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PREFACIO

IBERSENSOR es un foro de la comunidad cientifica de habla hispana y portuguesa, que trabaja en areas

de desarrollo de sensores de todo tipo v sus aplicaciones.

Este evento bienal ha sido realizado con éxito en doce ocasiones consecutivas: la primera en 1998 en La
Habana (Cuba), la segunda en 2000 en Buenos Aires (Argentina), y le siguieron 2002 Lima (Pert), 2004
Puebla (México), 2006 Montevideo (Uruguay), 2008 San Pablo (Brasil), 2010 Lisboa (Portugal), 2012
San Juan de Puerto Rico (Puerto Rico), 2014 Bogotd (Colombia), 2016 Valparaiso (Chile), 2018 Barcelona
(Espana) vy el evento de 2020 en Aveiro (Portugal) fue suspendido debido a la pandemia, realizandose
luego en el ano 2022.

Nos complace presentarles las Actas del 13er Congreso Iberoamericano de Sensores - Ibersensor 2024,
organizado del 21 al 24 de octubre de 2024 en el Instituto Nacional de Tecnologia Industrial - INTI,

Buenos Aires, Argentina.

En esta edicion, hemos contado con presentaciones plenarias de conferencistas reconocidos
internacionalmente, presentaciones orales v posters, visitas a laboratorios de INTI v de la Fundacion
Argentina de Nanotecnologia - FAN, y un panel de debate en la tematica de semiconductores.

Entre los temas que se profundizaron se destacan: sensores electroguimicos, quimicos, fisicos,
optoquimicos, de ondas acUsticas, en electrénica impresa, microfluidicos, inteligentes y redes
inaldmbricas: biosensores: diseno y tecnologia de sensores; nuevos materiales v nanomateriales para
sensores; microsensores y microactuadores (MEMS): microsistemas analiticos integrados y Lab-on-a-
chip (LOC); acondicionamiento de senales e instrumentacion; entre otros.

Agradecemos los avales institucionales vy las contribuciones financieras de los sponsors y subsidios
otorgados, a las autoridades del INTI, al Comité Organizador y especialmente a las multiples areas del

Instituto que colaboraron para el desarrollo exitoso del evento.

Finalmente queremos agradecer al Comité Permanente por habernos dado la oportunidad de llevar
adelante Ibersensor 2024, v a todos los conferencistas v participantes del mismo.

Deseamos poder reencontrarnos en Colombia en 2026.

Laura Malatto Alex Lozano Mijal Mass

Comité Organizador Comité Organizador Comité Organizador
Co-chair Co-chair Chair
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PREFACE

IBERSENSOR is a forum for the Spanish and Portuguese speaking scientific community, working in the
field of development and applications of sensors.

This biennial event has been successfully held on twelve consecutive occasions: the first in 1998 in
Havana (Cuba), the second in 2000 in Buenos Aires (Argentina), and it was followed in 2002 Lima (Peru),
2004 Puebla (Mexico), 2006 Montevideo (Uruguay), 2008 Sao Paulo (Brazil), 2010 Lisbon (Portugal),
2012 San Juan de Puerto Rico (Puerto Rico), 2014 Bogotd (Colombia), 2016 Valparaiso (Chile), 2018
Barcelona (Spain) and the event 2020 in Aveiro (Portugal) that was suspended due to the pandemic,

later taking place in 2022.

We are pleased to present to you the Proceedings of the 13th Ibero-American Congress on Sensors -
Ibersensor 2024, organized from October 21to 24, 2024 at Instituto Nacional de Tecnologfa Industrial - INTI,

Buenos Aires, Argentina.

In this edition, we have had plenary presentations by internationally recognized speakers, oral and
poster presentations, visits to laboratories of the INTI and the Fundacién Argentina de Nanotecnologia - FAN,

and a debate panel on the topic of semiconductors.

Among the topics that were explored in depth were: electrochemical, chemical, physical, optochemical
and acoustic wave sensors, printed electronics, microfluidics, smart sensors and wireless netwaorks,
biosensors, sensor design and technology, new materials and nanomaterials for sensors, microsensors
and microactuators (MEMS), analytical integrated microsystems and Lab-on-a-chip (LOC), signal

conditioning and instrumentation; among others.

We appreciate the institutional endorsements and the financial contributions of the sponsors and
support granted, to the INTI authorities, to the Organizing Committee and especially to the multiple
areas of the Institute that collaborated for the successful development of the event.

Finally, we want to thank the Permanent Committee for giving us the opportunity to carry out
Ibersensor 2024, and all the speakers and participants.

We are looking forward to seeing you again in Colombia in 2026.

Laura Malatto Alex Lozano Mijal Mass

Comité Organizador Comité Organizador Comité Organizador
Co-chair Co-chair Chair
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PREFACIO

IBERSENSOR é um férum para a comunidade cientifica de lingua espanhola e portuguesa, que atua nas
areas de desenvolvimento de sensores de todos os tipos e suas aplicacoes.

Este evento bienal foi realizado com sucesso em doze ocasioes consecutivas: a primeira em 1998 em La
Habana (Cuba), a sequnda em 2000 em Buenos Aires (Argentina), e foi sequida em 2002 Lima (Peru),
2004 Puebla (México), 2006 Montevideo (Uruguay), 2008 Sao Paulo (Brasil), 2010 Lisboa (Portugal),
2012 San Juan de Puerto Rico (Puerto Rico), 2014 Bogota (Colombia), 2016 Valparaiso (Chile), 2018
Barcelona (Espana) e o evento 2020 em Aveiro (Portugal) foi suspenso devido a pandemia, tendo lugar
posteriormente em 2022.

Temos o prazer de apresentar a vocés os Anais do 13° Congresso Ibero-Americano de Sensores -
Ibersensor 2024, organizado de 21 a 24 de outubro de 2024 no Instituto Nacional de Tecnologia Industrial - INTI,

Buenos Aires, Argentina.

Nesta edicao contamos com apresentacoes plendrias de palestrantes reconhecidos internacionalmente,
apresentacoesorais e posteres, visitas aos laboratorios do INTI e da Fundacion Argentina de Nanotecnologia

- FAN, e um painel de debate sobre o tema semicondutores.

Entre os temas explorados em profundidade estavam: sensores eletroguimicos, quimicos, fisicos,
optoquimicos, de ondas acusticas, eletronica impressa, microfluidica, sensores inteligentes e redes sem
fio: biossensores; design e tecnologia de sensores; novos materiais e nanomateriais para sensores;
microssensores e microatuadores (MEMS); microssistemas analiticos integrados e Lab-on-a-chip (LOC);
condicionamento e instrumentacao de sinais; entre outros.

Agradecemos os endossos institucionais e as contribuicoes financeiras dos patrocinadores e subsidios
concedidos, as autoridades do INTI, ao Comité Organizador e especialmente as multiplas dreas do

Instituto que colaboraram para o sucesso do desenvolvimento do evento.

Por Ultimo, queremos agradecer ao Comité Permanente por nos ter dado a oportunidade de realizar o

Ibersensor 2024, e a todos os oradores e participantes.

Esperamos poder nos encontrar novamente na Colombia em 2026.

Laura Malatto Alex Lozano Mijal Mass

Comité Organizador Comité Organizador Comité Organizador
Co-chair Co-chair Chair
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MESOPOROUS THIN FILMS: EXPLOITING NEW NANOSPACE
FEATURES FOR ELECTROCHEMICAL AND OPTICAL SENSING

Galo ). A. A. Soler-lllia

Instituto de Nanosistemas, Escuela de Bio y Nanotecnologias, Universidad Nacional de General San Martin
Av. 25 de Mayo 1169, 1650. San Martin.
Argentina

e-mail: gsoler-illia@unsam.edu.ar
www.unsam.edu.ar/institutos/ins

Mesoporous materials with high surface area and highly controlled mesopore diameter (2-50 nm)
constitute highly tunable nanoarchitectures. The pore symmetry and surface can be finely tailored,
and “decorated” with molecular, bioactive or nanoscale functions. The possibility of combining chemical
synthesis, self-assembly and orthogonal surface reactions gives us a broad palette for creating exciting
multiscale nanomaterials that mimic the complexity of those found in Nature.

Mesoporous thin films (MTF) provide an exciting avenue in the fields of advanced sensing and energy,
by fully exploiting their architectures, functional positioning, surface processes and nanofluidics.
Current synthetic and production strategies permit to easily and reproducibly prepare optical quality
thin films, electrodes or photonic crystals on a variety of substrates, which makes them useful as optical
or electrochemical sensors.

MTF offer a variety of sensing possibilities through molecular sieving, selective electrostatic or steric
exclusion and preconcentration effects, which are a consequence of mesopore confinement and surface
functionalization. Mesoporosity is an advantage for improved transport properties, tunable charge
management and optical responsivity. Plus, the synthetic methods are fully compatible with processes
taking place in electronics and optics industry, making MTF an interesting platform for future integrated
optical and electrochemical nose devices.

We will present examples of MTF rational design and production aiming at applications in selective
electrochemical and optical sensing. We will give examples on how the combination and feedback of
synthesis, characterization and modeling leads to pre-designed functional electrodes or optical devices
such as responsive photonic crystals, in which the final properties are programmed in their structure
at several length scales and interfaces. We will demonstrate the possibilities of designing and building
novel sensing devices based in nano-enabled processes such as perm-selectivity, selective condensation

or confined bioaffinity. The only limit is magination.
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ORGANIC MICROELECTRONICS FOR TRANSIENT SMART
DEVICES: A NEW OPPORTUNITY FOR MORE SUSTAINABLE
ELECTRONICS

Dr. Eloi Ramon

Researcher at the Institute of Microelectronics of Barcelona (IMB-CNM-CSIC) and leads the Integrated Circuits
and Systems (ICAS) group.

