still wants to keep EOF constant. Alternatively, Whatman #1 might be preferred over S&S paper if
higher EOF is required. Finally, we consider that this method is straightforward to be reproduced
for other groups devoted to e-uPADs development for the different paper or paper like substrates

used in the wide application field of such devices.
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Abstract

A multiphysic model that simultaneously describe different transport phenomena in porous
media is presented. The porous matrix is regarded as a bundle of periodically constricted tubes,
whose pore radius distribution is described by a probability density function (PDF). The mathe-
matical basis and the experimental validation of the model are reported. Two different materials
frequently used in paper-based microfluidics were used: Whatman #1 and Muntktell 00A filter pa-
pers. These substrates were studied by capillary imbibition, hydrostatic pressure-driven flow, and
electrical resistance measurements. Different PDFs were evaluated to represent the output of these
experiments, and their predictions were quantified by using a Chi-Square test. The model was
able to simultaneously describe the three transport phenomena by using the log-normal PDF with

two statistical parameters: mean and variance. The formulation avoids including the tortuosity of
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the flow path, which is commonly employed as an adjusting parameter. The multiphysics model
was also successfully used to calculate the parameters of single-physics models, such as Darcy’s
permeability and Lucas-Washburn diffusion coefficient. Furthermore, after obtaining a suitable
PDF, the proposed model can be applied to different porous materials, as well as to the design of

complex paper-based microfluidic devices that combine several types of papers.

Keywords: Paper-based microfluidics, Capillary flow, Fluid transport model, Pore radius dis-

tribution.

B.1. Introduction

Understanding the microstructure and physicochemical properties of porous media is of
great importance for several fields in order to carry out rational design and optimization pro-
cesses [Schaumburg et al., 2018a, Masoodi and Pillai, 2010, Gerlero et al., 2022]. Particularly,
microfluidic paper-based analytical devices (uPADs) have gained remarkable popularity with their
applications in chemistry, medicine, genetics, and cell biology, among others [Modha et al., 2021,
Tesfaye and Hussen, 2022]. However, currently there exists the need to accelerate the introduction
of uPADs into the market and public health systems. Reliable and useful mathematical models are
required to predict the behavior of uPAD under different operative situations, which involve phe-
nomena such as capillary imbibition, pressure-driven flow [Shen et al., 2021], electroosmotic flow,
and electric current [Mai et al., 2019, Franck et al., 2021], plus those related to the transport and
reaction of different chemical species. Porous media in general, and particularly paper substrates,
have being systematically studied for fluid transport and, over the last century, several mathemat-
ical models have been proposed together with attempts for experimental validation. The aim was
to define and characterize parameters that can act as intrinsic descriptors of pore structure and their
influence on the macroscopic behavior of porous media for fluidic and electric phenomena [Mac-
Donald, 2018]. In the pioneer works of [Lucas, 1918] and [ Washburn, 1921], paper was modelled
as a single circular and uniform cross section capillary tube. Later on, [Kozeny, 1927] modelled
the porous medium as a bundle of capillary tubes of equal length, with not necessarily circular
cross-section, neglecting the fluid velocity normal to the tube’s axis. More recently, [Bear, 1972]
represented the flow through a parallelepiped body of porous medium in a laminar flow regime,
with circular capillary tubes of fixed diameter, by using the Hagen-Poiseuille law, and [Scheideg-
ger, 1974] related the distribution of diameters of the capillary tubes to the pore size distribution.
During the last years, models composed of a network of interconnected capillary channels were

proposed [Gruener et al., 2012, Cummins et al., 2017].
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Regarding capillary-driven flow, numerous experimental works have been documented as in-
put for more complex interpretations of Lucas-Washburn dynamics. For example, [Bohm et al.,
2014] studied the influence of the fiber material and porosity on the efficiency of capillary-driven
flow of aqueous solutions. [Elizalde et al., 2016] made systematic wetting cycles and observed the
trends in the imbibition dynamics due to changes in the inner structure of Whatman # 1 paper. More
recently, [Lei et al., 2021] presented a model for the dynamics of capillary flow in periodically (si-
nusoidal) undulated channels, predicting the capillary rising dynamics. Additionally, the speed of
meniscus advance as a function of capillary radius (variable) was described by [Gorce et al., 2016].
A similar process was documented for electrical properties, as it is described in the first works of
[Archie, 1942], where the author proposed an empirical relationship that links the experimentally
measured factors to the electrical conductivity of both the saturated rocks and the solution inside
the void space. There were also different proposed relationships between the electrical conductiv-
ity of saturated porous media and pore fluid conductivity, like those based on effective medium
[Bussian, 1983], percolation [Ghanbarian et al., 2014] and cylindrical tubes [Herrick and Kennedy,
1994].

As it was mentioned above, an important number of mathematical models and the associ-
ated experiments have been presented in the literature, aiming to reproduce only a particular phe-
nomenon, such as Darcy flow [Mora et al., 2019], capillary imbibition [Piovesan et al., 2022,
Elizalde et al., 2016, Salama et al., 2021], electrical resistance [Mai et al., 2019], electroomotic
flow and electrophoretic migration [Schaumburg et al., 2020a], or advective non-reactive trans-
port [Schaumburg et al., 2018b, Urteaga et al., 2018]. With the aforementioned exceptions, most
of these models consider the paper porous structure as a bundle of non-interconnected capillary
tubes and, on a general basis, the idea requires three different parameters: (i) porosity (¢), which is
a direct physical parameter representing the fractions of void volume over the total volume of the
substrate; (ii) Darcy permeability (/K), which represents the constant of proportionality between
the pressure gradient and the fluid flow under Darcy flow conditions; and (iii) tortuosity (7), which
is defined as the ratio of the hypothetical average length of the capillary tubes to the length of the
substrate in the flow direction [Duda et al., 2011]. These three parameters clearly differ on their
nature and accessibility. While ¢ and K can be measured via several techniques [Berg, 2014,
Bear and Cheng, 2010], 7 is a mathematical abstraction attached to the hypotheses of the model of

non-interconnected capillary tubes [Liu et al., 2018, Cai et al., 2014, Duda et al., 2011].

It has been shown experimentally that capillary-driven infiltration in paper strips follows the
simple Lucas-Washburn dynamics, L? = Dt, where L is the position of the imbibition front at

time ¢ and is D a dynamic coefficient that depends on the characteristics of both the fluid and
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porous matrix. Actually, D is related to the Darcy permeability by D = KA P/u, where AP is
the driving pressure difference, and p is the fluid viscosity. Further descriptions of D in terms of

the paper microstructure require models for both K and AP.

The simplest physical representation of the porous space is the capillary bundle model: straight,
parallel, and not interconnected pores of hydrodynamic radius 7y, for which the permeability is
K= 7“,%/8. Concerning the pressure, the Laplace equation is adopted, AP = 2ycost/r. , where
is the surface tension, and 6 is the meniscus contact angle, and r.. is the capillary radius. Besides,
it is customarily assumed that 7, = 7. = 7pore, Where 7,0, 1s expected to be the actual pore radius
of the porous matrix. Then, the dynamic coefficient results D = 7y, ycost/(4). The practical
problem that emerges is that water infiltration in paper (namely Whatman #1, nominal pore radius
about 11xm) is much slower than the value predicted by the above expression. Conversely, the
effective pore radius (r.sr) that satisfies the experimental value of D is abnormally small (about

100nm).

A straightforward correction is the incorporation of the tortuosity 7, aimed to account for the
non-linear fluid paths of the cellulose matrix. Thus, considering 7.7y = 1"1007@/72 , the tortuosity
of Whatman #1 (rpore ~ 11pm) results 7 ~ 10, which is much larger than the expected for the
configuration of cellulose fibers in paper. A second drawback of this approach is that the tortuosity
values required to fit experimental data, strongly depends on the type of experiments (capillary
filling, pressure driven-flow or electrically-driven transport) |Ezzatabadipour and Zahedi, 2021,
Gerlero et al., 2021b]. It is therefore necessary to extend the existing models to a more general
multiphysic approach that represents several transport phenomena at the same time, while avoiding

the uncertain parameter 7 in calculations.

Alternatively, one may introduce the well-known concept of periodically constricted tubes:
a capillary bundle of parallel tubes, but now the pore radius is allowed to vary along the axial
direction. Considering capillary tubes with periodic step changes of radius, from 7,4, t0 7,4, and
vice versa, yields 7epp ~ (1, W(rs,..) [Berli et al., 2017]. For Whatman #1, assuming 7,4 ~
11um, one obtains 7,3, ~ 3.1um. Although these values are physically sound, one is still dealing
with a pair of unknown parameters (analogously to 7.5 = Tpore/T? ), Where at least one of them
cannot be measured. The problem is inherited from the ambiguous inclusion of the hydrodynamic
and meniscus radius in the model, as mentioned above. In fact, the fluid dynamic problem itself
suggests that there must be two relevant lengths characterizing the pore-scale geometry. In our
present proposal, we stay in the scenario of the bundle of capillaries with periodically varying

radii and include an innovative approach: the use of a probability density function to describe the

pore radius distribution. Mathematically speaking, we are still dealing with the determination of
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two parameters (the mean and variance of the distribution), but these characteristic parameters are
able to simultaneously represents four different transport phenomena (capillary filling, pressure-
driven flow, electric transport, and electroosmotic flow), which constitutes a substantial gain in the
route toward a generalized model of paper substrates.

The experimental validation was performed over two substrates frequently used in uPADs:
Whatman #1 and Muntktell 00A filter papers. We report measurements of capillary imbibition,
hydrostatic pressure-driven flow, and electrical resistance measurements. The proposed PDFs
were evaluated by quantifying their predictions for the three experiments using a x? test. The
alternative modelling here presented enables a more general approach for describing the paper
micro-structure with an arbitrary number of parameters. The model overcomes the previously re-
ported single-physics approaches and can be also used as a valid strategy for the simultaneous
estimation of several parameters that characterize the transport properties of paper, such as Darcy
permeability, Washburn constant, or zeta potential, from simple and reproducible experimental re-
sults. Moreover, after defining a suitable PDF for each paper, the behavior of ;/PADs that combine

different porous materials can be objectively evaluated.

B.2. Model formulation

Fig. B.1 presents a simplified scheme of the proposed configuration for porous substrates as

an arrangement of IV, parallel constricted tubes.

Figure B.1: Simplified scheme of the proposed configuration for a single constricted
tube. The structure randomly repeats IV, times, without interconnections between neigh-
bor tubes.

In this case, the function R(z) represents the constriction function, i.e. the tube radius as a
function of distance z (the main direction for the fluid flow and electric field). Following this

modelling strategy, the porosity can be calculated as:

_ N, fOL mR(z)%dx
AL

¢ (B.1)
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where A is the cross sectional area (commonly rectangular) and L is the length of the material

considered.

B.2.1. Hydrodynamic model

Considering that R(x) is smooth along the z—axis and neglecting inertial effects (intra porous
flow involves very low Reynolds numbers), one may use the Hagen-Poiseuille relation to calculate

the flow rate through a single pore ()}, as follows [Reyssat et al., 2008]:

APt
8 g fOL R(z)~4dz

Qn= (B.2)

where AP is the applied pressure difference and 41, is the liquid viscosity. Accounting for the IV,

pores present in the substrate, the total flow rate is Qg = N,Qj. Further, introducing Eq. B.1

yields,
APpA 1

Qu = 3 ¢L T P —) - (B.3)

pels [ R(x)2dzx [y R(x)~*dx
The n—th probability moment for the radius distribution is written as,
L
R(z)"d

< R" >= W (B.4)

Then, it is possible to define an equivalent hydraulic radius Ry as follows,

QuBueL \/ 1
= = B.5
R \| APoA <R Y><R?> B5)

which represents the capillary radius of a bundle of uniform tubes exhibiting the overall flow rate

Q. Equation B.5 relates quantities that can be experimentally measured (first equality) to a certain
combination of the probability moments of the radii distribution in the constricted tube model

(second equality).

B.2.2. Capillary imbibition model

Capillary imbibition in porous materials has been extensively studied for more than 100 years
and is currently an active topic of research [Cai et al., 2022, Piovesan et al., 2022]. Capillary

imbibition dynamics on a constricted tube (Fig B.1) has been analyzed by different authors and
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can be modelled as | Young, 2004, Gorce et al., 2016, Reyssat et al., 2008]:

L bdx ~v cos 0t ¢;
3 _ 1EOS TRl
[ ror [ ] =" (B

where ~ is the surface tension of liquid, 6 is the contact angle of the advancing meniscus in the

pores, and tz;;; is the filling time. Given that porous morphology is uniform along the imbibition
direction, i.e. the PDF is the same in all macroscopic regions, the definition of probability moment

(Eq.B.4) can be also used in an intermediate length scale [ (instead of L) to obtain:

/OL R(1)? [/Ol R?;J dl =< R~ > /OL RO

Moreover, a periodic radius profile can be used to estimate the last integral, taking R(x) = R(z +

nly), being n a natural number. If L > [, and nl, ~ L,

L nl n il
/ R(l)3ldlw/ pR(l)3ldl:Z/ " RO
0 0 i—1 (@

—1)1,

Considering that n is large, and the last integral is over one period, each term in the sum can be

approximated by < R3 > ilf, and:

L n 2

L

/0 Rl m< R* > 12) im< R > 5
=1

Using this approximation, Eq. B.6 results:

L?  ycosft

<R*><R>"~»n
2 dpu

(B.7)

Finally, it is possible to define an equivalent capillary radius R of uniform tubes that produces

the same infiltration rate:

2L2 11, 1
= = . B.8
¢ yeosbtry <R A><R3> (B-8)

This result is in accordance with previously reported calculations for sinusoidal constricted
tubes and infiltration of mesoporous films [Sharma and Ross, 1991, Berli et al., 2017]. In analogy
to Eq. B.5, Eq. B.8 relates measurable quantities to a particular combination of the probability

moments of the radii distribution in the constricted tube model. Moreover, after estimating R¢ the
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Washburn coefficient D can be calculated as [ Washburn, 1921]:

__ycostRc
2up

D (B.9)

B.2.3. Electric Model

Keeping the hypothesis that R(z) is smooth, the electric potential will be only function of
inside the tube. Also, if the electrical conductivity of fibers is negligible, the electrical resistance

of a bundle of NV, parallel tubes can be calculated as:

P / L da
PNy Jo mR(x)?
where p represents the electrical resistivity.