Espana

e-mail: eloi.ramon@imb-cnm.csic.es

Over the past two decades, the rapid evolution of electronics has been driven by the development of novel
materials and microfabrication technologies. These advancements have opened new avenues, particularly
in the fields of additive manufacturing technologies applied to the fabrication of sustainable, flexible, and
organic integrated circuits and systems.

Technological advances in additive manufacturing, printed, and organic electronics offer cost-effective,
flexible, biocompatible, sustainable, and eco-friendly solutions for smart and sustainable systems.
Printing technologies enable low-cost, large-area coverage with customizable designs.

Since the discovery of organic semiconducting materials 40 years ago, numerous efforts have
been made to establish a new application field alongside conventional electronics. In contrast to
microelectronics, whichis primarily based on silicon, organic electronics has proven to be a viable technology
for fabricating devices on plastic, paper, and flexible substrates. This is due to its capability for low-cost,
high-volume, and high-throughput production of electronic devices. The introduction of eco-friendly
and biodegradable materials to consumer flexible electronics is expected to significantly reduce
environmental issues and eliminate the costs and risks associated with recycling operations.

The integration of the aforementioned technologies will pave the way for a wide range of low-cost electronic
devices with acceptable lifespans for applications in healthcare, food monitoring, loT, and many others.
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INTRACELLULAR CHIPS FOR CELL MECHANICS

José Antonio Plaza
Instituto de Microelectrénica de Barcelona (IMB-CNM, CSIC)
Espana

e-mail: joseantonio.plaza@imb-cnm.csic.es

iSabes qué la parte fisica de tus células es tan importante como la parte bioquimica? En particular la mecanica
celular es fundamental en la mayorfa de procesos celulares, desde la division y migracion hasta el desarrollo.
Sin embargo, es un campo cientifico que todavia estd en su infancia. Ello es debido a Ia falta de
herramientas para su estudio. En la conferencia podremos ver si desde el campo de los chips podemos
aportar este tipo de herramientas.
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CIRCUITOS INTEGRADOS FOTODETECTORES, APLICACIONES
ALTERNATIVAS Y POSIBILIDADES DE FABRICACION

Dr. Nicolas Calarco
Grupo de Microelectronica del Departamento de Ingenieria de la Universidad Catdlica del Uruguay (DIE-UCU)
Uruguay

e-mail: Nicolascalarco@gmail.com

En nuestra vida cotidiana utilizamos continuamente fotodetectores que se encuentran embebidos
enpracticamentetodos los dispositivos electronicos que utilizamos. Porejemplo, los dispositivos moéviles
y computadoras portatiles tienen camaras integradas, las puertas automaticas tienen sensores de
movimiento, el raton de las computadoras tiene un sensor dptico para detectar el movimiento, entre
cientos de otros ejemplos. Pero jcémo funcionan? sPara qué podemos utilizarlos? ¢Qué sucede
cuando el objetivo no es especificamente capturar unaimagen, sino hacer algun célculo relacionado?

En esta charla se expondran los principios basicos de funcionamiento de los fotodetectores integrados
comerciales y sus limitaciones. Ademas, se exploraran otro tipo de aplicaciones donde no es del todo
conveniente registrar las imagenes, particularmente aplicaciones de deteccion de movimiento de
patrones a alta velocidad. Finalmente se mostraran opciones de fabricacion actuales para quienes

estén interesados en explorar el mundo de los circuitos integrados fotodetectores.
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SMART MULTI-SENSOR SYSTEMS ENABLING REAL TIME
WATER QUALITY ASSESSMENT AND EARLY PREDICTION
OF POLLUTANTS

Cecilia Jimenez Jorquera
Instituto de Microelectronica de Barcelona (IMB-CNM, CSIC)
Espana

e-mail: Ceciliajimenez@csic.es

We present in that talk a research line of the Institute of Microelectronics of Barcelona (IMB-
CNM) devoted to the development of predictive multiparametric monitoring probes for precise
control of industrial aquatic processes based on innovative smart microsensing technology.
These probes are made up with different sensors developed at the IMB-CNM Clean room
with microelectronic technology, which confers robustness, miniaturisation and scalability to
its production. In addition, they incorporate neuromorphic intelligence that further allows to
correct aging and interferences for the sensors during operation, thus minimising the need for
calibration. This solution has been evaluated in several scenarios like the entrance of river water
to a drinking-water plant (DWP) from the company AGBAR and a recirculating aquaculture
system in close partnership with IRTA.

To build a healthy planet for all, the European Green Deal requires the EU to better monitor,
report, prevent and remediate pollution of air, water, soil and consumer products. There are also
new EU directives to control contamination of drinking water. These include the obligation of
Member States to guarantee access to drinking water for all European citizens, and establish very
high-quality standards for its supply. For all these reasons, water analysis is key to preventing
environmental, health and industrial risks for sustainable development.

Sectors such as drinking water networks, aquaculture and hydroponics need to continually
monitor water composition to avoid contamination, increase productivity and/or comply with
increasingly strict regulations. However, commercial analytical devices are currently expensive,
bulky, limited to a few parameters, and require frequent calibrations. None of them is capable
of autonomously predicting and controlling variations in water quality and industrial processes,
requiring instead intensive manual maintenance that increases operating costs.

In this context, we propose the development of smart multi-sensor systems fabricated with
cost-effective microelectronic technology combined with powerful data fusion tools like neural
networks, to achieve a predictive system for on-line water quality monitoring. This system
contains multi-sensor electrochemical sensors manufactured with microelectronic technology,
being therefore robust, miniaturizable and scalable in its production. They detect indicators like
pH, conductivity, temperature, chlorine, and ions (nitrate, phosphate, ammonium. Sensors are
combined with local neuromorphic intelligence that, in addition to its predictive capabilities,
allows to correct sensor drift, aging and interferences produced during their operation: These
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corrections minimize and even avoid need for calibration during long-term periods of continuous
monitoring. This smart system has been evaluated in two industrial scenarios: A drinking water
treatment plant and a pilot aquaculture production plant.

Results of these two applications and discussion of the technology feasibility will be presented.

Referencias:

« The European Green Deal COM (2019) 640.
- https://ec.europa.eu/commission/presscorner/detail/en/ip_20_2417
« Sensors and Actuators B: Chemical, Volume 353, 2022, 131123, ISSN 0925-4005/ Frontiers of Neuroscience, 2021, volume 15, 771480
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O0S SEMICONDUTORES NO MUNDO, A SUA DESCONCEN-
TRACAO E COMO A REGIAO LATAM PODE SER INCORPO-
RADA NA CADEIA GLOBAL

Adao Villaverde

Escola Politécnica da Pontificia Universidade Catdlica do RS - PUCRS

Assuntos Estratégicos de Semicondutores no Parque Tecnoldgico da PUCRS - TECNOPUC
Brasil

e-mail: adaorrvillaverde@gmail.com

Estdo em curso mudancas e transformacoes nao apenas nos ativos tangiveis, mas sobretudo
na forma como os individuos trabalham, vivem e se relacionam em sociedade. Neste contexto é
que temos que compreender a importancia da microeletronica e a producao de semicondutores.

Este trabalho se propoe a refletir e propor sobre o desenvolvimento da histéria da humanidade, a
partir de suas revolucoes industriais, e sua chegada a sociedade do conhecimento, que se insere
na Era do Silicio.

Analisa os cenarios dos semicondutores no mundo, os problemas de sua concentracao nos paises
do Pacifico do leste, as demandas da crise pandémica, seu potencial econémico e comercial, de
soberania cientifico-técnica e seu carater geopolitico.

Verifica também que tem mercado para a producao de chips chamados maduros, aqueles de
escala manométrica intermediaria, nao no estado arte, sobretudo por sua enorme demanda.

Verifica também as politicas de Estado no Brasil sobre o tema, seus instrumentos de acao,
chegando no planejamento, governanca, gestao e resultados da fabrica de chips CEITEC, Centro
de Exceléncia em Tecnologia Eletrénica Avancada, localizada em Porto Alegre, RS, Brasil, Unica
de solucao completa na América Latina. Que foi resultado de fundamentais politicas publicas,
associados a academia e ao setor empresarial. E que conferiu ao sul do Brasil o dominio e a
capacidade de pesquisar, desenvolver, prototipar, fabricar e comercializar chips. Aportando
requisitos e elementos chaves para o Brasil e América Latina poderem manufaturar estes tao
preciosos e valorizados dispositivos demandados pela época que vivemos. Porque possui uma
fabrica de solucao completa com sala limpa, dgua ultra pura, filtros de ar para controlar particulas,
equipamentos para producao e recursos humanos qualificados que sao demandados hoje pelo
mundo inteiro. Mas que por um conjunto de razoes, esta desatualizada tecnologicamente, onde
propoe-se sugestoes e ajustes aos seus impasses, fundamentalmente um upgrade ou uma nova
rota tecnoldgica, sobretudo pelas novas demandas, como descarbonizacao e transicao energética,
necessitando despender apenas entre 5% a 10% do que custaria fazer uma nova féabrica, com
nodo tecnoldgico para producao dos chips maduros.

E além de tudo isto, vem o principal que seria o corte na dependéncia da importacao destes
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dispositivos, parasuperacaododéficittecnoldgico do paisedaregiaonocampo dos semicondutores.
Pois 0 seu conhecimento, saber e expertise no tema, sao os principais ativos intangiveis que

regiao tem para transformar a inovacao tecnoldgica em valor as organizacoes e a sociedade.

- Palavras-chave: Tecnologia. Semicondutores. Chips. Inovacao. Expertise
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CEITEC, THE SIC WAFER FAB IN SOUTH AMERICA

Edelweis Ritt
CEITEC S.A - Semiconductors
Brasil

e-mail: edelweis.ritt@ceitec-sa.com

The presentation will focus on CEITEC's strategy in power electronics and the alignment of this
strategy with the New Brazilian Industry and Energy transition.
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USO DEL EFECTO HALL CUANTICO COMO PATRON DE
RESISTENCIA ELECTRICA

Mariano Real
Departamento de Metrologia Cudntica, Instituto Nacional de Tecnologia Industrial (INTI)
Argentina

e-mail: mreal@inti.gob.ar

Hace anos que el INTI mantiene las unidades eléctricas por medio de la realizacion del ohm 'y el volt.
Para ello se utilizan el efecto Hall cuantico y el efecto Josephson respectivamente.

En esta charla introduciremos el uso del efecto Hall cudntico como patrén de resistencia eléctrica,
donde la realizacion de la unidad requiere dispositivos de sistemas bidimensionales de electrones, que
resultan ser un sistema cudntico topoldgicamente protegido [1]. Sistemas como estos resultan ser
extremadamente robustos ante cambios, ya sea de condiciones de contorno de medicion como de
propiedades del material. Por ello, el efecto Hall cudntico es de gran interés metrolégico y también una

plataforma de investigacion a nivel mundial, con gran actividad desde hace anos.

El instituto contaba con dispositivos realizados en otros institutos, basados en heteroestructuras de
GaAs/AlGaAs v a lo largo de los anos se han desarrollado localmente las técnicas que nos permitieron
generarlos en Argentina. Permitiendo también desarrollar otro tipo de aplicaciones, como por ejemplo
sistemas de medicion de diferencias de temperatura a temperaturas criogénicas (300 mK) y de estudio

del comportamiento del efecto Hall cudntico como sistema termoeléctrico [2 - 4].

En la charla describiré el efectoy sus propiedades, para luego comentar sobre el uso de los dispositivos
y su fabricacién. También comentaré la medicién de sus propiedades termoeléctricas y de su uso como

sensores de diferencias térmicas.

Referencias:
[1] Tong, David. “Lectures on the quantum Hall effect.” arXiv preprint arXiv:1606.06687 (2016).

[2] Controlled generation and detection of a thermal bias in Corbino devices under the quantum Hall regime, MA Real, et. al.
Applied Physics Letters 122 (10).

[3] Thermoelectric cooling properties of a quantum Hall Corbino device
J Herrera Mateos, et. al. Physical Review B 103 (12), 125404,
[4] Thermoelectricity in quantum hall corbino structures, M Real, et. al. Physical Review Applied 14 (3), 034019.
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MICRO Y NANOTECNO!.OGiA EN INTI - DESARROLLOS Y
APLICACIONES EN EL AREA DE SENSORES

Ing. Alex Lozano

Centro de Micro v Nanoelectrénica del Bicentenario (CMNB).

Direccién Técnica de Micro y Nanotecnologias. Instituto Nacional de Tecnologia Industrial (INTI).
Argentina.

e-mail: alozano@inti.gob.ar

En el Centrode Microy Nanoelectrénica de INTItiene como objetivo promover el desarrollo sustentable
de la industria promoviendo la insercion de las Micro y Nanotecnologias a nivel nacional, generando
competencias estratégicas, tecnologias innovativas y propiedad intelectual con la participacion
de empresas productoras de bienes y servicios y del sector académico. Con tal objetivo desarrolla
capacidades, infraestructura, plataformas técnoldgicas v recursos humanos calificados para proveer
servicios de asistencia técnica, desarrollo e innovacion vy transferencia de tecnologia a la industria
nacional, desarrollando la industria nacional mediante la generacion de nuevos productos con agregado

de valory posibilitando el acceso a nuevos mercados.

En dicho contexto, y a partir de las diferentes lineas y grupos de investigacién y desarrollo del Centro,
se trabaja en la integracion de una gran variedad de tecnologias, tales como Micro y Nanofabricacion,
Microfluidica, Electrénica Impresa Funcional, sensores y biosensores, Nanomateriales Funcionales,
encapsulados, Tecnologias Ceramicas, LTCC, PCB, Prototipado Microelectronico, loT, Visién Artificial,

IA, Industria 4.0, entre otras, para el desarrollo de nuevos productos y transferencia de tecnologia.

Elobjetivo de esta presentacion es mostrar el estado actual de las lineas de trabajo de los diferentes grupos

del CMNB, sus capacidades v los principales desarrollos vinculados al drea de sensores y sus aplicaciones.
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LENGUAS ELECTRONICAS: SENSORES, MATERIALES Y
APLICACIONES

Manel del Valle
Grup de Sensors i Biosensors, Universitat Autonoma de Barcelona Bellaterra.
Barcelona, Spain.

e-mail: manel.delvalle@uab.cat

Esta conferencia presentara una introduccion a los sistemas de analisis tipo lengua electronica, que
son aquellos que emplean matrices de sensores electroquimicos como proveedores de informacion
quimica, en particular en el caso de muestras liquidas. En esta charla se ofrece una vision general de
las diferentes variantes propuestas hasta el momento, tanto en cuanto a la naturaleza de los sensores
utilizados, como a los materiales que se pueden emplear. Mencion especial se dard a las lenguas
bioelectronicas, es decir, cuando se incorporan uno o varios biosensores a la matriz. En particular, dada
la mayor dimensionalidad que ocurre cuando se utilizan sensores voltamperométricos, se presentaran
algunas estrategias que facilitan su uso. Finalmente, se ilustraran algunos ejemplos relevantes de
aplicacion, en identificaciones cualitativas o en determinaciones cuantitativas, sobre todo en campos

como el ambiental, el de alimentos o el de la sequridad.
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SISTEMAS “NANO-LEGO”: EL JUEGO DE LA INSPIRACION
EN EL DISENO DE BIOSENSORES

Marcela Rodriguez
Dpto. de Fisicoguimica, Facultad de Ciencias Quimicas, Universidad Nacional de Cérdoba (INFIQC)
Argentina

e-mail: manel.delvalle@uab.cat

Eldiseno de sistemas de vanguardia empleando nanomateriales funcionales modificados con moléculas
de biocaptura constituye una alternativa interesante para el monitoreo de un amplio espectro de
biomarcadores relevantes en el ambito clinico, asi como de indicadores de impacto toxicoldgico y
ambiental. Los nanomateriales proporcionan una elevada densidad de sitios activos y un microambiente
biocompatible, lo que permite la inmovilizacion de numerosas biomoléculas mientras se conserva su
bioactividad. Ademas, desempenan un papel crucial en la amplificacion de la senal eléctrica generada
durante el evento de biorreconocimiento, contribuyendo a desarrollar metodologias de transduccion
altamente eficientes.

En este sentido, los nanomateriales, en estrecha asociacion con biomoléculas, pueden emplearse como
sistemas “Nano-Lego” para la construcciéon de biosensores electroguimicos con transduccion “label-
free” que sean de respuesta rapida, portables v de bajo costo, prescindiendo del uso de marcadores
del evento de reconocimiento biomolecular.

En esta oportunidad se analizardn diversas estrategias de modificacion de transductores
electroquimicos basadas en el uso de nanomateriales, entre los que se incluyen nanotubos de carbono,
grafeno y nanoestructuras metdlicas y semiconductoras. La estrecha asociacion de nanomateriales vy
biomoléculas de reconocimiento tales como aminoacidos, polipéptidos, enzimas redox y secuencias de
ADN permiten la deteccién de biomarcadores relevantes tanto en las dreas del diagndstico clinico v
toxicolégico, como en el monitoreo de indicadores de dano ambiental. Otro aspecto que se abordara
es el diseno de biosensores que utilizan aptameros como moléculas de biocaptura, en combinacion con
nanomateriales o estructuras supramoleculares, para lograr una amplificacion eficiente de la respuesta
generada durante el evento de reconocimiento. Desde esta perspectiva, se demostraran las ventajas
de los aptasensores aplicados a la determinacion de biomarcadores de importancia clinica, asi como

nuevos enfoques en esta direccion.
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Optimizacion de forma y fabricacion de
transductores ultraséonicos de PVDF

Diego A. Cowes
Depto. ICES
CNEA
Villa Maipt, Argentina
diegocowes @cnea.gov.ar

Abstract—El desplazamiento lateral de campos ultrasénicos
producto del fenomeno de onda guiada disipativa (leaky guided
waves) constituye un desafio para la inversion de la informacion,
ya que transductores de dimensiones acotadas rara vez pueden
ser descritos por ondas planas correctamente. En este trabajo
se muestra un modelo de Espectro Angular que sirve para
simular el campo transmitido a través de placas anisotropicas
en inmersion para ensayos de goniometria ultrasonica y la sefial
recibida por un receptor sometido a dicho campo. El objetivo del
trabajo es optimizar la forma del receptor para que las sefales
puedan ser descritas por ondas planas los suficientemente bien
como para evitar modelos mas complejos, ahorrando tiempo
de calculo posterior. Se fabrico un receptor piezoeléctrico de
fluoruro de polivinilideno (PVDF) de acuerdo a los hallazgos de
la optimizacion, que mostré ser exitoso para el fin propuesto.