Introducing Eq. B.1, the electrical resistance results:

L L z
p [y mR(x)%dx [, ﬂg(x)Q

AL

R, =

Using Eq. 4 leads to the following relationship between the paper electric resistance and the prob-
ability moments:
A
R, <¢> =<R?><RZ%>. (B.10)
pL
The right hand side of Eq. (B.10) can be interpreted as a constriction factor (C') that always satisfies

C > 1, being C = 1 in the case of uniform tubes. Then, the electrical resistance of saturated

material is g—f‘, which represents an equivalent prism of resistivity p, section ¢ A, and length L.

B.2.4. Electroosmotic flow model

Electroosmotic (EO) flow is generated when a potential difference A® is applied to a saturated
porous material that is electrically charged at the solid-liquid interface. The EO velocity can be
calculated by the product of the EO permeability (K., = ;—i)l and the electric field (£ = A®/L).
Then, the EO flow rate for a single tube is [Probstein, 2005]:

Qeo =leomR? = wR2§E
1

Iwhere € is the electrical permittivity of the solvent and ( the electrokinetic potential.
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which can be rewritten as follows, after using Eq. 4,

e Ad
Qeo :/7 L dr
0 wR(z)?

Finally, considering N, pores, the EO flow measured in the porous substrate is [Franck et al.,

2021]:

¢ AD  GAL

@0 = QeolNy wL<R2><R2>
eCHA 1
= AP
i, <R2><R?>

It is worth to mention here that one cannot determine the probability moments by a direct measure-
ment of () o, unless the ¢ potential is known beforehand. However, since the expression for the

probability moments agrees with the proposed for the electrical model, the term can

1
<R™Z><R?>
be obtained from electrical measurements and, consequently, the  potential could be determined

from EO flow experiments (see section B.4.3).

B.3. Experimental

B.3.1. Materials

Three types of experiments were conducted, wich are outlined in Fig. B.2 and described in the
following sections. Paper strips were cut from disks (Whatman #1, grade No. 1, 120 mm disc,
Cityva, Marlborough, USA; Munktell, 00A, 125 mm disc, Munktell Filter AB, Falun, Sweden)
following the machine direction [Elizalde et al., 2016]. A solution of Tris-Acetate (12 mM Tris -
22 mM acetic acid, pH=4.78) was employed for electric experiments. Solution was characterized
with a conductivity meter (Adwa AD 203, Szeged, Hungary) and electrical resistance was mea-
sured with a Picoammeter/Voltage Source (Keithley 6487, Cleveland, OH, USA). Devices were
fabricated by laser-cutting (40 W CO; laser, Lasers Cuyana, San Rafael, Argentina) and hot lami-
nation (DASA LLM330) on both sides of the paper strips using 150 um thick pouches (Binderplus,
China) at 135 °C, at a constant speed of 3.5 mm/s. This setup minimizes the effects of evaporation
on measurements. At both ends, symmetric 9 mm spaces were left for liquid reservoirs, by using
a shorter lamination pouch on one side. A precision scale (Ohaus Pioneer, Parsippany, NJ, USA)
was used for fluid dynamic and surface tension experiments. Acetic acid and tris were purchased
from Laboratorios Cicarelli (Reagent SA, San Lorenzo, Argentina). All solutions were prepared

with ultra pure water obtained from an inverse osmosis purifier (Osmoion, Apema SRL, Villa Do-
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minico Argentina). The same water was used for hydrostatic pressure-driven and capillary-driven
experiments. Highly hydrophobic double-sided adhesive tape (Stiko, Silkstone SA, Buenos Aires,
Argentina) was used to fix the paper strips in all experiments. All measurements were made under

controlled room conditions: 24 °C and 50 % relative humidity.

Figure B.2: Experimental setups of three different measurements: hydrostatic
pressure-driven flow (a, b), capillary-driven flow (c), and electric current through the
saturated paper (d).

B.3.2. Hydrostatic pressure-driven flow experiments

In this section the experiments associated with Eq. B.5 are presented. The experimental
setup employed is shown in Fig. B.2a and B.2b, which is similar to the one used in a previous
work [Franck et al., 2021]. A scale and a system of blades were used to amplify the measured
weight of liquid in the reservoirs. The liquid was driven by the action of gravity through the in-
clined ramp draining the upper reservoir and filling the lower one. One blade was attached to a
fixed support and the other one was placed over the scale. In this configuration, the scale records
the change of mass distribution produced by the liquid flow in the paper strip. This scheme ampli-
fies the force over the scale and balances the effects of evaporation, as it will be discussed below.
The paper strip of length L, width W, thickness h was tilted at the angle 6 (Fig. B.2a). The blades
were separated by a distance d, and the center of mass was located at a distance d; from the fixed
blade (Fig B.2b). The mass variation actually recorded by the scale was determined by the flow
of liquid between the reservoirs (AMp) and the change in mass due to evaporation (A M., ) that
occurs at each reservoir, which was assumed to be identical on both sides. It is important to note
that these phenomena were not equally amplified by the experimental scheme. While the flow

between the reservoirs was amplified as,

L
AMH = AMy c;s@} (B.11)
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where superscripts and subscripts denote mass change with and without amplification, respectively,

the mass change due to evaporation was amplified as,

d
AM® = AMeva. (B.12)

Then, the change in mass effectively recorded by the scale AM*® is given by:
AM*® = AM" + AM®.

It is worth to note that the amplification factor in AM®’ can be minimized by selecting a small
value of d (placing the reservoirs symmetrically to the fixed support). Moreover, the amplification
factors in Egs.B.11 and B.12 can be experimentally evaluated by a calibration procedure [Franck
et al., 2021]. A known mass of liquid AMj was added to the reservoir 1 (Fig. B.2b) and the mass
increase in the scale AM# was registered. Alternatively, the same mass was added to the reservoir

2 and the mass variation AMP? was registered. Then, the amplification factors were calculated as:

Lcos0 B AMA — AMB

p N (B.13)
and \
d;  (AMB — AMA) 335 +1 B.14
d 2AMO 72%2 +1 '

Details about of the derivation of these expressions can be found in the Supplementary Information.
For the experiments presented in this work, typical amplification factors were LCTOS‘Q ~ 25 and
%f ~ 0.5. In order to determine A M., the complete system was supported by the scale by setting
the two blades over the scale plate, thus the registered mass change was 2A M,,. Consequently,

the volumetric flow rate Qg7 can be calculated by

AMpy
=— = B.15
Qu="%; (B.15)
and the pressure difference AP can be related to the height difference by:
AP = pgLsinf. (B.16)

Finally, the values calculated through Eq. B.15 and B.16 can be replaced in Eq. B.5 to obtain the
Rpy.
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B.3.3. Capillary imbibition experiments

In this section the experiments associated with Eq. B.8 are presented. The employed experi-
mental setup (Fig. B.2c¢) is similar to the one used by [Elizalde et al., 2016]. In these experiments,
the wetting front position is recorded over time, which enables the calculation of the effective cap-
illary radius R¢c (Eq. B.8). To determine R, the contact angle was considered as § = 0 [Elizalde
et al., 2016] and the effective surface tension of the deionized water in paper, v = 40 x 1073 N/m.
This value of surface tension is smaller than the obtained for pure water (~ 74 x 10~3 N /m), prob-
ably due to the dissolution of some components present in the paper fibers [Elizalde et al., 2016].
The effective surface tension was obtained through additional experiments, which are reported in
the Supplementary Information.

Ten rectangular paper strips for each type of paper were laser cut 10 mm width and 30 mm
length and were mounted over a glass support. Hydrophobic double-sided adhesive tape was placed
at the ends to fix the strips and to delimit the water reservoir. The strips were arranged keeping an
air gap between the glass avoiding edge effects that could alter the imbibition flow [Schaumburg

and Berli, 2019].
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Figure B.3: Calibration process (blue line), determining AM# and AM® variations
when known volume droplets are placed in reservoirs A and B respectively. This
procedure can be used to obtain amplification factors of the system. Stabilized region
(black dots) can be used to measure the flow rate through the paper strip.

Experiments were recorded by using a high resolution digital camera (Canon EOS 1000D). The
microfluidic strips were placed horizontally and back-lit with a white LED lamp where irradiation
was kept on a low value to avoid temperature increase. The camera was placed vertically at a
distance of 30 cm, connected to a PC, and set to burst mode. The spatial resolution was 36 pm and

the time resolution was 12 frames per minute. Experimental runs start when a small volume of
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deionized water was poured into the inlet reservoir. Image postprocessing to extract the fluid front
position as a function of time was implemented as follows: (i) the area of interest was taken as the
central 90% of each paper strip width to avoid edge effects; (ii) paper strip area was processed to
obtain a normalized grey scale matrix. The procedure involves subtraction of the first image to each
image and then normalization by the last one. The resulting matrix was laterally averaged, thus
obtaining a longitudinal saturation profile; (iii) the front position in each profile was determined at

25 % of saturated luminosity value.

B.3.4. Electrical resistance experiments

In this section the experiments associated with Eq. B.10 are presented. Electrically-driven
measurements were carried out to determine the resistance of the saturated paper ( Fig. B.2d). Dif-
ferent electrolyte solutions were used to measure different free solution conductivities, in order to
improve the estimation of the left hand side (LHS) of Eq. B.10. Platinum electrodes were con-
nected to the liquid reservoirs, and a constant difference potential was applied through the paper
strips, which were 10 mm width and 40 mm length. Low voltages (= 10 V ) were used to minimize
the effects of both Joule heating and EO flow. Free solution liquid resistivities (p) were measured
with a conductivity meter. To extend the range of solution concentration that can be used in the
experiments, electric resistance was measured in a calibrated capillary by applying 10 V difference

potential using platinum electrodes.

B.4. Results and discussion

B.4.1. Experimental results

Hydrodynamic experiments were performed as discussed in section B.3.2 to assess the LHS
of Eq.B.5. Figure B.3 present the results of these measurements. The first part of the plot, colored
in blue, corresponds to the calibration of the system. After completely filling the paper strip with
water (not shown in the figure), two 50 uLL drops were consecutively placed in the upper reser-
voir. The scale measured a mass increase AMA! and AMA? respectively. The opposite occured
when the drops were placed in the lower reservoir: a reduction of the mass was recorded. The
amplification factors can be determined by averaging the measured values of AM“4, AMP and
using Egs. B.13 and B.14. Afterwards, the liquid steadily flowed from the highest to the lowest
reservoir, while data were recorded over time (black dots), after a small initial step allowed for

system stabilization. The curve slope was determined with a linear fit (red line) and then used to
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obtain Ry in Eq. B.5.
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Figure B.4: Fluid front position as a function of square root of time, for the capillary
filling of Whatman #1 and Munktell 00A papers along the machine direction. Different
slopes indicate typical variations of R and D values obtained in identical paper strips

(Egs. (B.8) and (B.9), respectively).

The measured AM? value in this case was ~ 3.4 x 10~*g/sec. The mass flow and evapo-
ration amplification factors were 29 and —0.69, respectively. The negative sign of dy means that
the reservoirs center of mass is at the right of the fixed blade (Fig. B.2b). Certainly, the center
of mass of the whole system is however between the blades to ensure mechanical stability. Fur-
thermore, the AM,, measured in this case was 3.33 x 10~° g/sec. It is important to note that
this value is comparable to, even larger than, the hydrodynamic flow rate through the paper strip
(AMp =1.25 x 107° g/sec) obtained from Eq. B.11. The proposed experimental setup allows
one to clearly distinguish between both magnitudes given the high ratio between the respective
amplification factors.Capillary filling experiments were performed as discussed in section B.3.3
to asses the LHS of Eq. B.8. Figure B.4 shows several experiments of the fluid front imbibition
dynamics for different substrates (Whatman # 1 and Munktell 00A). The squared position as a
function of time shows a linear correlation (L? = Dt), as it is expected for systems satisfying the
the Lucas-Washburn law ([Lucas, 1918], [ Washburn, 1921]). In fact, the slope in this figure can
be associated with a diffusive coefficient D (known as Washburn coefficient) that depends on the
paper substrate and physical properties of the liquid (Eq. B.8). The measured values are summa-
rized in Table C.1. Two groups of lines can be identified in Figure B.4, which correspond to the
different paper substrates. The dispersion of D values for each paper corresponds to that found in
previous works [Elizalde et al., 2016], which is around 7%. The average of D values, however,

are smaller than those found on such previous work, due to the use of laminated paper strips on
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both sides, which modifies the imbibition dynamics.

The last set of experiments corresponds to the electrical conductivity measurements made for
both capillary tube (free solution) and paper substrates. The results obtained via direct measure-
ments with the conductimeter and through the capillary matched those theoretically predicted for
the electrolyte concentration at room temperature. Figure B.5 shows the results for several elec-
trolyte solutions with different conductivities. The linearity of the plot indicates good data corre-

lation, as well as negligible interference from Joule heating effects or EO flow.
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Figure B.5: Calculated free flow conductance as a function of the electric conductance in
Whatman #1 substrate. Constriction factor (C) can be obtained from the slope of the
linear fit, according to Eq. (B.10).