Keywords—Ultrasonido, Piezoeléctrico, PVDF, PZT, Onda Plana

I. INTRODUCCION

Una dificultad de la goniometria ultrasonica reside en que
las ondas en incidencia oblicua viajan dentro del material
que actia como guia de onda, generando el desplazamiento
lateral de los ecos sucesivos, como se muestra en la Fig.
1. El modelo de onda plana contempla este fendmeno, pero
rara vez se ajusta a los experimentos porque el transductor
receptor de dimensiones finitas no alcanza a adquirir toda la
energia dispersada. Un modelo de onda finita puede simular
este fenémeno, pero requiere la integraciéon doble de todos
los vectores de onda existentes debido a la difraccién del
haz, lo cual incrementa rapidamente la complejidad y tiempo
computacional. Dado que el ajuste del modelo a los datos
experimentales se hace a partir de un proceso iterativo que
requiere numerosas evaluaciones, contar con una configuracién
experimental que se aproxime suficientemente a propagacion
de onda plana evita el requisito de un modelo de haz finito,
por ende reduciendo considerablemente la cantidad de opera-
ciones. Una solucién parcial fue propuesta por Hosten et al.
[1] luego revistada en [2] denominada técnica de onda plana
sintética, la cual consiste en la simulacion de un receptor
infinito mediante el escaneo lateral del campo y la suma de las
seflales recibidas. Investigaciones posteriores implementaron
el uso de transductores grandes para lograr un mejor acuerdo

J. Ignacio Mieza
Depto. dario por hidrégeno
CNEA
Villa Maipt, Argentina
mieza@cnea.gov.ar

Martin P. G6mez
Depto. ICES
CNEA
Villa Maipt, Argentina
mpgomez@cnea.gov.ar

entre el coeficiente de transmisién medido y la teorfa de onda
plana sin la necesidad de escanear el campo. Castaings utilizé
un receptor grande [3], por otro lado, Boudizi [4] disefidé un
emisor grande de PZT, y Cawley et al [5] opto por tanto emisor
como receptor grandes. Mds tarde se incorpord el uso de
transductores fabricados a partir de fluoruro de polivinilideno
(PVDF) [6], [7] que demostr6 ser una eleccion adecuada
para esta aplicacion. E1 PVDF es un polimero piezoeléctrico
que posee algunas ventajas sobre elementos cerdmicos. En
particular, sus pérdidas internas producen una respuesta os-
cilatoria amortiguada que resulta en pulsos cortos en el tiempo
que poseen una excelente resolucién temporal, ttil en la
determinacién de tiempos de vuelo. A su vez, su amplio
espectro es util para la medicién de coeficientes de reflexion
y transmisién. Adicionalmente, su baja impedancia acustica
es cercana a la del agua, por lo que no se requieren capas
adaptadoras de impedancia. Ademas, el PVDF se comercializa
en laminas delgadas, que puede ser utilizadas para fabricar
transductores con formas arbitrarias [8].

Sin embargo, debido a su baja constante dieléctrica, altas
pérdidas dieléctricas y bajo acoplamiento electromecénico, la
impedancia capacitiva del PVDF domina eléctricamente por
sobre la carga acustica [9]. La capacidad, al ser funcién del
area, implica que la respuesta del transductor es altamente
dependiente de la forma del transductor. Esto fue mostrado
en [10], donde se minimiz6 las pérdidas por insercién de un
transductor de PVDF optimizando su superficie. Debido a esto,
mientras que incrementar la superficie del transductor mejora
su aproximacién a comportamiento de onda plana, también
lo desvia de su capacidad 6ptima decreciendo su sensibilidad
y ancho de banda. El objetivo de este trabajo es disefiar un
transductor de PVDF de superficie acotada cuya respuesta se
asemeje a propagacion de onda plana mediante la optimizacion
de su forma y posicién. Para este fin se explora el método del
espectro angular que sirve para simular campos ultrasénicos
en el dominio del tiempo, las frecuencias y los vectores de
onda, asi como también es ttil para simular sefiales adquiridas
en estos campo por transductores de dimensiones finitas. El
proceso de optimizacién y su implementaciéon en GPU se
describen en la seccion III.
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Fig. 1. Diagrama de un experimento de goniometria ultrasénica. Se utilizan
las flechas para mostrar el desplazamiento del haz por refraccién.

II. MARCO TEORICO

La velocidad particular de una onda puede ser expresada a
través de la descomposiciéon de Helmholtz como

=[Vo]i + [V x ;)i (D

donde ¢ es un potencial escalar asociado a una onda longitudi-
nal y 7 un potencial vectorial asociado a una onda transversal.
Para un medio no viscoso que no resiste deformacién de corte,
el potencial escalar puede ser descrito como una onda plana
de la forma

¢ = Pexp(i(kx; — wt)). 2

El campo finito en la cara de un transductor emisor puede
descomponerse como la suma de ondas planas, suprimiendo
el término temporal exp(—iwt), como

¢(.7)1, €2, O) =
3

Por otro lado, si el transductor actia como un pistén y el
potencial de velocidad es conocido en su cara, la amplitud
de potencial de velocidad, o directividad del transductor, se
obtiene como

(I)e(khkg) = / (]5(.271,1’2,0)695}7(—7:(]611’1 + kgfbg))dxldl’g.
)

Esta descomposicion permite el cdlculo del campo en un plano
paralelo a través del factor de propagacion H = exp(iksxs)
como

1 . .
S(oron,a) = 1z [ [ @ kewp(ithaan + ko))

1
m// q)e(k'l,kg)exp(i(k‘lﬂil+]€2l’2))dk}1dk2.

donde, para un medio isotrdpico, el componente k3 del vector
de onda se obtiene como

ey = k2 — k2 — k2 if k2 > kP + K2
ivVEk? + k2 — k2 if k2 < kP + K2,
donde k = ¢ es el ndmero de onda y c es la velocidad del
sonido en el fluido. Cuando es real describe ondas propaga-
tivas y cuando es imaginario describe ondas inhomogéneas
que decaen exponencialmente con la distancia. Por esto, las
ondas inhomogéneas solo estdn presentes en la cercania del
transductor y por consiguiente los componentes imaginarios
pueden omitirse en los calculos [11]. Este procedimiento se
denomina Método de Espectro Angular (Angular Spectrum
Method), y una gran ventaja del mismo consiste en que se
puede implementar a través de la Transformada Répida de
Fourier (FFT), que al ser un algoritmo altamente optimizado
es rapido. La ec. 4 puede reescribirse como

®°(ky, k) = FFT{¢(x1,22,0)},

(6)

@)

y la ec. 5 puede reescribirse como

O(x1,22,23) = IFFT{FFT{¢(x1,22,0)}H k1, k2, 23)}
= Z'FFT{‘be(k’l,kz)H(’Cl,kQ,Ig)}. (8)

A. Proceso de recepcion

A través de las relaciones de reciprocidad de Kino-Auld [12]
[13] [14], 1a sefial generada por un transductor insonificado por
este campo puede expresarse como

// kg‘l) kl,kQ exp(zkgd”)
Q" (—k1, —ko)dk1dk2,

Sfb der _ pfw
(7w "~ 8m2P(w

©))

donde d°" es la distancia emisor-receptor y ®"(—k1, —k2) es
la directividad del receptor obtenida con la ecuacién 4. Si
una placa sélida anisotrépica se coloca entre los transductores,
el coeficiente de transmision relaciona el potencial incidente
y el transmitido como ®!(ky, ko)T (K5, kb)) = ®T(ky, ko),
donde 1la rotacién de la placa estd incluida en los vectores de
onda como (k| (kz, ky), kS (kz, ky)), a partir de una rotacién
pasiva. Las ondas inhomogéneas que surgen en las interfaces
s6lido-liquido no son descartadas porque son criticas para el
coeficiente I'. El campo transmitido en el plano receptor se
obtiene como

1 .
Saroa,der) = o [ [ 0 ha)eap(ilhur + baaa))

T(Ky, k5)exp(iksder)dkidkz, (10)
y la sefal generada por el receptor por este campo es
er p w
ST, w) = WQfP // ks ®° (K1, ko) T (K4, k)
(’Ip(lkgder @T( kl,—kg)dkldkg (11)

Las ecs. 11 y 9 representan el Modelo de Haz Finito (FBM)
con y sin la presencia de un sélido respectivamente. Por
otro lado, si el transductor tiende a una superficie infinita,



su directividad tiende a una funcién delta, i.e. solo permanece
el componente normal %k, = k, = 0 y se obtiene propagacion
de onda plana. En este caso la integral doble se reduce a

SPU(deT | W) = %kg(o, 0)T"(0, 0)exp(iks (0, 0)deT)
12)
donde k3(0,0) = k y 77(0,0) = T(k4(0,0), k5(0,0)). Con-
siderando 875){7;(]1) = I'(w) como el médulo de la respuesta
al impulso del sistema adquirida en ausencia de la placa, el

Modelo de Onda Plana (PWM) resulta en

SPU (A w) = T(w)T'(w)exp(i(kd®")). (13)

Luego, la diferencia entre modelos se denomina error de
haz finito (FBE) y se describe como

FBE = (SPY(d°",w) — S7°(d°", w))?. (14)

Para errores lo suficientemente pequefios, la ec. 13 puede
utilizarse en lugar de la ec. 11 evitando la carga numérica
de la integral doble, lo cual representa el principal objetivo de
este capitulo.

B. Campos pulsados

Tipicamente, los campos ultrasénicos son finitos tanto en
espacio como en tiempo, por lo que el andlisis monocromatico
se expande a comportamiento de banda ancha recuperando el
término temporal exp(—iwt) con una transformada de Fourier
adicional del dominio de frecuencias al dominio temporal para
el potencial como

¢($1,CL‘27.Z'3, t) = / ¢(.T,'1, x2, x37w)€‘rp(7th)dw7 (15)
y para la sefial recibida como

s(d, ) = / " S wenp(—istyd. (16)

III. OPTIMIZACION

El objetivo de esta seccidon consiste en optimizar su forma
mientras se acota su superficie. Para esto, se implementd un
procedimiento de optimizacién en el que la forma del receptor
se varia hasta que se minimiza el error entre el modelo de haz
finito y el modelo de onda plana. Esto se llevé a cabo con
el algoritmo Evolucién Diferencial, que es un proceso evolu-
tivo, estocdstico y paralelo de busqueda directa introducido
por Storn and Price [15]. Este algoritmo ha mostrado ser
efectivo para optimizaciones globales y se lo eligié de forma
empirica entre distintos algoritmos disponibles en la biblioteca
de Python pymoo [16]. Una optimizacién tipica consiste en
40 individuos que evolucionan durante 500 generaciones. El
procedimiento de optimizacién puede resumirse en los pasos
siguientes:

1) Se genera al azar una poblacién de 40 individuos.