B.4.2. Pore size distribution

Three different PDFs were tested in order to optimize the description of pore size distribution:
(i) bimodal distribution consisting in two delta Dirac’s functions that represent the radii with an
equal probability of occurrence ; (ii) arcsine distribution, which models radii as an oscillating sine
wave between R4, and R, ); and (iii) log-normal continuous probability distribution. Fig. B.6
a and b show an schematic representation of these distributions. These distributions can be com-
pletely characterized by two free parameters, and they were have been previously used to describe
similar systems [Sharma and Ross, 1991, Berli et al., 2017, Lei et al., 2021, Apostolopoulou et al.,
2020, Aramideh et al., 2018]. Bimodal and arcsine distributions have the advantage of being phys-
ically and mathematically simple; both density functions can be analytically handled. However,
the range of pore sizes they can explore are bounded (discrete in the case of the bimodal), which
limits the description of the pore morphology arising in paper substrates. On the other hand, the
log-normal distribution is more complex to handle, but it entails the possibility of wide and con-

tinuum variations of pore sizes (Fig. B.6 a), which allows one to reproduce the geometry of the
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substrate with greater precision. The log-normal distribution will be further described next; while
the description both bimodal and arcsine distributions are reported in the Supplementary Informa-

tion.

g F_-T- I
8 Rmin Rmax I
£ o
i g g EE—
Rmin R Rmax
: T il
£
3§ Rmin Rmax 3
) Lo o o TES————
Rmin R Rmax
©
: [ |
Z 5 flow R - Il \Whatman #1
S Bl Munktell
R
0 5 minw) 10 15
a b c

Figure B.6: PDFs explored in modeling: (a) plots of probability densities as a function of
radius, (b) schematic representations of pore shapes and characteristic radii, (c)
performance of each PDF to describe experimental data from two different substrates, as
characterized by the ? test.

The log-normal PDF is defined as:

1 _ (nR—)?

- Rov/ 27r6 - B

f(R)

where the random variable R represents a specific radius. The parameters u and o define the

arithmetic mean (E[R)]) and variance (V ar[R]) as follows:

2

E[R|=ettT =X (B.18)

Var|R] = e2nta” (602 - 1) (B.19)
To evaluate the performance of the model with this radius distribution, a figure of merit M was
constructed using the predicted results for the three performed experiments. The measured values
of Ry, Rc and C were compared against the model predicted values Ry (i1,0), Ro (i, o) and
C'(u, o), respectively, for different combinations of 1z and o. Each predicted value can be calculated
using the PDF to evaluate the probability moments (Eq. (B.4)) in Egs. (B.5), (B.8) and (B.10),
respectively. The differences were weighed by the experimental dispersion of each magnitude to

obtain a Chi-square type distribution [Press et al., 1986]. The final expression of the figure of merit
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was,

]\4('u O') — (RH - RH(HaU))Q + (RC - RC(ua 0))2 + (C - C(M7U))2

’ Var|Ryg] Var|R¢] Var|C]
Since there are three measured values and two free parameters, this distribution has a degree of
freedom of one, in which the 95% confidence level region is achieved for values of M < 3.84

[Abramowitz and Stegun, 1965].
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Figure B.7: Contour map values of M using the log-normal distribution for Whatman #1
(a) and Munktell 00A (b). Solid lines indicate the values for which the parameter
combination of PDF reproduces the experimental results of iy (orange line), R¢ (red
line), and C' (green line). The colored (blue) region corresponds to M < 3.84, which
represents the 95% confidence region for the predicted parameters. The insets on the left
show the optimal log-normal PDF that produce the minimum value of M.

Figure B.7 shows contour maps of M obtained by using the log-normal distribution, for the
two paper substrates. The results are presented in the transformed variables X and \/W[R] /X
for a better visualization. This configuration also enables a direct comparison to other probability
distributions (see the Supplementary Information for details). The minimum M values obtained
for different PDFs are shown in Fig. B.6d for the two paper substrates. From these results, it
is clear that the log-normal distribution has a better performance to simultaneously represent the

response of the three experiments. The optimum parameter combination (minumum M) can be
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used to obtain the model prediction for each experiment. The overall results are summarized in
Table C.1. Also in Figure B.7, the combinations of ;1 and o that satisfy Ry — Ry (u,0) = 0
(orange line), Rc — R (1, 0) = 0 (red line), and C' — C(p, o) = 0 (green line) are shown. These
lines indicate the regions where the model independently reproduces each experimental result.
The blue colored zones are limited by M < 3.84 and indicate the 95% confidence regions for the
predicted parameters. Ideally, all the three lines should cross in a single point, which means that for
different experiments the model predicts the same radius distribution, with an unique combination
of mean radius and variance. The distance between the crossing points is an indicator of the model
accuracy for the chosen PDF. Particularly, electrical measurements (vertical green lines) indicate
that the factor C' is independent of the mean value of the distribution X. In fact, a multiplicative

factor in the distribution radius does not change neither C' nor the \/Var[R]/X parameter.

On the other hand, results from capillary-driven flow (red line) and hydrostatic pressure-driven
flow (orange line) depend on both variables. Regarding paper substrates, one observes that data
cloud for Munktell has a larger error than for Whatman #1, which means that the model capture
the experiments with lower fidelity for Munktell than for Whatman #1. In fact, the minimum of
the function M determine the PDF parameters that better describe the experimental data. In the
case of the Whatman #1 paper, the minimum corresponds to 4 = 1.12 and ¢ = 0.52, which in
turn correspond to X = 3.5 um and \/W[R] = 6.1 um (see the inset in Fig. B.7a). In the
case of Munktell paper, the optimum values are ¢4 = 1.65 and 0 = 0.586, which correspond to

X =3.5um and /Var[R] = 15.5 um (see the inset in Fig. B.7b).

B.4.3. Comparison between different models

In order to emphasize the advantages the multiphysic model, we present the direct link be-
tween the PDFs and some well-known parameters from single-physics models, such as Darcy’s
permeability K, Washburn coefficient D, and electrokinetic potential (. Additionally, the con-
striction factor (C'), the equivalent radii for hydrodynamic (Rg) and capillary phenomena (R¢)
are reported for both substrates. To summarize this information, two types of data are presented
in Table C.1: (i) from measurements, with values and uncertainties related to each set of experi-
ments (Measurement) and (ii) from model, using the best fitted values according to minimum M
(Model prediction). The results in Table C.1 show that the deviations between the measurement
and the model predictions are relatively small, most of them within the range of the measurement
uncertainty. It is worth to mention here that the model captures the fact that Ry is about ten times

larger than R in paper substrates.
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Table B.1: Parameters for single-physics models related to different radii statics in the
present work. Electroosmotic permeability (/K .,) was obtained from [Franck et al., 2021]
for pH=4.7 solution at £ = 2.5kV/m.

Substrate Whatman #1 Munktell 00A

Model Model

Magnitude Definition Measurement predic- Measurement predic-
tion tion
Equivalent hydrodynamic radius [um] | Rpg= Wld%% 0.86 + 0.08 0.79 1.14+0.1 0.93
Darcy permeability x 10~14[m?] K:% 9.34+0.9 7.8 1341 10.9
Equivalent capillary radius [pum] Rczm 0.089 + 0.008 0.096 0.064 + 0.006 0.07
Washburn coefficient x 10—6 [mT:] D:% 1.8+0.2 1.9 1.3+0.1 1.4

Constriction factor C=<RZ>< R 2> 2.6 £0.3 3.1 3.3+0.3 4

Zeta potential [mV] CPZK%(‘;EC 2.84+0.3 3.3 5.34+0.5 6.4

This apparent discrepancy, which is known in the microfluidics community [Alava et al.,
20041], is inherent to the extrapolation of capillary-driven flow models from single tubes to porous
media: the main pitfall is considering a unique pore radius for both Laplace pressure and fluid
resistance. Regarding EO flow, one may note that the value obtained for the constriction factor is
comparable to the value of tortuosity calculated for electrokinetic and EO phenomena by [Gerlero
et al., 2021b], while being different to those predicted for fluid transport [Matyka et al., 2008]. Fi-
nally, it is necessary to remark that these reported values correspond to both sides laminated paper,
and could differ from other results where paper was not laminated or single side-laminated [Noh

and Phillips, 2010, Elizalde et al., 2016].

B.5. Conclusions

This paper proposes an innovative approach that considers the pore space as a bundle of peri-
odically constricted tubes modelled through a PDF of the porous radii, which can simultaneously
represent four different transport phenomena in porous substrates: capillary filling, pressure-driven
flow, electric transport, and electroosmotic flow. The mathematical basis of the model were de-

scribed and the model predictions were experimentally validated by using well-known filter pa-
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pers. The proposed model enabled the characterization of porous substrates by means of a reduced
number of parameters (two free parameters describing the radius distribution). In relation to single-
physics models, the multiphysics approach avoids the concept of tortuosity (7), which is normally
used as an adjustment variable. Although 7 is a widely used parameter, its value strongly depends
on the experiment under consideration and can be much larger than expected for the paper mor-
phology. In contrast, the constricted tube model can reasonably reproduce the results obtained in
all the experiments studied using a single PDF.

Typical parameters values for Whatman #1 and Munktell 00A papers are provided for double
laminated substrates aimed to improve the prediction capability of most of u-PADs developers
working with such materials. The fact that fluid and charge transport phenomena are satisfacto-
rily described by a single topological scheme confirms that the proposed model entails a more
generalized view of the underlying physics.

This model’s feature definitely improves the prediction capabilities because, performing only
two of the proposed experiments, a given substrate can be fully characterized for any of the studied
processes (capillary filling, pressure driven flow, electroosmotic flow, and electric current driving).
Furthermore, after having characterized different substrates, developers can use different combina-
tion of papers for creating arbitrary multi-substrates arrangements. The behavior of these complex
heterogeneous ©uPADs can be predicted through an equivalent PDF made as the weighted sum of
single paper PDFs. Finally, it is important to note that the proposed model can be applied to porous

media different from paper by simply selecting the suitable pore distribution function.
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Abstract

Developing paper-based electrophoretic methods involve dealing with significant uncertainty
levels when compared to their capillary counterparts. Critical information for developing these
kinds of methods are the electrophoretic mobility of background electrolytes and samples. This
work presents the design and characterization of a device for measuring the electrophoretic mo-
bilities of dyes in porous media. The device was developed with the aim of validating a previ-
ously presented model and also proposing a protocol for the straightforward determination of elec-
trophoretic mobilities in porous media when open-channel values are already known. Whatman
#1 paper was used as a model substrate as far as it is the most common porous medium substrate

for paper-based electrophoresis. The device was designed using a numerical simulation—assisted
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approach, utilizing OpenFOAM® and specific solvers for capillary transport and electromigra-
tion, namely porousMicroTransport and electroMicroTransport respectively. The elec-
trophoretic mobilities of five dyes were analyzed experimentally with the proposed device. To
establish appropriate comparative values at different pHs, experiments in fused silica capillaries
were also performed. An effective parameter model for describing the electrophoretic behaviour
of dyes in porous media, i.e. the constriction factor, was found consistent with previous reports for
the Whatman #1 paper. This consistency was found after considering (via direct measurements)
the chromatographic effect of the medium over each dye. Consequently, the recorded values hold
significant worth due to their potential for direct application in designing new experiments or de-
vices in Whatman #1 paper. With the validation of the model through the experiments with the
proposed device, those researchers interested on developing electrophoretic methods in porous sub-
strates can make use of the open-channel electrophoretic mobilities reported in the literature, or in
the well-known software databases, and correct them for the media of interest just by performing

two simple characterization steps.

C.1. Introduction

Understanding the electrochemical properties of analytes is of great importance in several sci-
entific fields where analytical chemistry is involved [Gerlero et al., 2021b]. The precise character-
ization of molecules is essential to carry out rational designs of biosensors to determine analytes of
interest in biological and environmental samples. Recently, paper-based electrophoretic microflu-
idic analytical devices (e-uPADs) have become relevant for the analysis of proteins [Hennig et al.,
2021], DNA [Rosenfeld and Bercovici, 2018], blood [Sena-Torralba et al., 2021] as well as envi-
ronmental analytes [Kung et al., 2019, Casado-Carmona et al., 2019]. One of the challenges faced
when designing these devices is the uncertainty of the physicochemical properties of the analytes,
buffers, and solvents when they interact inside a porous medium [de los Santos-Ramirez et al.,
2023]. For this reason, reliable and validated models are necessary in order to take advantage of
all the information available for open-channel systems, e.g. electrophoretic mobilities reported
in the well-known software databases [Hirokawa et al., 1983]. Such models are not abundant in
literature, but their number is growing in the last few years [Franck et al., 2022, Novotny and Gas,
2021].

In parallel to the broad range of applications of e-uPADs [Schaumburg et al., 2020b], such
technology also offers a wide range of detection techniques [Nguyen et al., 2020]. However,

for easy and fast point-of-need applications, instrument-free detection techniques are desirable
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[Schaumburg et al., 2022]. In this sense, as it was for the pioneering pregnancy tests, colour-based
detection systems clearly represent such a paradigm|Wu et al., 2022]. However, as it was exten-
sively discussed in the literature, the development of most paper-based microfluidics technologies
was based on empirical methodologies [Schaumburg et al., 2018b], conspiring with their reliabil-
ity and analytical robustness [Schaumburg et al., 2018a]. In order to improve this situation for
instrument-free e-puPADs, a deeper knowledge of the electrophoretic behaviour of colourants and
dyes are necessary, as well as reliable numerical models for prediction and optimization of designs

and operational parameters [Damian et al., 2019].