2) Cada individuo consiste en 10 vértices que definen un
poligono cerrado. Este poligono se ajusta con una curva
spline para suavizar los bordes del poligono. El area
encerrada representa la superficie del receptor.

3) La superficie se transforma con la FFT de la Eq. 4. para
obtener la funcién de directividad ®"(—ky, —k2).

4) El modelo de haz finito se evalda para cada individuo
para una grilla de 9 a por 13 f rotaciones, 256 k;
por 256 k, autovectores y 64 frecuencias w. Como la
directividad del emisor y los coeficientes de transmisién
son independientes de cada individuo, se calcula pre-
viamente y se los recupera de la memoria para cada
célculo de la Eq. 11, que consiste principalmente en
multiplicacién y suma de estos arreglos con la funcién
de directividad de cada individuo.

5) El error entre modelos (FBE) se calcula de acuerdo a la
Eq. 14.

6) El error es usado por el algoritmo de Evolucién Difer-
encial para generar la poblacion subsecuente. A la vez
impone una cota a la superficie del poligono para que
se mantenga por debajo de los 700 mm?.

7) Al final el individuo con menor error se almacena.

Debido a la gran dimensionalidad del problema

(«(9), B(13), k1(256), ko(256),w(64)), acoplado al hecho
que cada iteracién es similar a la siguiente, la inversién fue
implementada en arquitectura de unidades de procesamiento
grificas (GPU) logrando una importante reduccién en los
tiempos de cdlculo. Para este propdsito se utilizé la biblioteca
CuPy [17].

A. Resultados

El procedimiento de optimizacion se llevo a cabo para dos
materiales de interés: un acero austenitico SAE-304 y un
CFRP unidireccional, cuyas matrices de rigidez se incluyen
en el anexo. Se fijo el espesor de las placas en 1 mm. Debido
a la simetria del material, el dngulo 3 se varié entre -90° y
90°, mientras que el dngulo « se vari6 entre 0° y 45°, debido
a que por encima de este dngulo se transmite poca energia. El
coeficiente de transmisién 7'(kq, ko) fue pre-calculado como
un arreglo de o por 3 por k; por k, por w y recuperado
para cada iteracién. La directividad del emisor ®°(k1, k) fue
calculada para un pistén circular de 6 mm.

Las formas resultantes se muestran en la Fig. 2, donde el
emisor se muestra como referencia. Los resultados para el
acero austenitico son consistentes con la Fig. 2 ya que la forma
es elongada en la direccion z; positiva y su centro desplazado
también estd desplazado en la direccién x; positiva. El hecho
que la forma no sea simétrica con respecto a la direccién xo
puede estar relacionado con el fenémeno de torcimiento de
haz.

Dada la discrepancia entre las formas optimizadas, se eligi6
una forma rectangular con /; = 50 mm y lo = 20 mm para
cubrir aproximadamente ambas, la cual se incluye en la Fig.
2. Aunque no es ideal, esta forma representa un compromiso
viable y se utiliz6 para fabricar el receptor de PVDF. El
receptor piezoeléctrico se construyé utilizando una lamina de
PVDF de 28 um de espesor con electrodos de pintura de plata.
Este sensor se colocé en una carcasa de aluminio donde se
vertié resina epoxy que sirve como material de soporte. El
electrodo delantero se extendi hasta la carcasa con pintura
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Fig. 2. Resultados del procedimiento de optimizacion. ’ss304” es la forma
optimizada para la placa de acero, "CFRP” es la forma optimizada para
la placa de compuesto. La forma y posicion del emisor se muestran como
referencia y el transductor fabricado es la forma rectangular denominada
“"PVDEF”.
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Fig. 3. (a) Detalle de fabricacién de receptor piezoeléctrico de PVDF.
(b) Fotograffa del transductor fabricado (izquierda) junto a un transductor
comercial (derecha).

de plata para proporcionar contacto eléctrico y apantallado a
ondas de radio frecuencia. El electrodo trasero fue conectado
con un cable y una pequefia gota de pintura de plata. Por
dltimo, una fina capa de resina epoxy se aplicé por sobre la
cara delantera para proporcionar proteccién a la corrosién. Un
esquema de la construccién se muestra en la Fig. 3.

Se observa excelente acuerdo entre la medicién y el modelo
de onda plana, indicando que el receptor de PVDF desarrol-
lado permite asumir propagacién de onda plana y asi reducir
considerablemente el nimero de operaciones. Por ejemplo, en
este capitulo, los cdlculos del modelo de haz finito requiere
una grilla de 28 por 28 vectores de onda, que para propagacién
de onda plana se reducen uno solo.

IV. CONCLUSION

El método del Espectro Angular demostrd ser util para la
simulacién de campos emitidos por transductores finitos para
sefales pulsadas. Este modelo, implementado para arquitectura
de interfaces graficas permiti encontrar formas de receptores
ultrasénicos que aproximen su comportamiento a ondas planas,
lo que permite una reduccién significativa en la inversion de
las sefiales para su utilizacion en caracterizacion y diagndstico
de materiales. Se construyé un receptor de PVDF de acuerdo a
los resultados de la optimizacidn, el cual demostrd ser exitoso
para los fines planteados.
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Abstract—The essential role of tear viscosity in maintaining
ocular health is highlighted by its direct influence on the speed
and pattern of tear flow, which are foundational for protecting,
hydrating, and lubricating the ocular surface. Effective ocular
moistening and shielding against external irritants are ensured
by proper viscosity, while significant deviations from this
balance can lead to conditions like dry eye syndrome. Despite
their significance, practical challenges are often presented by
traditional devices for measuring tear viscosity due to their high
procurement and maintenance costs, as well as their
requirement for substantial sample volumes. A novel approach
to evaluating tear viscosity is introduced in this study through
Quartz Crystal Microbalance (QCM) technology, offering
benefits such as reduced sample consumption and expedited
results. Tear samples from eight individuals were analyzed
using the device, and the resulting viscosity range was compared
with literature values. These findings contribute to
understanding tear viscosity variation among individuals and its
implications  for  ocular  health. Ultimately,  the
commercialization of the device as a tool for objectively
assessing tear fluid in patients with ocular surface disease is
sought through these advancements. This innovation holds
promise for enhancing the diagnosis and management of various
ocular pathologies.

Keywords— Dry Eye, Ocular pathologies, Quartz crystal
microbalance, Tears

L INTRODUCTION

The function of tear viscosity lies in its capacity to
contribute to ocular health and the protection of the corneal
surface. Additionally, it plays a role in ensuring the stability
of the tear film and in facilitating its distribution over the
ocular surface. This physical property is influenced by various
factors, including the composition of tears and their
interaction with the ocular environment [1]. A thorough
understanding of tear viscosity is deemed crucial for the
comprehension of tear film stability, comfort levels, and the
prevalence of ocular disorders, including dry eye syndrome, a
condition affecting millions of people worldwide [2]. Tears
with elevated viscosity may demonstrate diminished
spreading  capabilities, thereby  jeopardizing their
effectiveness in providing adequate hydration and lubrication
to the ocular surface, a phenomenon often associated with dry
eye and its symptoms, including dryness and irritation [3].

Different principles of operation are employed by
viscometers available in medical and laboratory applications
[4]. Rotational viscometers, such as the Rheotest and Cannon-
Fenske, utilize a rotating rotor to measure the resistance of a
liquid to flow [5]. On the other hand, capillary viscometers,
such as the Ubbelohde, obtain viscosity by forcing a liquid to
flow in a capillary tube [6]. Finally, cone and plate
viscometers involve the use of a cone and a plate to measure
viscosity under different shear conditions [7]. The volumes
handled by these viscometers vary by type and brand but are
not less than 0.5 ml, which is a relatively large volume when

compared to the volume of tears. Moreover, these instruments
can be costly, posing challenges for widespread use and
accessibility [8].

The Quartz Crystal Microbalance (QCM) sensor is
distinguished by its capacity to have its resonance frequency
altered in response to variations in accumulated mass on the
surface [9]. One distinct advantage is its requirement for a
small sample volume for operation [10], making it ideal for
the characterization of biological substances with limited
volumes. The measurement of viscosity using a QCM has
been explored, revealing a complex measurement process that
demanded enhanced accuracy [11]. However, a newly
introduced method incorporating simple equations has
simplified the measurement process, improving precision in
determining liquid viscosity. This innovative technique allows
for the characterization of tear viscosity by monitoring
frequency shifts on a sensor caused by changes in sample
liquid volumes [12].

In this study, the last-mentioned method is implemented in
a medical device prototype, , which was specifically created
to operate with small sample volumes with the purpose of
evaluating human tear viscosity as an innovative approach for
diagnosing ocular pathologies. An exploratory study is
addressed with QCM technology, in an effort to overcome the
limitations of traditional viscosity measurement methods.
Advantages such as reduced sample consumption and faster
results are offered for viscosity quantification in human tears.
A graphical abstract is depicted in Fig. 1.

s

High Viscosity

Low Viscosity

Fig. 1 . Development of a specifically designed monitoring system for tear
viscosity studies using QCM. Despite the popularity of customized QCM
systems for specific experiments and the availability of commercial systems
with high-quality components, a deficiency in specifically tailored systems for
tear studies is observed. A prototype for tear study experimentation was
previously constructed by the authors [13]; however, improvements have been
introduced in this new device.
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II.  MATERIALS AND METHODS

A. Hardware

The detection module was designed in Autodesk Fusion
360 and manufactured using MSLA technology with a
Creality LD-006 printer, employing photosensitive resin. It
features dimensions of 44 mm in width, 40 mm in length, 15
mm in height, and weighs 21.5 grams. A PCB connecting the
NanoVNA measuring instrument with the QCM was designed
using the open-source software KiCad. Electrical connectivity
was established through an SMA connector (Amphenol, low
noise) and gold-plated pogo pins. The piezoelectric crystal,
obtained from Novaetech SRL, is of AT cut, with a resonance
frequency close to 10 MHz. The gold electrode comprises a
single-sided titanium adhesion layer, with diameters of 11.5
mm for the front electrode and 6 mm for the rear electrode.
Fig. 2 illustrates the QCM and the module; atop the module,
there is a designated space for liquid introduction. Crystal
placement is expedited and straightforward, facilitated by
contact with a silicone O-ring that stabilizes pressure and
prevents leakage.

Controlling temperature effects is significant when high
accuracy measurements are desired [14]. Thus, a temperature
control system was developed based on a Peltier cell (TEC1-
12706), and powered by 12 V and 6 A. The thermal control
has a nominal working range of 18°C to 28°C, allowing for
bidirectional heating and cooling. A Raspberry Pi Pico was
chosen as the control device for its flexibility, compact size,
and low cost, and a thermistor (NTC 3950) was used for
temperature  acquisition. The PID control program,
implemented in C, regulates the current through the Peltier
cell.

o
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Fig. 2. For each measurement, the QCM is placed inside the detector module,
which is then integrated into the system containing the temperature control
and the NanoVNA. Using a micropipette, tears are deposited into the hole of
the module, after which a protective cover is placed over the detector module,
and temperature control is initiated before taking the corresponding
measurements. QCM (A), Detection module (B), Protective cover (C), System
containing the temperature control and the NanoVNA (D).

B. Viscosity measurement

In the method utilized in this study, the resonance
frequency of a QCM is measured in air. Subsequently, a
volume of sample liquid VL1 is deposited onto the surface of
the sensor, resulting in a resonance frequency f1 being the first
frequency change Afl = f1 - f0. If another sample of liquid is
added on top of the already loaded sensor, the total volume
becomes VL2, and the second frequency change is Af2 =12 -
f0. As the volume changes from VL1 to VL2, so does the
resonance frequency Af2 - Afl. The viscosity of the tear was
determined using the equation [12]:

n= ( kpfCof ) AfleZ_VLl(AfZ_Afl))z (1)
Af2=Af1)Vi2fo kefCip

where Kpf'is the pressure sensitivity coefficient of the sensor,
Ktf is the stress sensitivity coefficient, Cpf is a pressure-
frequency coefficient, CIf is a stress-frequency coefficient of
the QCM in the liquid phase, and 1 denotes the viscosity of
the liquid.

For all the frequency measurements, the third harmonic of
the QCM was used because it provides greater sensitivity to
variations of mass and viscosity compared to the fundamental
frequency, thus allowing for the precise detection of more
subtle changes in the adsorbed layers [15].

C. Sample analisys

50 pL of tear samples from 8 volunteers were collected at
the Prototyping Laboratory of the Faculty of Engineering, Oro
Verde, Argentina, utilizing a capillary tube to minimize
contamination and ensure accurate sample collection (Fig. 3).
The capillary tube was carefully positioned without direct
contact with the eye or conjunctiva to prevent any interference
with tear composition. The present study adhered to ethical
guidelines outlined by the Central Committee of Bioethics in
Medical Practice and Research in the province of Entre Rios,
Argentina. Prior to data collection, informed consent was
obtained from each participant, emphasizing their autonomy
and right to withdraw from the study at any time without
facing any consequences. Participants were also provided with
detailed information about the study objectives, procedures,
and potential risks involved, ensuring their full
comprehension and informed decision-making.

Fig 3. Volunteers were instructed to tilt their heads slightly towards the right
for tear collection in the right eye, and vice versa for the left eye. They were
then instructed to blink a couple of times and look up and in. The
microcapillary tube was positioned towards the temporal canthus of the eye,
ensuring that one edge of the tube rested in the tear lake at the temporal
canthus while avoiding direct contact with the eyelids and conjunctiva.



III. RESULTS

The viscosity of tears from eight different volunteers is
shown in Fig. 4, with measurements conducted using (1). An
initial volume of 50 pL and a final volume of 40 pL were
employed for each tear sample. Variations in tear viscosity
among the different individuals were revealed within the
expected range for individuals without dry eye [16].
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Fig. 4. The viscosity of tears from eight volunteers was measured, resulting
in an average viscosity of 7.93 cP and a standard deviation of 3.22 cP. The
measurement process was conducted under controlled temperature
conditions, and multiple repetitions of each measurement were performed to
ensure the accuracy and reproducibility of the results.

These findings suggest the existence of individual
variability in tear viscosity, highlighting the importance of
personalized assessment in the diagnosis and treatment of
ocular conditions. Future studies with a larger sample size
and longitudinal design could further elucidate the factors
influencing tear viscosity and its implications for ocular
health.

IV. DISCUSION AND CONCLUSION

An average viscosity of 7.93 cP was observed in human
tears for these individual samples, falling within the typical
range of viscosity for human tears, which typically ranges
from 1 to 10 cP [16]. Efforts are underway to establish
normative viscosity values in healthy volunteers and
pathological ranges in individuals with dry eye syndrome,
essential for validating the efficacy of the device.

Nevertheless, the need for further research involving a
larger number of individuals to explore viscosity variability
in different demographic groups and medical conditions is
emphasized. This approach would contribute to a more
comprehensive understanding of these findings and their
potential clinical applications.
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Disenio de sensores opticos mediante método
inverso: estructuras fotonicas 1D optimizadas por
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Resumen—El sensado mediante Estructuras Foténicas Uni-
dimensionales (1IDEFs) mesoporosas es altamente prometedor,
gracias a que pueden realizar mediciones telemétricas y no
invasivas. En este estudio, se llevdo a cabo el disefio inverso
de 1DEFs para desarrollar un sensor oéptico de bajo costo
y facil lectura para la deteccion de gases. En particular, se
utilizé vapor de agua como molécula modelo. El disefio inverso
se realiz6 empleando ResGLOnet, una herramienta basada en
redes neuronales residuales generativas, obteniéndose 1DEFs no
periddicas con buen rendimiento. Se realizaron distintos casos de
optimizacion, considerando materiales con diferentes grados de
porosidad.

Index Terms—Estructura fotonica, materiales mesoporosos,
redes neuronales, sensores, disefio inverso, nanofoténica

1. INTRODUCCION

El desarrollo de sensores dpticos presenta un gran potencial
en dreas como la biomedicina, el monitoreo ambiental y la
ingenieria quimica, con buen desempefio en la sensibilidad,
eficiencia, portabilidad, inmunidad a interferencias electro-
magnéticas y rapidez de respuesta [1] [2]. En el caso de
sensores Opticos de gases comerciales, la espectroscopia de ab-
sorcion es la técnica principal debido a su alta sensibilidad. En
general, para muchas aplicaciones se busca la miniaturizacién
del sensor pero esto implica una pérdida de la sensibilidad,
ya que requieren de un camino de absorcién largo. Una
solucién a este problema es utilizar sensores dpticos basados
en nanomateriales estructurados cuya respuesta dptica es co-
nocida, como los cristales foténicos (CFs), que son estructuras
periddicas de materiales dieléctricos [2]. Una caracteristica
notable de los CFs porosos es que su espectro se desplaza
en funcién del indice de refracciéon del compuesto que llena
los poros, npero, y €ste corrimiento se puede calcular y es
detectable con un espectrofotémetro [3] [4]. Esta caracteristica
otorga flexibilidad para seleccionar el rango de longitudes de
onda de trabajo, ya que el desplazamiento a detectar no estd
condicionado por la frecuencia de absorbancia del gas. En
particular, es posible trabajar en el rango visible del espectro
electromagnético, A\ = [400—750] nm, cuando los espesores
de las capas del CF se encuentran en la nanoescala. Por
otro lado, si se ilumina al CF con una fuente cuyo espectro
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sea angosto, por ejemplo un LED, es posible reemplazar el
espectrofotometro por un LDR (Light Dependent Resistor),
que mide la intensidad del campo electromagnético por unidad
de drea y de tiempo que incide sobre su superficie [5]. El
LDR ofrece una lectura simplificada y costos reducidos, sin
dar precisiones sobre la forma del espectro, a diferencia del
espectrofotémetro.

Debido a la creciente necesidad de prestaciones altamente
especializadas y personalizadas, un desafio diferente consis-
te en definir una respuesta especifica deseada y buscar las
nanoestructuras que la cumplen, considerando su capacidad
de manipular el comportamiento del campo electromagnético
en funcién de los materiales, formas y tamafios. En términos
generales, el proceso que busca comprender la estructura o
composicién interna de un objeto a partir de su funcion,
comportamiento, resultado observado, o incluso deseado es
conocido como disefio inverso. En lugar de partir de un disefio
preexistente y predecir su resultado, el disefio inverso busca
un determinado resultado, analizdndolo, para luego retroceder
identificando la configuraciéon que lo genera. En el campo
de la fotdnica, los métodos inversos como los métodos de
optimizacién adjuntos (adjoint-methods en inglés) [6], optimi-
zacién topoldgica [7] y algoritmos genéticos [8], presentaron
un salto exitoso en el disefio de dispositivos fotdnicos con
nuevas funcionalidades [9] [10]. Sin embargo, estas técnicas
son lentas y computacionalmente costosas debido a la alta
dimensionalidad del espacio de posibles soluciones a mues-
trear en busca del 6ptimo global [11]. El uso de modelos
basados en redes neuronales profundas ha surgido como una
alternativa prometedora para el disefio inverso de sistemas
opticos nanoestructurados con muchos grados de libertad,
debido a su capacidad de procesamiento.