Different dyes are frequently used in combination with electrophoretic separations, e.g. nu-
cleic acid staining dyes are used for detecting nucleic acids in electrophoresis gels, used as indi-
cators of fragment size along with quantity and quality of DNA based on the fluorescent signal
present within the gel [Haines et al., 2015]; dye precipitation provided effective methods for con-
centrating urine of low to intermediate protein content prior to a two-dimensional electrophoresis
analysis [Zukas and Breksa 111, 2005]; and also, electrophoretic techniques have even been used
to detect dyes that act as pollutants [Ali et al., 2015]. Several authors have analyzed, among other
parameters, electrophoretic mobilities of different types of food dyes in open-channel microflu-
idic and capillary systems [Lee et al., 2008, Alvarez et al., 2017, Jager et al., 2005] but there exist
some discrepancies in the reported values. Binding interactions of anionic and cationic dyes have
been studied in gel electrophoresis, observing complexing and precipitation reactions when using
ananoporous elastic gel immersed in an electrolyte buffer solution, electrophoretic mobilities have
been characterized also both theoretically and experimentally [Bikos and Mason, 2019]. Despite
the existent applications that combine dyes and electrophoretic separations, more work is still nec-
essary for developing instrument-free e-uPADs for quantitative analysis [Khurana and Santiago,

2008].

This work will focus on designing a device capable of measuring the electrophoretic mobilities
of different dyes in a porous medium by following a numerically assisted design process. The
chosen material for the e-uPADs is the Whatman #1 paper, as far as it is the most used material for
these kinds of devices [Zhu et al., 2023]. In parallel, as model analytes, different dyes were selected
due to their importance in the developing of instrument-free e-uPADs, but also taking advantage
of such characteristics to develop an experimental setup depending on a single commercial camera

as the whole detection system [Schaumburg et al., 2022].

With the set of measured values in Whatman #1 paper and the values obtained under the same
pH and ionic strength conditions for the same dyes in CE, a previously developed model [Franck

et al., 2022] is validated in order to demonstrate a straightforward correlation between porous
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media and open channel electrophoretic mobilities. The effects of chromatography (retention
factors) were also evaluated to complete a successful validation of the model. The main con-
tribution of this validation is to provide e-uPADs developers with a reliable correlation between
open-channel electrophoretic mobilities and its counterpart in porous media. The minimal infor-
mation needed for using such correlation are the porosity and the constriction factor of the porous
medium, and the retention factor of the molecule in such substrate. Having objective certainty
about electrophoretic mobilities of dyes in paper and other porous substrates will enable the rapid

development of instrument-free detection e-PADs.

C.2. Mathematical model

In order to develop a correlation between open-channel and porous electrophoretic mobility,
a previously developed model is used as template [Franck et al., 2022]. Such model is based
on the hypothesis that the porous medium can be modelled as a bunch of periodically constrict
non-interconected capillary tubes. Although, this abstraction of the geometry of the porous me-
dia (particularly for paper) can be though as an oversimplification, it was demonstrated that the
proposed model is at present the first one that can correctly represent simultaneously four physic-
ochemical phenomena, (i.e. electrical conductivity, electroosmotic flow, capillary imbibition and
pressure driven flow) within an homogeneous material strategy. In this work we also include the
electromigration as another phenomena that can be correctly represented with this model. In paral-
lel, the proposed linear correlation can also be obtained by using any continuous model for porous

media, by considering the correct set of characteristic parameters associated to such model.

Electromigrative behavior of a particle is represented through its electrophoretic mobility (1),
which is defined as the relationship between the electromigration velocity and the strength of the
electric field [Dovhunova et al., 2020]. Consequently, the first approximation to calculate mobili-
ties in porous media is to introduce the concepts of porosity (¢) and constriction factor (cy) [Franck

et al., 2022]:
pip(pH, 1) = <C¢;> pie(pH, I) (C.1)

In addition to pH and I, other effects must be considered in experimental conditions, one of
them is the EOF that affect the macroscopic measurement of electrophoretic mobilities because
its contribution to the overall movement. EOF effects in paper substrates were recently studied

at different pHs [Franck et al., 2021]. This effect modifies the measured values by a quantity
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equivalent to mobility (ugo):
pip(pH, I) = pb(pH, I) + ppo(pH, I) (C2)

Finally, to consider the interaction of the dye molecules with the substrate that retards the
flow of dyes, electrophoretic mobility described by eq. (C.2) should be corrected using retardation

factor [Jaitpal et al., 2022] for each specific dye as follows:
'ulc;ff(pHv I) = prbp(pH, I) = Rf <C(i:ue(pHa I) + MEO(pH’ I)) . (C3)

As it was mentioned before, due to the complexity of models [Gerlero et al., 2023 ] and their im-
plementation, comprehensive approaches for modelling fluid flow, and transport of solutes (includ-
ing electromigration) in paper-based substrates are not extensively reported in the literature |Ger-

lero et al., 2021a].

C.3. Materials and Methods

C.3.1. Chemicals

Five dyes were used in the experiments. Methyl Orange and Fast Green FCF were purchased
from Sigma-Aldrich Corp. (St. Louis, MO, USA) and Tartrazine, Red Ponceau and Brillant Blue
from Fleibor S.A (La Tablada, Buenos Aires, Argentina). Two buffer solutions were used as back-
ground electrolytes (BGE) in the CE and paper-based electrophoresis experiments: a pH=5.5 so-
lution of Tris-Acetate (17.5 mM Tris - 20 mM Acetic acid) and pH=9.0 of Ammonium-Acetate
(20 mM Ammonium hydroxide- 10 mM Acetic acid). Acetic acid, Tris and ammonium hydroxide
were purchased from Laboratorios Cicarelli (Reagent SA, San Lorenzo, Argentina). All solutions
were prepared with ultrapure water obtained from an inverse osmosis purifier (Osmoion, Apema
SRL, Villa Dominico, Argentina). The pH of the solutions was corroborated with the pH-Meter
(Adwa A12, Szeged, Hungary). BGE compositions, and their pH and ionic strength values, were
selected according to typical buffers used in paper-based electrophoretic devices [Sena-Torralba
etal., 2021] and previous works from our group where EOF and c; were measured [Franck et al.,
2022, 2021]. BGE concentration was set to effectively work as a buffer avoiding electrodispersion
of the sample, but with lower enough conductivity to avoid significant thermal deviations due to

the Joule effect.
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C.3.2. Capillary electrophoresis

All the CE experiments were carried out on a Beckman Coulter MDQ system (Beckman Coul-
ter, Fullerton California, USA) equipped with a UV detector. Separation was performed by ap-
plying a normal polarity of 20 kV, employing an uncoated fused-silica capillary (MicroSolv Tech-
nology Corporation, Eatontown, NJ, USA) with an inner diameter of 75 um and a total length of
31 cm (21 cm effective length, Le). The hydrodynamic injection was performed in the cathode by
applying a pressure of 34.5 mbar for 5 sec. The cartridge was maintained at 25 °C, and the electro-
pherograms were recorded with the 200 nm wavelength signal. All solutions were filtered through
0.45 pm nylon membranes (Sartorius AG, Gottingen, Germany) before use. Before and between
runs, the capillary was successively flushed with 0.1 mol L~! sodium hydroxide (Laboratorios Ci-

carelli Reagent SA, San Lorenzo, Argentina), ultrapure water, and BGE for 2 min.

C.3.3. Paper-based electrophoresis

Paper geometries were cut from Whatman qualitative filter paper, grade No. 1, 150 mm disks
(Cityva, Marlborough, USA). These cuts were performed with a laser cutting machine (40 W CO;
laser, Lasers Cuyana, San Rafael, Argentina). After cutting hot lamination of substrates was done
to avoid evaporation effects. With a commercial lamination machine (DASA LM330, DASA,
Caseros, Argentina), lamination was done on both sides of the paper strips using 150 um thick
pouches (Binderplus, China) at 135 °C, at a constant speed of 3.5 mm/s. As it was already demon-
strated, under these lamination conditions, the nominal paper porosity (and constriction factor) re-
ported by the manufacturer is not affected significantly [Elizalde et al., 2015, Gerlero et al., 2022].
At both ends of the centre channel (Fig. C.1), symmetric 5 mm spaces were left for liquid reser-
voirs, by using a shorter lamination pouch on the upper side. The paper device must be placed on
a hydrophobic double-sided adhesive tape (Stiko, Silkstone SA, Buenos Aires, Argentina), wider
than the detection zone, on a glass plate. The device is placed on the tape in order to avoid spillage
of liquid on the glass or the forming of secondary flow channels with low electrical resistance. The
electric potential was applied with a Picoammeter/Voltage Source (Keithley 6487, Cleveland, OH,
USA), which also measures the intensity of the applied current.

For the Ry measurements, samples and buffers of the same concentrations as in the elec-
trophoretic measurements were used. Rectangular paper strips of 10 mm in width and 40 mm
in length were cut and laminated, leaving a 2 mm space for dye input reservoirs.

Experiments were recorded using a high-resolution digital camera (Canon EOS 1000D). The
microfluidic devices were placed horizontally and back-lit with a white LED lamp. The camera

was placed vertically at a distance of 30 cm, connected to a PC, and set to burst mode. The spatial
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resolution was 36 pm and the time resolution was 12 frames per minute.

C.3.4. Device operation

The schematic of the electrophoretic microfluidic device, as depicted in Fig. C.1, comprises
three different sections. The bottom section, referred to as the inlet zone, contains the buffer mixed
with the dye of interest. The detection zone serves as the site for the electrophoretic analysis and

bufter reservoirs are placed at the ends. The top outbound zone contains the capillary pump.

Capillary pump

Outbound {

Detection { L

Laminated

N

y
L. Dye/Buffer reservoir Buffer reservoir

Figure C.1: Paper-based electrophoretic device. The device geometry defines three re-
gions: input, detection, and output. Initially, the dye is introduced through the input zone
and is conducted towards the pumping region while the buffer is incorporated on both
sides of the detection zone. Then, an inversion of the flow is induced in the input region,
which allows the generation of a thin line of dye in the detection region. Finally, high
voltage is applied between the ends of the detection region where electrophoresis occurs.
The lamination region prevents evaporation during experiments.

The injection stage begins when the buffer is simultaneously placed in the reservoirs at the
ends of the detection zone. The length of the detection wings plays a crucial role in determining the
elapsed time between the injection of buffer in reservoirs to the arrival at the central region. When
the fronts are close to meeting, the reservoir in the inlet area is filled with dye diluted in the BGE.
The wetting fronts will continue their dynamics and collide so that the device will be completely
wet from the outbound zone downwards. The design of the device focuses on providing rapid
analysis of analytes while maintaining a compact size. The time required for the dyes to reach
the detection zone depends on the length of the inlet zone. Due to the mechanical dispersion of
analytes during the injection, the inlet width is limited to a minimum value of 1 mm [Urteaga et al.,
2018].

The injection stage produces a characteristic distribution of the dye producing a triangle shape
in the detection zone (Fig. C.2A), so a refocusing process is necessary for the sample stack. Next,
a configuration change is made to the position of the sources and sinks. The dye inlet is replaced

with another capillary pump, made of the same type of paper. The goal is to get a narrow enough
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sample line under the laminate. This stage is denominated focusing stage. The dye streamlines
are determined by the geometric configuration of the inlet and wings, where their hydrodynamic
resistances are proportional to their respective lengths. The upper section, which comprises the
capillary pump, maintains a continuous pressure difference downstream and allows for the imbi-
bition of buffer and analyte throughout the injection and focusing stages. Once the desired dye
distribution is obtained, the outbound zone is filled with liquid to stop the capillary pump and the
device is ready for the electrophoretic experiment.

The end of the protocol consists of connecting platinum electrodes in the reservoirs of the de-
tection zone. A constant 500 V potential difference is applied to measure the movement of the
dyes under the influence of an electric field. This stage is called the electrophoretic run stage. The
wings were designed to be long enough to accurately identify dyes with high electrophoretic mo-
bility, while also providing an acceptable number of image sample points and adequate resolution.
The width of the detection zone (~ 8 mm) was chosen wide enough to avoid large edge effects

when an electric field is applied.

C.3.5. Computational tools

Images obtained from experiments and screenshots of simulations were analyzed with a guide
user interface (GUI) program developed in the open-source tool GNU Octave framework [GNU
Octave Online, 2022]. To recognize the analytes and determine their spatial position, a method
of relative intensity detection was used. The intensity profiles of each dye in each photo were cut
at a 50 % intensity value relative to the maximum peak value, and that point established a spatial
position. Once the position of the dye is determined as a function of time, a (linear) least squares
fit was made. The regression coefficients R? obtained were greater than 0.99 in each case. These
experiments were repeated and the mean value and the standard deviation were used to represent
the dispersion in calculating effective mobility. The experimental dispersion of the data comes
mainly from the inherent variability in the properties that exist in different strips of paper [Elizalde
et al., 2016]. Detailed information can be found in the supplementary information.

For the numerical prototyping, meshing processes were made with STAR-CCM+ ® soft-
ware from Siemens Digital Industries Software, (Plano, TX, USA). The number of cells for all
cases was kept approximately constant in the range of 250.000 with a mostly uniform spatial dis-
tribution. Numerical simulations were performed using OpenFOAM® v2112. The solvers se-
lected within the OpenFOAM® environment were porousMicroTransport with a LETd model
for unsaturated capillary flow [Gerlero et al., 2023, 2022] and electroMicroTransport solver

for electrophoretic separations [Gerlero et al., 2021b]. All the simulated cases were run on an



C.4. RESULTS AND DISCUSSION 123

AMD® Ryzen 5 3400G 3.70 GHz (1 CPU, 4 cores), 16 GB Micron 16 GB-DDR3-1600 MHz;

using one core for serial simulations and four cores for parallel simulations.

C.3.5.1. Boundary conditions

The first two stages of the simulation consider the equations of capillary flow for the solvent
and transport of the dissolved dye and buffer species [Horgue et al., 2022]. For the initial injection
stage, a saturated boundary condition for the moisture content in the substrate is applied at the
ends of the three liquid reservoirs (c.f. Fig. C.1) in order to model the capillary filling. The initial
condition for this field corresponds to the air-dry moisture content [Gerlero et al., 2022], and no-
flux conditions are applied on all other boundaries. The concentration fields for the buffer species
are also configured with Dirichlet-type boundary conditions at the three reservoirs, with zero initial
concentration in the device and no-flux conditions across the rest of the boundaries. The dye
concentration field has a Dirichlet-type condition at the end of the dye/buffer reservoir, with no-

flux boundary conditions elsewhere and zero initial concentration.

In the focusing stage, the boundary condition for moisture content at the dye/buffer inlet is

changed to no-flux to model the exhaustion of the contents in such reservoir.

Finally, the electrophoretic run stage, requires a complete saturation of the device, meaning
that the capillary flow equation is in a steady state and needs not be solved further. The solver used
for this stage considers the electrophoretic transport of the dye species as well as electroosmotic
flow. Boundary conditions for buffer and dye concentrations are set to no-flux everywhere. For the
electric potential, Dirichlet boundary conditions at the wing inlets impose the prescribed potential

difference.

C.4. Results and discussion

C.4.1. Numerically assisted prototype design

As mentioned earlier, the design of the device was numerically aided. The numerical proto-
types and the results of the simulations determined the final design. As was also mentioned, the
operational sequence can be analyzed in three stages: injection, focusing, and electrophoretic run

stage.
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C d

Figure C.2: Stages of validation of the proposed design. Experimental (A) vs numerical
(C) results of the injection stage. In the focusing stage, we also compare the laboratory
prototype (B) vs the simulated results (D).

Regarding the injection step, inlet and detection channel lengths determine the imbibition kine-
matics of the solutions. By setting a control point in the centre of the x-axis and y-axis of the detec-
tion zone, we can determine the time difference between the buffer/analyte inlet vs buffer reservoir
to achieve the same arrival time for both components at the control point. Imbibition kinematics
of uniform paper strips obeys the [> = Dt relation and it is independent of the width of the strip.
The standard uncertainty of D coefficient (~ 20%) [Elizalde et al., 2016] in Whatman #1 paper,
can appreciably affect the arrival time at the control point. Nevertheless, the quasi-steady state of
the dye configuration would not be affected by these uncertainties. The configuration of the ex-
perimental injection stage is shown in Fig. C.2A. It can be seen that, after reaching a quasi-steady
condition, the dye distribution takes on a shape similar to a triangle that is well reproduced by the
numerical simulation (Fig. C.2C).

After reaching this state, the focusing stage follows in order to shrink the triangular shape. The
remaining analyte in the device, located mostly in the detection zone, will be redistributed accord-
ing to the new streamlines given the geometry and configuration of sources and sink positions.
The second capillary pump should be held long enough (~ 500s) to ensure a symmetrical dye
distribution. The amount of present dye can be controlled by the time that the new pump is oper-
ative. The final experimental configuration before starting the electrophoretic run stage is shown
in Fig. C.2B).

The numerical solvers porousMicroTransport and electroMicroTransport need as in-
put the porous media characteristic parameters, i.e. porosity (¢ = 0.69), constriction factor
(cy = 2.6), and dispersion factor [Urteaga et al., 2018]; for the transported substances, the elec-

trophoretic mobility (1) and the respective pKa for BGE components are required. Such values
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can be found in electrolytes database that complements the electroMicroTransport tool-
box. In the case of the dyes, such values were taken from literature for the initial simulations, and
corrected afterwards with the experimental results obtained in the experiments presented here. In
these cases, the effect of chromatography was included via a specific-dye retardation factor (£25)
that affects the electrophoretic mobility. In the case of simulation of Fig. C.2, values of y. and Ry

used were those reported in Table C.1 for Tartrazine dye.

The differences between the experimental (Figs. C.2A and C.2B) and the numerical (Figs. C.2C
and C.2D) prototypes can be explained due to the uncertainties presented by the porous medium
regarding the macroscopic parameters that globally describe its microstructure. Despite this, it
can be said that the shapes obtained at each stage are similar and consequently that the computer-
aided design was very useful, considerably decreasing the development time and the number of
experimental prototypes. The computational cost of the simulations was 45 minutes total for the
injection and focusing stages and 600 and 100 seconds of simulated time respectively, in serial
runs. In the electrophoretic stage, 565 minutes of running in parallel with 20 cores were needed to

simulate 400 seconds.

C.4.2. Paper-based electrophoresis

Once the injection and focusing stages were completed, a voltage difference was applied be-
tween the ends of the reservoirs in the detection zone. Due to the device’s symmetry, it is possible
to analyze molecules that have both negative and positive surface charges. A total of five dyes were
measured and analyzed using both the paper-based device presented and CE. Obtained values and
the corresponding uncertainties of these measurements are reported in Table C.1. The reproducibil-
ity of the device was tested at least 5 times with the same dye (Tartrazine) at pH=5.5. The dispersion
in the measurements was found to be less than 7%, which is consistent with typical reproducibility
of e-uyPADs [Schaumburg et al., 2018a]. The uncertainties reported in Table C.1 are the standard
deviation of measured values for each dye (10% dispersion was assigned for dyes measured only
once). In order to provide an example of these measurements and analyzing processes, the dy-
namic of a Tartrazine dye in paper-based electrophoresis is shown. Fig C.3A presents the image of
the whole device during the electrophoretic run at 300 seconds. When processing such a picture,
the red curve in Fig C.3B is obtained. In this picture, the blue curve is the initial state obtained
when processing the picture at time ¢ = 0, following the protocol reported in the supplementary

material.
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Figure C.3: Experimental and numerical results for the electrophoretic run of Tartrazine.
a) Device operating at t = 300 s; b) Processed data curves for ¢ = 0 s (blue) and £ = 300 s
(yellow). Marked points denote the spatial position, determined with the H-Cut method.
¢) 2D reconstruction of the processed information (position vs. time). The dashed line
indicates the time when the image in a) was taken. d) Numerical counterpart of ¢).

The normalized concentration of the dye (colour scale) gives an indication of where it is located
(horizontal axis) and time (vertical axis) as it is presented in Fig C.3C for the experimental run of
Tartrazine, and its numerical counterpart shown in Fig C.3D. It is observed that the dispersion of
the analyte in the experimental run is broader than the simulated one. This effect may be associated
with the different effective mobilities obtained for the same molecule in the porous substrate. The
dispersion can occur due to a variety of factors, including molecule affinity to paper fibres, electric
and mechanical dispersion, and border effects. These factors may not have a significant impact
on the open channel electrophoretic mobility either in capillaries or microfluidic chips. In order
to give a description of this observed discrepancy, is necessary first to mention that the original
numerical model includes all the aforementioned effects, with the only exception of the affinity of
the molecules to fibres that results in a chromatographic process. In the next section, a quantitative

analysis of the chromatographic behaviour of the dyes is presented.

C.4.2.1. Paper-based chromatography

In order to quantify the effect of the affinity of the dye molecules to the paper fibres, samples
and buffers of the same concentrations as in the electrophoretic measurements were considered.
Fig. C.4A shows 13 strips where dyes and control (buffer in strips 1 and 2) were measured (at least)

in duplicate.
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Figure C.4: Paper-based chromatography of multiple dyes a) Screenshot of the chromatog-
raphy experiment for selected dyes at t=180 s and pH=5.5. 1-2 are control strips, filled
with buffer. 3-5 Tartrazine, 6-7 Brillant Blue, 8-9 Methyl Orange, 10-11 Fast Green, and
12-13 Red Ponceau. b) Linear fit of Tartrazine and buffer front positions. The slope of
this line is the retardation factor ;.

Slightly irregular coloured patterns were observed for some colourants as the advance at the
edges is slower than at the centre of the strip due to evaporation effects. The value of L, was
taken at exactly half the width of the strip. Fig. C.4B presents the results of the measurement of 12
for Tartrazine, where it can be seen that the relationship between Ly, f e and Ly, is completely
linear in Whatman #1 substrates. Values of 2y were measured for the two different BGEs at pHs
5.5 and 9.0, finding some differences for the same dyes at different pHs. Such results are reported
in Table C.1. A detailed description of the processing and analysis of the images can be found in

the supplementary information.

C.4.3. Model validation

To evaluate the influence of the porous medium on the electrophoretic mobilities of the dyes,
the paper and capillaries mobilities were compared in Fig. C.5. A least-squares linear fit was made
for the values obtained for each dye at both pHs, following the linear relationship between ,ugf 7 and
e presented in eq. (C.3). It is important to emphasize here that for the linear regression, a single
free parameter (the slope of the intercept-free linear function) was considered, this parameter is %,
as far as all the other terms of eq. (C.3) were measured in this work or taken from literature [Franck

etal., 2021].
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Figure C.5: Experimental validation of the electrophoretic mobilities model in porous
substrates (eq. (C.3)). Open channel and paper mobilities were measured for different
dyes at two pH values. Squares correspond to values measured at pH=5.5 and circles to
pH=9.0. The dashed line is the least-squares linear fit to all the data with a single free
parameter.

The results shown in Fig. C.5 clearly corroborate the hypothesis of the model correlation con-
densed in eq. (C.3), proposes that a linear relationship exists between the effective mobility mea-
sured in the paper (u;;f ! ) and the open channel mobility () and such relationship depends only
on the characteristics of the porous medium (i.e. %). A very important practical consequence
of the validation of the model is that uf,f ! can be obtained directly from ., when ¢ and c; are
known for the substrate (for example as it is reported in [Franck et al., 2022]), and Ry is measured
for the particular dye on such substrate. Another important comment is that the pk, values are not
affected by the porous media due to the fact that the porous microstructure and the ionic strength of
the BGE enable full development of the electric double layer and the electroneutrality hypothesis
remains valid, as it is the case of Whatman #1 paper [Novotny and Gas, 2021]. Consequently, the
proposed correlation is valid if the BGE remains the same in both open-channel and porous media

conditions.

Finally, it is important to mention that for the linear regression shown, the obtained value of
cris 2.340.1, which is similar to values previously obtained with independent experiments based

on water imbibition, pressure-driven flow, and electrical conductivity [Franck et al., 2022].
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Substance fe 10*9’% /J,;ff 10*9% R;

pH=5.5 pH=9.0 | pH=5.5 | pH=9.0 pH=5.5 pH=9.0

Tartrazine |42.1 £0.2(41.9+0.3|92+0.6| 8.6+ 0.9 |0.75 £ 0.02|0.68 £ 0.03

Fast Green FCF |27.8 +£0.1(33.5+ 02| 88+1 | 94+1 [098+£0.03| 1=+0.07

Brillant Blue |27.6 £0.1{25.6 £0.2|7.6 £0.8| 5.7+ 0.6 |0.92 4+ 0.02|0.93 £ 0.04

Methyl Orange [21.9 £0.1| 21 £0.2 |[1.6 £0.2| 1.7 £ 0.1 |0.27 £ 0.02{0.35 £ 0.03

Red Ponceau 453 +£0.2|43.6+0.2| 10£1 |[11.4£1.1[0.83 £0.03| 0.97 £0.1

Table C.1: Electrophoretic mobilities, in open channel and paper substrates, and retention
factor of different dyes at two pH values.

C.5. Conclusions

In this work, we performed a numerically-assisted design of a prototype for measuring the
electrophoretic mobilities of anions and cations in paper-based substrates. The measurements made
with this device enabled the validation of a proposed correlation between open-channel and porous
media electrophoretic mobilities. To our knowledge, this is the first attempt for a systematic studio
of'this physicochemical property for its application on e-uPADs. The numerical tools selected were
suitable for the selected task, offering an optimal platform for the optimization of the geometrical
design as well as the operational parameters, including a novel two-step injection process that
delivers a uniform and thin line of dye. The computational costs of the numerical prototypes were
reasonable and compatible with the manufacturing and experimental stages. We are convinced
that the combination of porousMicroTransport and electroMicroTransport can help the
community develop more robust and efficient e-uPADs with shorter turnaround times.

The final design for the experimental setup showed to be robust in terms of offering good
repeatability for the results enabling reliable measurements within reasonable experiment times.