En este trabajo se propone relajar la condicién de perio-
dicidad de los CFs sobre una base de diferentes materiales
dieléctricos con variadas porosidades y empleando una red
neuronal residual generativa, ResGLOnet (Residual Global
Networks) [12], optimizar la estructura foténica unidimen-
sional (1DEF) -apilamiento de peliculas delgadas planas- en
funcién de un espectro deseado, el cual se detallard en la
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seccion III-A. El disefio inverso de 1DEFs consiste en buscar
el conjunto 6ptimo de los pardmetros indices de refracciéon n
y espesores e para lograr una respuesta optica deseada en un
rango longitudes de onda de interés. Las distintas combina-
ciones de estos pardmetros de disefio definen el espacio de
soluciones, cuyos grados de libertad se incrementan con el
nimero de capas, rango de espesores y numero de materiales
disponibles. Una ventaja de ResGLOnet es que los tiempos de
entrenamiento son cortos en comparacion con otros enfoques
[12]. Sumado, a que el entrenamiento puede realizarse en una
CPU convencional y sin requerir el uso de GPUs. Por otro
lado, en vista a las aplicaciones tecnoldgicas de las 1DEFs,
es deseable contar con un enfoque que genere un catdlogo
de propuestas que ajusten las especificaciones en la respuesta
Optica para poder compararlas segtin los requerimientos y con-
dicionamientos de fabricacion y seleccionar criteriosamente el
mejor disefio. Como se describe en la seccion III, ResGLOnet
resulta adecuada para esta tarea al ser una red neuronal
generativa que provee una poblacion de 1DEFs éptimas.

Considerando el dispositivo de bajo costo compuesto por
un LED-1DEF porosa-LDR, figura 1, se aplica ResGLOnet al
disefio inverso de las 1DEFs que ajusten un espectro escalén
unitario sintonizado en el espectro de emision del LED. La
sensibilidad de este dispositivo va a depender de como afecta a
la intensidad transmitida medida por el LDR el desplazamiento
del espectro de la 1DEF como consecuencia de la entrada de
un gas. En este sentido, se busca que la 1DEF actie como
filtro respecto del campo electromagnético incidente cuando
se cambia Nporo.

'LED | ™| IDEF |*| LDR |

—, = @j

Figura 1. Esquema del sensor propuesto.

II. METRICA DE SENSIBILIDAD DEL SENSOR

Al considerar 1DEFs mesoporosas, con didmetros de poro
entre 2 nm y 50 nm, interconectados y accesibles desde el
exterior, cuando se las expone a un compuesto voldtil, si existe
afinidad quimica entre las moléculas del compuesto volatil y
las paredes del poro, estas moléculas son atraidas hacia el
interior de los poros. Una vez que las moléculas ingresan a los
poros, el fendmeno de capilaridad juega un papel importante
en permitir que estas moléculas se distribuyan dentro de los
poros y se concentren. Bajo ciertas condiciones de temperatura
y presion, las moléculas pueden condensarse en su fase liquida
dentro de los poros, provocando un cambio brusco en 7,70
y el consecuente desplazamiento del espectro. En este trabajo
se emplea vapor de agua como gas modelo y se comparan dos
condiciones, cuando se expone a la 1DEF a aire, con np0r0 =
1, y a vapor de agua, que implica agua en los poros, con

Nporo = 1,33. Matemadticamente, la sefial medida por el LDR
puede expresarse como el drea bajo la curva del espectro de
luz incidente, que estd compuesto por el espectro de emisién
del LED modulado por el espectro de transmisioén de la 1DEF
y, a su vez, modulado por la respuesta espectral del LDR,
led(X) - T'(X) - Idr(\). Por lo tanto, el modelo matemitico de
medicién del sensor puede describirse como:

Amax
sertaly — / dr(2) - led(2) - T(N)ae d
A

min

Amdx 1
sefialugua = / Wr(\) - led(N) - T(Nagudr
A

min

diferencia =senial,,, — sefial,gua

Se define dif_rel como el cociente entre |diferencial y el
espectro del LED, que se estima como el drea bajo la curva
de su espectro de emision:

|diferencial

2 1dr() - led(X) dA

dif rel = )

Se puede ver que 0 < dif_rel < 1. Especificamente,
dif_rel = 0 cuando sefialyr, = sefialyguq, y dif_rel = 1
cuando la 1DEF transmite totalmente la luz incidente para
una condicién, mientras que la refleja completamente para la
otra, en el rango de longitudes de onda de emisién del LED.
Esto corresponde al caso en que la 1DEF actia como un filtro
ideal. El desafio radica en encontrar las 1DEFs que maximicen
la sensibilidad del sensor.

III. DISENO INVERSO DE ESTRUCTURAS FOTONICAS
UNIDIMENSIONALES CON RESGLONET

Lograr el disefio inverso de 1DEFs con libre eleccién de
materiales de las capas y espesores es un desafio ya que
los materiales son descriptos por su indice de refraccidn,
que son valores discretos y dependientes de la longitud de
onda, mientras que los espesores son pardmetros de valores
continuos. Es decir, se tiene un problema de disefio inverso
categérico para indices de refraccién, que habitualmente se
resuelve como un problema de clasificacién, y un problema
de valores continuos para los espesores, que suele resolverse
como un problema de regresién. Esta doble caracteristica
en los pardmetros de disefio del problema lo vuelven un
desafio en si mismo. Jiang y Fan [12] aportaron un en-
foque denominado ResGLOnet, basado en redes neuronales
residuales generativas, que resuelve el conjunto de espesores
y materiales que mejor ajusten un espectro de reflectividad
deseado. ResGLOnet es un optimizador que combina una
red neuronal residual generativa de 1DEFs con un simulador
electromagnético de espectros de reflectividad basado en el
Meétodo de la Matriz Transferencia (MTT), para realizar una
optimizacién basada en poblaciones. La optimizacién basada
en poblaciones es un método que se caracteriza por generar
muestras de soluciones candidatas de forma aleatoria, las
cuales son sometidas a un proceso de evolucidn iterativo con
el objetivo de converger hacia soluciones de mayor calidad



minimizando el Error Cuadritico Medio, Err2, entre los
espectros de reflectividad calculados mediante el MTT y el
espectro deseado. Dado que en este trabajo se consideraron
materiales sin pérdidas, se puede aplicar ResGLOnet para
ajustar un espectro de transmisién deseado ya que vale que
T=1-R.

III-A.  Condiciones de optimizacion

En este estudio, se emplea una funcién escaldn unitario
como espectro deseado, que se muestra en linea negra sélida
en la figura 2. Para la biblioteca de materiales, se utilizaron
pardmetros de indices de refraccién correspondientes a ma-
teriales sintetizados mediante sol-gel cuyas especificaciones
se encuentran en [17] [16] [18]. Se trabajé con dos series: la
serie P incluye exclusivamente los materiales porosos SiOs P,
TiOoP y ZrOyP, con volimenes porosos del 42 %, 45 %
y 26 %, respectivamente. Mientras que la serie PD combina
materiales porosos con materiales densos, incorporando S0,
TiOy y ZrO,. Mediante esta técnica de sintesis quimica es
posible obtener 1DEFs de espesor maximo ~ 1 pum, limitando
el numero de capas total N. Por un lado, cuanto mayor IV,
mejor serd el ajuste del espectro. Por otro lado, cuanto menor
N, se facilita la fabricacién y disminuyen los costos. En este
contexto, se buscaron 1DEFs éptimas para tres condiciones de
N: cuando N es grande, con N = 24, y para N = 12 y §,
valores cercanos al N maximo realizable en un laboratorio.
Se defini6 el rango de espesores de cada una de las peliculas
delgadas e = [20,200] nm, se supuso que el indice de
refraccion del superestrato nyper = 1, que las 1DEFs estdn
depositadas sobre vidrio con ns = 1,46. La incidencia del
campo electromagnético se consider6 normal a la superficie
de las peliculas y el rango de longitud de onda incidente se
fij6 en AN = [450,575] nm.

Todas las optimizaciones, tanto de la serie P como la
PD, se realizaron suponiendo pardmetros para los indices de
refraccion de los materiales tal que 7,0, = 1. Posteriormente,
una vez obtenidas las 1DEFs éptimas, se calculé mediante el
MMT, implementado por pymultilayer [15], el desplazamiento
asociado a nporo = 1,33, para considerar el corrimiento del
espectro debido a la exposicién al vapor de agua y calcular
dif_rel.

IV. RESULTADOS Y DISCUSION

En esta seccién se presentan y discuten los resultados
obtenidos con ResGLOnet al problema del disefio inverso de
1DEFs con 24, 12 y 8 capas que mejor ajusten el espectro
escalon unitario para las series P y PD. En la figura 2, se
ilustran las 1DEFs 6ptimas y sus espectros asociados en linea
solida, y los correspondientes a nporo = 1,33 se muestran
en linea punteada, los cuales se incorporan para observar el
desplazamiento del espectro. En cada caso, el espectro escalén
se representa en linea negra sélida. El desplazamiento (Dto.) se
calcula a partir de la diferencia entre los espectros en 1" = 0,6.
Ademads, se calcula la pendiente (Pte.) en ese punto para
obtener informacién sobre la agudeza del flanco. También se
calcula el contraste (Cte.), como la diferencia entre el maximo

y el minimo de cada espectro. Por dltimo, se calcula dif_rel
para obtener la sensibilidad del sensor. Todos estos valores se
sintetizan en la tabla I, junto al Err? del ajuste.