The measured values for electrophoretic mobility in the paper could be correlated with the open
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channel values with a simple model, allowing developers to easily obtain paper mobilities. Despite
the fact that the EOF in fused-silica capillaries is higher than in paper and relatively unstable at pH
5.5, reported results in electrophoretic mobilities were consistent for all the experiments.
Moreover, these measurements both in paper and in open channels, will contribute to decreas-
ing the level of uncertainty due to the high dispersion of such values in the current literature.
Having demonstrated the robustness of the device, other alternative detection methods can be used
for the determination of non-stained components. The design method, the experimental setup, the
validation of the correlation, and also the values obtained for the electrophoretic mobilities will un-
doubtedly contribute in the near future to the development of instrument-free e-uPADs for health

care or environmental applications.
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Abstract

Electrophoretic microfluidic paper-based analytical devices (e-uPADs) are promising for low-
cost and portable technologies, but quantitative detection remains challenging. In this study, we
develop a paper-based isotachophoretic preconcentration and separation method for the herbicide
glyphosate as amodel analyte. The device, consisting of two electrode chambers filled with leading
and terminating electrolytes and a nitrocellulose strip as the separation carrier, was illuminated by a
flat light source and operated with a voltage supply of 400 V. Detection was accomplished using a
simple camera. Colorimetric detection was optimized through competitive complexation between
glyphosate, copper ions, and pyrocatechol violet as a dye. The buffer system was optimized using
simulations, (i) ensuring the pH was optimal for the demetallation of the blue pyrocatechol violet-

copper complex [PV] to the yellow free dye and (ii) ensuring the electrophoretic migration of
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glyphosate into the slower [PV] for the colorimetric reaction. A new data evaluation method is
presented, analyzing the RGB channel intensities. The linear range was between 0.8 and 25 uM,
with a LOD of approximately 0.8 pM. The ITP separation preconcentrated glyphosate by a factor
of 820 in numerical simulations. The method may be applied to control glyphosate formulations,

especially in developing countries where herbicide sales and applications are poorly regulated.

Keywords: Glyphosate, e-uPAD, Paper-based devices, Point-of-need devices, Isotachophore-

sis.

D.1. Introduction

Glyphosate (GLY) is the world’s most heavily applied herbicide. Usage worldwide has in-
creased by a factor of 260 since its introduction in the agricultural market in 1974 [Benbrook,
2016]. GLY is widely used in agriculture, forestry, and urban applications [Huhn, 2018]. Its
overuse and abuse are discussed to evoke environmental problems [Bruggen et al., 2018]. Mo-
bilization into surface water may pose a threat to ecosystems [Gill et al., 2017], however, not
all countries monitor GLY systematically [Oltramare et al., 2022]. For monitoring, liquid chro-
matography (LC) coupled to mass spectrometry (MS) after derivatization of GLY with 9-fluorenyl
methyl carbonyl chloride (FMOC) is frequently used for quantification, making its analysis costly
and time-consuming [ Okada et al., 2018]. Alternative methods have been published based on spec-
troscopic methods, electrochemical sensors, or capillary electrophoresis [ Valle et al., 2018]. Other
analytical methods with lower demand for instrumentation have also been published, the most rel-
evant ones are colorimetric methods. These methods reached limits of detection compatible with
environmental monitoring e.g., by using a fluorescent probe and competitive complexation with
copper, requiring only a UV lamp as equipment [Wei et al., 2023]. Furthermore, a colorimetric
method with naked-eye detection was recently reported, where the complexation of Cu?t with py-
rocatechol violet (PV) leads to a blue complex. In contrast, GLY, has a higher complex formation
constant to Cu>* than PV, thus upon competitive complexation, GLY induces a shift in absorption
wavelength upon forming the yellow uncomplexed PV. A limit of detection of 20 uM GLY in tap
water by naked eye was demonstrated, and quantification by smartphone analysis with a limit of
detection as low as 2.66 uM [Yadav and Zelder, 2021] was reported. Two main constraints are
related to these approaches: first, surface waters have concentrations often below 6 nM [Ulrich
and Ferguson, 2021, Schwientek et al., 2024]. Second, matrix effects, i.e. the presence of other
complexing agents such as EDTA, which interfere by complexing copper with a higher complex

formation constant than PV, will impair GLY analysis. To improve the limits of detection of these
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colorimetric techniques, sample preconcentration, and matrix removal have to be implemented be-
fore the colorimetric detection of GLY. In this study, we examine the applicability of paper-based
isotachophoresis for both tasks: sample preconcentration and electrophoretic removal of matrix

compounds.

Paper-based colorimetric assays have been applied for more than one hundred years, but more
recently, microfluidic paper-based analytical devices have developed rapidly because of their ad-
vantages, such as small sample volume, rapid detection rates, low cost, and portability. They can
be coupled with various detection methods including colorimetric, electrochemical [Ferreira et al.,
2021], or optical detection, with simple detectors such as scanners, cameras in mobile phones, or
more specialized devices [Zheng et al., 2021]. The images taken can be analyzed using computer
programs, and, depending on the color and hue of the image, the total value or just one channel of

the color space can be used for quantification [Nery and Kubota, 2013].

Most paper-based methods rely on capillary imbibition or diffusion phenomena to bring the
sample into contact with the reactants of the specific colorimetric detection. However, these trans-
port modes do not separate the analyte of interest from disturbing matrix compounds. This can be
achieved using principles of active mobilization by using electric fields for charged compounds

such as GLY.

Particularly, electrophoretic microfluidic paper-based analytical devices (e-uPADs) became at-
tractive in recent years for analytical applications [Salentijn et al., 2018], often with the integration
of smartphones and mobile devices for detection [Schaumburg et al., 2020b, 2022]. For example,
different types of human and bovine serum proteins were preconcentrated and separated quickly
and with good resolution [Niu et al., 2018]. Biomarkers such as lipids, small molecules, carbohy-
drates, nucleic acids, and cells [Pagaduan et al., 2015] were analyzed using e-uPADs. e-uPADs
have also been studied to improve the limit of detection (LOD) of lateral flow immunoassays
in diagnostic devices. High preconcentration factors of up to 900 were achieved by using isota-
chophoresis (ITP) [Moghadam et al., 2014], an electrophoretic method based on electrolyte sys-
tems with concentration gradients or discontinuous concentrations profiles. ITP was successfully
integrated into microfluidics and paper-based chemical and biochemical assays [Ramachandran
and Santiago, 2022]. ITP can concentrate trace amounts of substances into a narrow boundary
region which improves limits of detection as shown in various applications [Mal4 and Gebauer,
2018]. Also, ITP is versatile in analyzing virtually any ionogenic analyte, making it broadly appli-
cable in many analytical applications, especially in biomedical and environmental analyses [Mala

and Gebauer, 2023].

This work aims to develop a simple, low-cost paper-based isotachophoretic device for GLY
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detection. Additionally, we seek to address current limitations in sensitivity for environmental
monitoring and explore potential applications in developing countries where herbicide regulation

is lacking.

D.2. Materials and Methods

D.2.1. Chemicals

Glyphosate standard (analytical grade, 98.1%) was purchased from Merck, Darmstadt, DE.
The pyrocatechol violet dye was bought from Carl Roth, Karlsruhe, DE and copper(Il) chlo-
ride dihydrate was delivered by Sigma Aldrich, Steinheim, DE. 2-(N-morpholino)ethanesulfonic
acid (MES, anhydrous, high purity grade) was purchased from Amresco (Darmstadt, Germany).
HEPES (Lobov Cientifica, Buenos Aires, AR) was used to prepare background electrolytes (BGE)
and terminating electrolytes (TE). HCI (Laboratorios Cicarelli, San Lorenzo, AR) was used as the
leading electrolyte (LE); e-aminocaproic acid, and TRIS (Merck, Darmstadt, DE) were used as
counter-ions (CI). Polyvinylpyrrolidone (MW 1.000.000) was purchased from Polysciences, War-
rington, USA. All solutions were prepared with ultrapure water from an inverse osmosis purifier
(Osmoion, Apema SRL, Villa Dominico, AR). The pH of solutions was set by modeling the con-
centrations using pK,-values and the pH was confirmed with a pH meter (Adwa A12, Szeged,
HU). The chemicals used for the BGE in CE-MS analysis were aqueous ammonia solution (LC-
MS grade, 25%) and formic acid (FA) for LC-MS (98%). As well as aqueous HCI (32%) for pre-
conditioning were purchased from Thermo Fisher Scientific (Schwerte, Germany). Isopropanol
(LC-MS grade), and phosphonic acid (H3;PO3) (99%) were purchased from Merck, Darmstadt,
DE. All chemicals were used without further purification. The water (H,O) used as solvent was

deionized and purified by an ELGA LabWater water purification system (Celle, Germany).

D.2.2. Optimization of the colorimetric detection

The spectral analyses were carried out using a Lambda 19 UV/Vis spectrometer (PerkinElmer,
Waltham, MA, USA) with LambdaSPX software (Version 1.7, ascanis OHG, Uberlingen, Ger-
many) and with UV transparent semi-micro cuvettes, width: 10mm (UV-Polymer, Brand,
Wertheim, Germany). Cu(II)-GLY (JGLP]) stability constants were found to be 11.8 [Daniele,
1997] and 11.9 [Madsen et al., 1978, Popov et al., 2001]. For the copper-PV complexes ([PV]), no
stability constant was found in the literature. Still, results by Yadav and Zelder indicate a similar

stability constant as for [ZnZCN] at pH 7.4 based on its sensitivity for GLY [Yadav and Zelder,
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2021], with a reported stability constant at pH 7.4 of 5.7 [Kocytla et al., 2017]. It is important to
note, that the stability constants of the complexes depend on pH, temperature, ionic strength of
the solution, and concentration of the metal ions and ligands, so these log(5) values do not always
match the conditions of the assay but can be used as an estimate of a cut-off value for competitive

complexation.

D.2.2.1. Testing porous substrates

Different substrates for e-uPADs were investigated: three solid supports were used in the ex-
periments: cellulose filter paper MN615 (Macherey-Nagel, Diiren, DE), Nitrocellulose Hi-Flow
HFC13504 (Merck, Darmstadt, DE) and ALUGRAM RP-18W/UV>,s4 (Macherey-Nagel, Diiren,
DE). To investigate the applicability of different porous substrates for electrophoretic experiments
with colorimetric detection, sheets of 5 mm x 5 mm in size were cut from the solid supports. Aque-
ous solutions of [PV] at a concentration of 75 uM were prepared by mixing the pyrocatechol violet
dye and copper chloride at a stoichiometric ratio of 1:2 in solutions of MES (10 mM) adjusted to
pH 6.5 with KOH. Aqueous GLY solutions with a concentration range of 0-500 uM were tested.
Six sheets were prepared for each substrate.

After some optimization steps, the test procedure added 20 pLL of the GLY samples with five dif-
ferent concentrations to five sheets. The sixth sheet was used as blank. The papers were allowed
to dry at ambient temperature. Then, 10 pL of the colored complex were added. Photographs were

taken at each stage.

D.2.3. CE-MS analysis

ITP-UV analysis was conducted with an A 7100 CE instrument from Agilent Technologies
(Waldbronn, Germany). The separations were performed in a bare fused silica capillary with
50 um inner diameter and 75 cm in length. Before the first use, capillaries were conditioned by
flushing the surface with 0.05 M aqueous NaOH and H;O for 180 s, each at 1 bar. Before I'TP
measurements, the capillary was dynamically coated by flushing the surface with 90 mM aqueous
polyvinylpyrrolidone (PVP) solution for 600 s at 1 bar. Separations were conducted with an inter-
nal pressure support of 40 mbar and a voltage of —10kV. For detection, the built-in diode array
detector was used at a wavelength of 596 nm for the [PV] complex and 444 nm for free PV.

CE-MS analyses were conducted with a 7100 CE coupled to a 6150 single quadrupole mass
spectrometer from Agilent Technologies (Waldbronn, Germany) via a coaxial sheath liquid elec-
trospray interface equipped with a platinum needle. The sheath liquid consisted of a mix of 50%

H»O and 50% isopropanol with 0.1% formic acid added. The sheath liquid was supplied via a
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splitter by a 1200 series isocratic pump from Agilent Technologies (Waldbronn, Germany) at a
flow rate of 5 uL./min. The drying gas temperature was 150 °C, with a gas flow of 11 L /min and
a nebulizer pressure of 3 psi. The MS was operated in selected ion monitoring mode, with 100 V
fragmentor voltage and a capillary voltage of 4000 V. Molecular ions monitored were [M-H] .
The separations were performed in a bare fused silica capillary with 50 um inner diameter and
75cm in length. Before the first use, capillaries were conditioned by flushing the surface with
0.05M aqueous NaOH and H,O for 180 sec each at 1 bar. The separations were conducted at
an internal pressure support of 50 mbar and a voltage of —15kV increasing over two minutes to
—30KkV after injection. The injection was conducted via hydrodynamic injection at 50 mbar for

10 s, followed by an injection of background electrolyte at 100 mbar for 10s.

D.2.4. Computational Tools

Numerical simulations were performed using OpenFOAM v2212. Meshing processes were
made with blockMesh integrated into the solver. The number of cells for all cases was kept approx-
imately constant in the range of 15.000 with a uniform spatial distribution. The solvers selected
within the OpenFOAM environment was the electroMicroTransport solver for electrophoretic
separations [Gerlero et al., 2021a]. All the simulated cases were run on an AMD Ryzen 5 3400G
3.70 GHz (1 CPU, 4 cores), 16 GB Micron 16 GB-DDR3-1600 MHz. A Whatman #1 model was
used for the simulations. electroMicroTransport used two parameters: the porosity, measured
by weighting dry and wet substrates with known geometries; and the tortuosity (7), related to the
constriction factor C by C' = 72. This factor was calculated using the experimental setup of the
electrical model [Franck et al., 2022]. The simulation geometry was a rectangular paper strip, orig-
inally of 80 mm length and 10 mm width, but with an effective electric field application distance
of 65 mm. Electrolyte electrophoretic mobilities were taken from PeakMaster, except GLY taken
from previous CE measurements [Graf et al., 2022]. Initial conditions included the TE + GLY
located 18 mm from the TE reservoir, with the remainder filled with LE. The solver considers the
reagent species’ electrophoretic transport and a null electroosmotic flow (EOF). Boundary condi-
tions for LE and TE were set to no flux anywhere. Dirichlet boundary conditions at the reservoirs

imposed a prescribed potential difference for the electric potential.

D.2.5. Paper-based electrophoresis

A new low-cost device for e-uPAD was developed and schematically shown in Fig. D.1a. It
consists of a 3D-printed housing with a separation chamber with anode and cathode reservoirs,

each equipped with platinum electrodes. A nitrocellulose strip of 80 mm length and 10 mm width
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were cut with a paper cutter and placed on a glass support bridging the two reservoirs with its ends
being immersed in the buffers. A flat backlight lamp (Rollei Lumis Key Light LED streaming

light, Rollei, DE) was used for illumination.

D.2.5.1. Paper-based capillary electrophoresis

Based on our results for the colorimetric analysis reaction detection, we developed a paper-
based capillary electrophoresis (pCE), using MES as a BGE adjusted to pH 6.5 with KOH. For
the colorimetric complex solution, 175 uM of PV were mixed with 2 equivalents of CuCl, salt in
the BGE buffer solution. GLY solutions at different concentrations (100, 150, 400, and 1200 M)
were prepared in the background electrolyte. In all electrolyte solutions, 3% m/v of PVP were

added to suppress the EOF.

D.2.5.2. Paper-based ITP

Isotachophoresis experiments used 2.5 mM aqueous HEPES solution as TE with 5mM e-
aminocaproic acid as counter-ion, 26 mM aqueous HCI solution was used as the LE with a mixture
of e-aminocaproic acid and TRIS (26 mM each) used as a CI. All electrolytes were chosen and op-
timized to ensure a pH value of 6.5 optimal for the colorimetric detection, using PeakMaster [Gas,
2023] and numerical simulations, as described in Section D.2.4. In the protocol for ITP experi-
ments, hydrophobic double-sided adhesive tape was placed at the ends of the glass slide to fix the
nitrocellulose strips and keep an air gap between the glass avoiding edge effects that could alter
imbibition flow [Schaumburg and Berli, 2019]. The anode reservoir was initially filled with a so-
lution of the [PV] colorimetric complex at a constant concentration of 175 uM in the LE. After
150 s, the cathode reservoir was filled with GLY solutions dissolved in the TE. During the imbibi-
tion process, GLY and the [PV] complex moved towards each other through diffusional transport,
eventually achieving the configuration displayed in Fig. D.1b.

Once the nitrocellulose sheet is completely wetted, ions start electrophoretic migration upon
application of the electric field. This configuration leads to a semi-infinite sample loading of GLY
and thus a continuous sample focusing by ITP (i.e. the amount of sample focused in an ITP stack
increases with time) [Ramachandran and Santiago, 2022]. The color change occurs when pre-
concentrated GLY is separated from the TE, and reaches the [PV] complex, which has a lower
electrophoretic mobility (see Fig D.1c¢), as determined by CE-UV, see Section D.3.3. A 400V
electric potential is provided by a Picoammeter/Voltage Source (Keithley 6487, Cleveland, OH,
USA), which also measures the applied current. Color changes are recorded on a high-resolution

digital camera (Canon EOS 1000D), placed vertically at a distance of 30 cm, connected to a PC,
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and set to burst mode.

(a)
TE Reservoir  mmf_—> Flatinum Electrodes
+ GLY

Nitrocellulose (b)
= Glass Slide TE
+

LE Reservoir GLY
+ [PV]

(c)

3D Printed Device .
Backlight Lamp

Figure D.1: (a) Schematic of the low-cost e-uPAD device, featuring a 3D-printed housing
with platinum electrodes and nitrocellulose strips bridging the anode and cathode reser-
voirs. (b) Configuration after filling reservoirs and before starting electrophoretic migra-
tion. (c¢) Glyphosate preconcentration and color change upon applying an electric field for
some minutes.

The spatial resolution was 36 um and the time resolution was 12 frames per minute. Images
obtained from experiments are analyzed with an ad-hoc algorithm developed in the MATLAB

software framework.

D.3. Results and discussion

D.3.1. Optimization of the colorimetric detection

The colorimetric detection was based on the work of Yadav and Zelder [Yadav and Zelder,
2021]. Pyrocatechol violet forms complexes with copper. Upon the addition of GLY, which has a
higher complex formation constant with Cu®* than PV, the [PV] complex dissociated and changed
color from blue to yellow, indicating the formation of free PV. Yadav and Zelder already tested
many analytical parameters of the reaction of GLY with the [PV] complex. In the final protocol,
the authors used a pH of 6.5 in HEPES buffer to be suitable for GLY detection. However, as
HEPES with a pK, of 7.41 at 20 °C [Sokotowska and Bal, 2005] is not well suited as a buffer for
pH 6.5, we preferred MES (pK, ~ 6.15 at 20 °C) [Ewing and Robson, 1991].
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Figure D.2: Colorimetric GLY analysis in solution: (a) UV/Vis spectra of PV (30 uM)
in the presence of two equivalents Cu?* at pH 6.5 (aqueous MES buffer) with increasing
concentration of GLY (b) absorbance at 625 nm in MES buffer at pH 6.5 depending on
the GLY concentration.

To minimize risks of complex decomposition, we stored aqueous solutions of the reaction
partners PV, CuCl,, and MES separately at 4 °C. The [PV] complex in MES buffer (pH 6.5) was
prepared directly before it was applied for GLY analysis upon mixing these solutions. Concen-
tration series with increasing equivalents of GLY were conducted for the complexes in the MES
buffer to obtain calibration curves, define the linear range, and calculate the LOD. As depicted in
Fig. D.2a, the light blue color of [PV] (absorbance maximum at 625 nm) with a stoichiometry of
PV:Cu?? of 1:2 turns yellow upon the addition of GLY, as added GLY competes with [PV] for the
Cu? ions.

Copper complexation by GLY thus releases free PV (absorbance maximum at 444 nm). When
using 30 uM of the copper [PV] complex (2 equivalents Cu’*), the calibration curve in Fig. D.2b
reveals a linear range from 1-60 uM. The limit of detection was ~1 uM using the lower end of the

linear range for UV/Vis analyses and ~15 uM for naked-eye detection.

D.3.1.1. Testing porous substrates

The transfer of the batch method for colorimetric detection faced three major challenges: sorp-
tion of reaction partners, especially GLY on the solid substrate, complex dissolution and strong
diffusional broadening of spots. Therefore, three solid supports were chosen providing orthogonal
surface chemistries. In regular filter paper, composed of hydrophilic cellulose (cellulose filter pa-
per MN 615), [PV] complex solutions spread evenly (see Fig. D.3a), and the blue color remained,
which indicated that the complex remained intact. However, when adding GLY solution at high
concentrations, no visible color change from blue to yellow occurred, as observed in Fig. D.3a. We
hypothesize, that despite the high stability constant of the [GLP] complex, a strong interaction of
GLY with the cellulose substrate was present as can be expected from GLY’s interaction with —-OH

and O~ groups, simulated in theoretical studies [de Aguiar Filho et al., 2021, Graf et al., 2022] and
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well known from sorption to soil mineral oxides [Wimmer B. and C., 2022].
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Figure D.3: Investigation of solid supports after applying solutions of [PV] complex and
GLY. (a) Cellulose filter paper did not show a visible color change at high GLY concen-
trations. (b) Nitrocellulose shows a color change but suffers from the coffee ring effect.
(c¢) The yellow color of RP-18 W TLC plates after the addition of [PV] indicates the de-
composition of [PV] complexes.

Using nitrocellulose, we expected GLY adsorption onto the solid support to be reduced by
electrostatic repulsion. Looking at the photographs in Fig D.3b, [PV] complexes stayed intact on
the nitrocellulose substrate and a color change from blue to yellow occurred when GLY was added.
However, the interaction of copper complexes ([PV] and [GLP]) and free GLY with nitrocellulose
was lowered to such an extent, that the components diffused to the edges of the sheets upon drying.
This phenomenon, named the coffee ring effect, is due to the solvent evaporating faster in the
middle of the strip, evoking a concentration gradient [Zheng et al., 2021]. Moreover, the EOF in
nitrocellulose is considerably higher than the EOF in other paper substrates [Franck et al., 2021],
which generates distortions in the electrical profile of electrophoretic separations. Consequently,
PVP was added to buffer solutions to suppress such flow. For the “RP-18 W” TLC plates, the
surface was well wetted with aqueous solutions of the complexes due to residual —OH groups of
the SiO, particles, but decomposition or demetallation of [PV] complexes can be deduced from
the loss of the blue colors upon drying the [PV] solution and the formation of the free yellow PV
colorant, as can be seen in Fig. D.3c. We proceeded with nitrocellulose as a solid support for

paper-based electrophoresis and ITP.

D.3.2. Numerical electrolyte optimization for ITP

To identify the most suitable buffers for paper-based ITP experiments, we conducted numer-
ical simulations using a system with three different counter-ions and three different terminating

electrolytes. The primary factors considered were: i) optimal pH for the colorimetric reaction of
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[GLP], ii) preconcentration factors reached for GLY in the ITP system, iii) electromigration be-
havior of GLY and [PV] to assure that competitive complexation takes place, and iv) influence of

the buffer components on the stability of the [PV] complex.

Combination | TE [mM] | CI (LE) [mM] | LE pH | C/C; (t=900s)
| HEPES - 2.5 Creatinine - 60 5 635
2 HEPES - 2.5 Histidine - 60 6.2 700
3 HEPES - 2.5 | TRIS/e-aminocaproic acid - 26 | 6.5 820
4 Glycine - 2.5 | TRIS/e-aminocaproic acid - 26 | 6.5 725
5 MES - 2.5 | TRIS/e-aminocaproic acid - 26 6.5 365

Table D.1: Electrolyte combinations used in numerical simulations, displaying the con-
centrations, pH values, and preconcentration factors (C/C;), calculated as the ratio between
GLY concentration at 900 s (C) and the initial concentration (C;).

Given the challenges involved in modelling nitrocellulose particularly due to the lack of data on
its tortuosity and the effects of PVP on suppressing the EOF, we utilized a Whatman #1 paper model
for the numerical experiments [Franck et al., 2023]. The TE and LE electrolyte concentrations were
derived from the work of Moghadam et al., who explored the integration of ITP onto nitrocellulose-
based paper microfluidic devices to enhance the detection limits of lateral flow immunoassays
and reported 900 fold increase in initial sample concentration [Moghadam et al., 2014]. For all
simulations, we used 26 mM HCl as LE and 5 mM e-aminocaproic acid as the CI in TE. Glyphosate
sample concentration was set to 1 uM, and pH calculations were done numerically [Damian et al.,
2019].

Exemplarily, Fig. D.4a shows the results for GLY preconcentration after 900 seconds in an
ITP using electrolytes of Combination 3: LE: HCI, TE: HEPES with the counterions TRIS and
e-aminocaproic acid. Glyphosate is well preconcentrated from 1 pM to ~820 uM behind chloride
as the LE into a sharp peak at a position of 30 mm. From this, we calculate a preconcentration fac-
tor of 820. Between 20 mm and 30 mm, the GLY concentration is ~11 pM, not yet fully adapted.
Using longer separation times, higher concentrations are reached. The dependence of the precon-
centration factor on the simulation time is shown in Fig. D.4b for all buffer combinations tested.
Similar slopes and thus similar preconcentration factors were observed for Combinations 1-4 with
glycine and HEPES as TE. Electrolyte Combination 5 was inferior in preconcentration and the lim-
ited performance with MES as the TE is evident. However, further aspects have to be considered
for GLY analysis: for instance, using creatinine as a CI did not meet the pH requirements of the
colorimetric detection (pH range 6.5—7.4) with a pH of 5 in the LE solution. Additionally, when
we experimentally tested histidine as CI and glycine as TE, a strong interaction with the [PV] was

observed, resulting in a color change before the addition of GLY when the zone of the [PV] and
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TE met (data not shown). Thus, further optimization was focused on electrolyte Combination 3.
In environmental samples, we may expect other complexing agents such as oxalic acid or citric
acid, which we know from colorimetric batch testing to disturb the glyphosate analysis. While
compounds such as glycine and other ampholytes are not included in the ITP stack due to too low
mobilities, oxalic and citric acid would disturb the analysis with the buffer system chosen. We thus
conducted further simulations and found methylsulfonic acids as a suitable LE ion for samples with

complexing agents as matrix constituents.
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Figure D.4: Results of numerical simulations for optimizing electrolyte combinations in
paper-based ITP. (a) Glyphosate sample and electrolyte arrangement (Combination 3 in
Table D.1) at 900 s for counter-ions TRIS and e-aminocaproic acid and TE HEPES. (b)
Preconcentration factors for different combinations of counter-ions and terminating elec-
trolytes (see Table D.1) depending on the time used for preconcentration. (¢) Matrix effects
with glycine, oxalic and citric acid. HCI in the LE was replaced by 26 mM methylsulfonic
acid.

Figure D.4c shows the results of the simulation demonstrating that glycine is not included in
the ITP stack and oxalic acid and citric acid are well separated from glyphosate. However, it is
important to note that with methylsulfonic as LE, the theoretical preconcentration factor is slightly
smaller than when using HCI. For this reason, we chose HCl as LE for the experimental work. The
buffer system based on methylsulfonic acid can be implemented in the future for complex matrices

without modifying the experimental setup.
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D.3.3. Verification of the separation by ITP-UV analysis

To verify the relative migration of GLY, [PV] and the free PV the system established in the
paper-based ITP was adapted to be reproduced in a classical capillary electrophoresis setup. For
this, PVP in the electrolytes was substituted by a dynamic PVP coating [Kaneta et al., 2006] ap-
plied to the capillary surface before measurements. Additionally, the separation voltage was set to
—10kV with a constant pressure support of 40 mbar for mobilization. To start the measurement
the capillary was initially flushed with LE consisting of the buffer system with the [PV] complex.
Subsequently, the TE was introduced by the pressure support, and a voltage was applied, leading

to the formation of an ITP in the capillary.
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Figure D.5: ITP-UV measurement of [PV] (596 nm) and free PV (444 nm) in a commer-
cial CE instrument. Measurements were conducted in a capillary with 50 um inner di-
ameter at a separation voltage of —10kV and 40 mbar with a LE consisting of 26 mM
e-aminocaproic acid, 26 mM HCI, 26.3 mM TRIS and 175 uM [PV]. The TE consisted of
2.5mM HEPES, 5 mM e-aminocaproic acid and 1 and 2 uM GLY.

The ITP-UV electropherograms displayed in Fig. D.5 show the successful reproduction of the
ITP for 1 and 2uM GLY in the TE when using ITP-UV analysis. GLY was detected indirectly
by the UV absorption of free PV after dismantling the [PV] in the presence of GLY [Yadav and
Zelder, 2021]. For detection, the absorption maximum of the complex 596 nm was chosen while
the free PV was detected at 444 nm. A preconcentration of GLY from the TE can be seen in front
of the ITP stack although GLY is constantly preconcentrated from the TE. The separation was
susceptible to varying EOF due to the dynamic coating but no attempts were made for optimization.

The steady decline of the baseline intensity is associated with the low stability of the complex in
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the buffer medium. A reduction in the signal can be seen at both observed wavelengths in the

electropherograms as impurities are also preconcentrated in the ITP stack before GLY.

D.3.4. Paper-based electrophoresis
D.3.4.1. Paper-based capillary electrophoresis

The experimental protocol consisted of first placing a nitrocellulose strip on the glass support
bridging the two reservoirs. We added 20 pLL of [PV] solution to the right of an imaginary line
in the middle of the nitrocellulose strip. Then, further bands were added to the left: 10 uL BGE
and 20 uLL GLY (see scheme in Fig. D.6a). Afterwards, both cathode and anode reservoirs were
filled with BGE solutions. Upon electric field application (1500 Vm~1), GLY will migrate to the
cathode with a higher velocity than [PV], reaching the colorimetric complex band which evoked

the formation of the yellow free dye and the glyphosate-copper complex (see Fig. D.6b).
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Figure D.6: Initial setup and results of paper-based capillary electrophoresis (pCE) using
MES buffer (pH 6.5) and PV complex for GLY detection. (a) Configuration of the nitro-
cellulose strip with [PV], BGE, and GLY solutions before voltage application. (b) Exper-
iment photograph at t=8 min upon electric field application, with GLY having reached the
[PV] band (¢) Absorbance changes indicating GLY concentration with a detection range
from 100 uM to 400 pM.

The calibration curve (Fig. D.6¢) showed a saturation starting at about 400 uM of GLY forming
the upper end of the linear range. Differences to the 1200 uM sample are negligible, so the optimal
detection range for pCE was 100 uM -400 uM of GLY when using a starting concentration of
175 uM of [PV]. Image analysis was identical to the ITP experiments, described in Section D.3.4.2.
Lower GLY concentrations were tested, but already 50 uM was below the LOD. We estimated the

LOD to be ~100 uM, not suitable for environmental samples.



D.3. RESULTS AND DISCUSSION 151

D.3.4.2. Paper-based ITP

Using the pCE technique, a high LOD of 100 uM for GLY was reached while the LOD of batch

experiments was 2.66 uM for smartphone detection | Yadav and Zelder, 2021] and 1 uM with our
high-end UV/VIS spectrometer. Thus, the pCE technique was replaced by paper-based ITP to
enable preconcentration. For ITP experiments, we used four different GLY concentrations (1, 2,
5 and 25 uM) along with a plain buffer as a blank. Each experiment was repeated at least twice.
Electrolyte Combination 3 (see Table D.1) was used as the electrolyte system. The nitrocellulose
was prepared as described in Section D.2.5.2. To mitigate the EOF, 3% m/v of PVP were added
to TE and LE solutions. We chose a rectangular area in the photograph to process the images
taken during each experiment. Its size was set to the length of the nitrocellulose strip and one-
third of its width (34 mm x 3.3 mm) as shown in Fig. D.7a at time O of an experiment with a
GLY concentration of 5 uM. Figure D.7a shows the LE containing the blue [PV] complex before
applying voltage. A sharp blue zone is visible on the left, where the TE with GLY added meets
the [PV], due to the coffee ring effect during the capillary imbibition of the strip. The effective
preconcentration of GLY by ITP was well visible in the second image of Fig. D.7a, after 15 min
time of separation applying a voltage of 400 V. A video summary of this entire experimental run is
linked in suplementary information. After 15 min upon applying the electric field, intense colors
are visible in the center of the nitrocellulose strip. As indicated in Fig D.1c, different zones can
be expected (discussing only the anions): i) a zone of GLY in TE, ii) a zone with a mixture of the
[GLP] complex and free PV and iii) a zone of [PV] in the LE. Due to continuous separation and
the mixing of blue and yellow compounds, different mixed colors evolve, making it difficult to
achieve a direct naked-eye evaluation of the results.
For a complete analysis of the images, we constructed time-space matrices for all (RGB) channel
intensities. For this, a vertical average of the images in the rectangular analysis area was calculated
at each time point and all lines and stacked over time (Fig. D.7b). Thus, the length coordinate is
represented on one axis, while time is represented on the other, as depicted in Fig D.7b. This
method visualizes the system’s dynamics of the entire experiment in a single image, showing the
main colorimetric complexes involved.

The intensity of each channel (RGB) of the matrix can be written using the Beer-Lambert’s
law:

RGP (2,1) = 1598 ()e(Cotarrv) (D.1)

where IézGB (z) represents the intensity of the backlight lamp. ag and apy are the porous sub-
strate’s and [PV]’s absorption coefficients, respectively, while d is the thickness of the porous

layer. The absorption coefficient of the colorimetric complex can be linearly related to its respec-
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Figure D.7: Results of GLY detection with an e-uPAD by ITP technique with colorimetric
detection. (a) Initial and 15-minute photographs with the analysis area marked in red. (b)
Time-space matrix showing the system’s dynamics. The dotted line contains information
from the vertically averaged photograph (a), at t=15 min (¢) AABS values integrated
along the spatial coordinate, for each channel over time. (d) Calibration curve for multiple
GLY concentrations (1, 2, 5 and 25 uM) of integrated absorption difference index (V).

tive concentration, i.e apyid = SB[C]pyy(t). where BHCE represents a variable that depends
on the wavelength of the incident light, as measured spectra suggest (see Fig D.2a) and [C][py(2)

is the concentration of the [PV] at time ¢. Applying logarithm and separating the terms yields:
log(I(z, 1)) = log(Io(x)) — and + BP[Cipyy() (D.2)

If the left term of the above equation for a photo at a given time ¢ is subtracted from a photo at
the initial time ¢y, we find an expression that eliminates the influence of the incident light and
simplifies the terms related to nitrocellulose and only depends on the concentrations of the [PV]

complex:
AABSTEE (2, 1) = log(I(2,0)) —log(I(w, 1)) = BP([Clipy) (1) = [Clipvy(0))  (D3)

Given that the [PV] complex preferentially absorbs in the wavelength range corresponding to
the red channel of the image and the uncomplexed PV preferentially absorbs in the blue channel

(see Fig D.2a), AABS" for the red channel will be directly proportional to the amount of [PV],
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and AABSP® for the blue channel to the concentration of PV. In the presence of GLY, we will thus
observe an increase in AABSP and a decrease in AABS®. In Fig D.7c, the values of AABS
for each channel integrated along the spatial coordinate are shown as a function of time for a GLY
concentration of 5 pM. It can be seen that after an initial period, A ABS™ increases linearly, while
AABS?E decreases consistently. Additionally, it can be noted that the green channel does not show
significant changes, which is consistent with the fact that the PV present in the experiment has
similar absorption in that wavelength range (see Fig. D.2a). Considering the above, a calibration
curve was constructed from an integrated absorption difference index (¥), which integrates the
difference between absorbance deltas between 0 and £, y: W= fOL "f(AABSP — AABS®) dt, with
a chosen t,.y of 900s. In Fig. D.7d, this index is shown with a point for the average value of
all measurements and an error bar for the standard deviation. A linear relationship between the
logarithm of GLY concentrations and ¥ was adjusted: y = 1.24x + 0.38, R? = 0.996. The LOD

for this technique was 0.8 uM and the linear range of application was 0.8-25 uM.

D.3.4.3. Validation of the preconcentration

We validated the preconcentration factor of GLY in paper-based ITP in two steps. First, we
performed a calibration for GLY concentrations on nitrocellulose. For this, 40 pL of an aqueous
solution of GLY at concentrations of 0.6, 3, 6, 12 and 30 uM were dropped on sheets of nitrocellu-
lose (10 mm x 10 mm) and the solution was allowed to dry at ambient conditions. Glyphosate was
then extracted by inserting the nitrocellulose sheets into a microreaction vial with 250 pLL of an
aqueous solution of 37 mM H3PO; and 112 mM NaOH. The extraction was accomplished under
sonication for 1 hour. Quantification was achieved using CE-MS (see Section D.2.3) [ Wimmer
et al., 2022]. Extracted concentrations of GLY were determined using the isotope-labelled GLY
standard glyphosate-2-1>C (>99.9%, Sigma Aldrich, Steinheim Germany) added to the vial after
extraction and before CE-MS measurements at a concentration of 6 uM. Comparing the concentra-
tions of the GLY extracted from the nitrocellulose with the concentration of the internal standard,
we see a slope of 0.5 for the regression line, indicating an extraction efficiency of about 50%
(see Fig. D.8a). Finally, a paper-based ITP experiment on nitrocellulose was conducted as before
with a GLY concentration of 1 pM in the reservoir, but without using PVP to avoid impairments
of extraction or downstream CE-MS analysis. After the ITP separation was complete, the paper
strip was uniformly cut into 5 segments of about 10 mm length excluding the sections immersed in
the reservoirs (see inset in Fig. D.8b). Each segment was analyzed for GLY by CE-MS using the
internal standard. Afterwards, the extracts for each paper zone and also the standard (in the same

way as described above) were analyzed by CE-MS with the electropherograms shown in Fig. D.8b.
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We estimated a preconcentration factor by comparison with the internal standard. For the zone in
the centre of the nitrocellulose strip, Zone 111, the highest peak area was obtained with a ratio of
~15 between GLY and the internal standard indicating a concentration of (15*6)=90 uM. With the
extraction efficiency of 50%, a preconcentration factor of 180 was calculated for the starting con-
centration of GLY of 1 uM. This factor is not fully comparable to the one in the ITP experiment,
as the effective preconcentration factor at the GLY front visible by colorimetric detection can be

expected to reach considerably higher local values.
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Figure D.8: Results of the validation of the preconcentration: (a) Calibration of the extrac-
tion solution with an efficiency of ~ 50% (b) Nitrocellulose zones analyzed by CE-MS
with a preconcentration factor of 180 for GLY in paper-based ITP.

D.4. Conclusions

Our study demonstrates that with a simple electrophoretic microfluidic paper-based device us-
ing ITP, preconcentration factors of up to 820 can be expected from simulation results and meet
the requirements such as pH and effective electrophoretic mobilities of reaction partners in col-
orimetric detection.A preconcentration factor of about 180 was determined by offline analysis in
segments of the nitrocellulose strips after ITP analysis. The instrumental setup was a simple 3D-
printed device with two electrode chambers and filter paper, here we used nitrocellulose to reduce
sorption of the analyte GLY and decomposition of the colorimetric complex of pyrocatechol violet
and copper ions. The electrophoretic mobilities and starting conditions were chosen to have pre-
concentrated GLY in the terminating electrolyte migrating to a zone of the blue [PV] complex to
evoke a demetallation and the formation of yellow free PV. A simple camera followed the color
change. Our new evaluation method proved very efficient using the RGB channels of the images.
With this, a calibration curve was obtained with a relatively wide linear range from 0.8 to 25 uM.
Using the lower limit as an estimate for the LOD, it is clear that environmental monitoring is not
yet possible with concentrations often below 1 pgL~! (<6nM) [Schwientek et al., 2024]. Fur-

ther optimization is required to preconcentrate GLY from an even larger reservoir or prolong the



D.4. CONCLUSIONS 155

preconcentration times.

Our method seems promising to detect GLY in herbicide formulations and for visualizing spray
drift, though the current detection limits are not yet adequate for surface water analysis. Isota-
chophoretic preconcentration provides the advantage of separating interfering compounds with
different electrophoretic mobilities from GLY, such as glycine and certain carboxylic acids. Fu-
ture research will explore potential matrix effects, including the influence of ionic strength and
complexing agents like EDTA or humic acids, which may competitively complex copper ions.
Additionally, the device can be adapted for other applications, such as analyzing GLY in (old) for-
mulations in developing countries, where sales and applications are hardly regulated [Oltramare

et al., 2022], or for detecting other ionic analytes and simplified copper analysis.
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Suplementary Information

The online version of this paper includes a video. Such video summarizes a complete TP
experiment on paper, first filling the nitrocellulose strip with the blue [PV] + LE complex from the
cathode (right) and then with TE + GLY from the anode (left). A concentration of 5 uM of GLY
aqueous solution was used. 400 V were then applied between the electrodes. The photos that make
up the video were taken every 5 s and the video is at 24 fps. It can be found on the website of the

journal.
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