I N24 | N12 | N8

dauas

ad auas

o

600 450 500 550 600 450 500 550 600

A [nm]

450 500 550

Figura 2. Espectros de transmision éptimos. En azul, corresponden a la serie
P, y en rojo, a la serie PD. Los espectros a nporo = 1 se muestran en
linea solida, y a nporo = 1,33 en linea punteada. En negro se representa
el espectro escalon unitario. Se presentan las 1DEFs obtenidas en cada caso,
donde los materiales se representan segiin los colores violeta oscuro: SiO2,
violeta claro: SiO2 P, naranja oscuro: 7'iOg, naranja claro: TiO2 P, azul
oscuro: ZrQs, azul claro: ZrO2P.

Tabla I
ESTUDIO DEL DESPLAZAMIENTO, PENDIENTE, CONTRASTE, dif_rel Y
Err? DE LOS ESPECTROS DE TRANSMISION OPTIMOS.

. Dto. Pte. Cte. [ dif_rel | Err?
Serie
[nm] [1/nm]

N24 P 50.4 0.087 | 0.99 0.8 0.05
PD 17.6 0.136 1.00 0.3 0.03

NI2 P 514 0.027 | 0.83 0.61 0.24
PD 32.0 0.056 | 0.97 0.55 0.08

N8 P 54.7 0.013 | 0.69 0.44 0.49
PD 29.9 0.030 0.91 0.43 0.17

Analizando las soluciones de ResGLOnet para N = 24 que
mejor ajustan el escalén empleando los materiales mesoporo-
sos de la serie P de la figura 2 y la tabla I, se observa una
buena correspondencia cualitativa con la forma del espectro
deseado. Como es de esperar, para N = 12 y 8 aumenta
el Err?, apartindose del espectro ideal. Esto se refleja en
un ensanchamiento del flanco y una pérdida de contraste. En
cuanto al desplazamiento del espectro en funcién de 7,050, €5
similar para los tres N analizados. Con la incorporacién de
materiales densos a la biblioteca de materiales, en la serie PD
mejora el ajuste en comparacion con el de la serie P, lo que se
refleja en un aumento de la pendiente del flanco y del contraste
para todos los IN. Pero por otro lado, como era de esperar, al
disminuir el volumen poroso disminuye el desplazamiento.

En las 1DEFs 6ptimas de la figura 2, se destaca que al
disminuir el nimero de capas /N las soluciones convergen en
una eleccién de los dos materiales cuyo contraste de indices
de refracciéon es maximo tanto en la serie P, con SiOyP
y ZrOyP, como en la serie PD, con SiOsP y TiO5. En
particular, en la serie PD es mas evidente el efecto del aumento
de la variabilidad en los materiales al aumentar /N, como se
observa en el grafico de la figura 3 que representa la frecuencia




% con ¢ los materiales de la biblioteca. En todos los casos
se obtuvieron soluciones no periddicas en los espesores.
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Figura 3. Histograma de los materiales de las capas de las 1DEFs de la serie
PD.

Al comparar los valores de dif_rel de la tabla I, recor-
dando que cuanto mayor su valor, mejor el rendimiento del
sensor, se desprende que para N = 24 la serie P posee un
mejor rendimiento que la serie PD. Lo mismo sucede para
N =12 y 8, aunque mantienen un rendimiento similar entre
ambas bibliotecas de materiales. En cuanto al Err2, como es
de esperar, crece con la disminucién N. Es interesante notar
que para todos los N, la serie P a pesar de tener el mayor
Err?, tiene buen rendimiento como sensor.

Por iltimo, un aspecto relevante a evaluar es si relajar
los espesores y periodicidad del CF mejora el rendimiento
del sensor. En el caso del CF de SiOy;P — TiOsP de 24
capas, se encontré6 un valor maximo de dif_rel = 0,72
dentro del barrido de espesores en el rango e = [20, 200] nm,
correspondiente a eg;o,p = 79 nm y erio,p = 110 nm.
Es decir, la 1DEFs mesoporosa 6ptima de 24 capas supera en
un 11% al rendimiento teérico del CF mesoporoso de igual
nimero de capas.

V. CONCLUSIONES

Se aplicé la metodologia basada en redes neuronales resi-
duales generativas, ResGLOnet, al disefio inverso de 1DEFs
mesoporosas destinadas a la deteccién de vapor de agua,
como gas modelo. Se obtuvieron 1DEFs aperiédicas que
ajustaron adecuadamente el espectro deseado escaldn unitario.
Esta metodologia permitié generar disefios 6ptimos de 1DEFs
que se ajustaron a las especificaciones de respuesta Optica
requeridas en la regién espectral de interés del dispositivo
de sensado propuesto, considerando limitaciones y condicio-
nantes de fabricacién que abarcan aspectos como el nimero
de capas, los espesores mdximos y minimos y los materiales
disponibles. La mejora en el desempefio tedrico respecto al CF
mesoporoso de 24 capas motiva continuar esta linea de trabajo
a fin de llevar a cabo aplicaciones avanzadas en el dmbito de
la optica.

Como perspectiva, en el drea experimental, la sintesis y
caracterizacién de las 1DEFs propuestas por ResGLOnet es

un paso fundamental para verificar su viabilidad y desempefio
en condiciones reales. En relacion al drea electromagnética, la
incorporacién de pardmetros adicionales, como el dngulo de
incidencia y la polarizacién, abre nuevas posibilidades para

lograr una personalizacién mds completa y un control mas
preciso de las propiedades dpticas. Por dltimo, en el drea de

aprendizaje automadtico, se puede superar el desempefio si se
implementan modificaciones a la funcién de pérdida que guia
el entrenamiento con el objetivo de que se adapte al problema
especifico de optimizacion.
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Abstract— Biosensing plays a critical role in biomedical
research, environmental monitoring, and clinical diagnostics,
providing real-time detection and analysis of biomolecules.
Powered by Surface Acoustic Wave (SAW) sensors, it offers
unparalleled sensitivity and real-time detection in biomolecule
analysis. The Love type Surface Acoustic Wave (LSAW) sensor
stands out in fluid biosensing, demonstrating compatibility with
microfluidic systems and sensitivity to physical properties due
to the influence on surface acoustic wave propagation.
Introducing a LSAW-based biosensing platform addresses the
demand for sensitive, real-time detection in complex fluidic
environments and enhance accuracy in biosensing applications.
This paper presents a prototype biosensing system that
integrates microfluidic techniques with polydimethylsiloxane
(PDMS) for fluid circulation. The characterization involved
analyzing the sensitivity and stability of the sensor over time
using fluids with varying physical properties: distilled water,
polyethylene glycol, and sodium chloride solutions. The results
demonstrate that the development is on track, and the next step
before biosensing would be to accurately differentiate fluid
solutions at different concentrations and implement a
temperature control to verify if the system performance can be
further optimized.

Keywords—Biosensing,
Microfluidic, System.

Surface Acoustic Wave, Love,

L INTRODUCTION

Biosensing entails the detection of biological molecules
using biosensors like those based on Surface Acoustic Wave
technology, which have revolutionized the field with
unparalleled sensitivity and real-time detection capabilities
[1]. The Love Surface Acoustic Wave sensor excels in fluid
detection due to its heightened sensitivity and compatibility
with microfluidics systems [2]. The device comprises a crystal
resonator composed of interdigitated transducer (IDTs) on a
piezoelectric substrate and its frequency response changes due
to variations in the physical properties of the fluid affecting
wave propagation speed [3]. Environmental factors as
temperature, humidity and pressure also affect the frequency
response and must be controlled [4].

The LSAW is considered a transmission line because the
SAW propagates along a defined path on the piezoelectric
substrate and a Vector Network Analyzer (VNA) is
commonly used to measure the S21 insertion loss (IL) and
phase [5]. An open-loop strategy is can be employed and
explains that changes in SAW phase velocity cause a
frequency shift (Af) that corresponds to the measured phase
shift (A®) at the working point [6] and depending on the
properties of the sample analyzed by the LSAW, there will
also be variations in its sensitivity [7].

For microfluidic applications involving LSAW, PDMS is
frequently selected due to its biocompatibility, flexibility, and
ease of fabrication, facilitating accurate fluid handling and
seamless integration with LSAW sensors [8].

The potential applications of LSAW technology are vast,
offering a wide range of system possibilities. This article
introduces a LSAW-based microfluidic prototype designed
for biomedical applications. The development involves a
sensor module that integrates a PDMS chip and connects the
sensor to both a VNA and an infusion pump.

II. MATERIALS AND METHODS
A. Microfluidic biosensing system
The sensing module comprises a 3D-printed base and
cover (Creality LD006 3D - Hellbot resin) designed based on
a LSAW (AWsensors). The sensor has a resonance frequency

of approximately 120 MHz, measuring 17 millimeters long,
8.5 millimeters wide, and 365 microns thick.

The base facilitates the precise positioning of both the
crystal and the PDMS chip. The cover connects the sensor to
a NanoVNA type H through gold-plated pogo pins and SMA
connectors integrated onto a printed circuit board. The base
is also equipped with inserts and guides to enable precise
alignment with the cover and a final adjustment using four
screws. On the other hand, the lid includes three inserts for a
manual adjustment of the PDMS chip with screws. An
exploded view of the sensing module set-up and the sensor
utilized are depicted in Figure 1.

Fig. 1. a. Module Set-Up: Base (A),/1Sensor (B), PDMS chip (C), Cover
(D). b. Sensor. The LSAW is composed of an AT-quartz 36° Y-cut Z'
substrate, aluminum IDTs (A) with wavelength A = 40 um and a SiO2
guiding layer through which the acoustic wave that entered as an electrical
signal circulates. The crystal is finished with a 10nm chrome and 50nm thick
gold sensing layer, where the electric contacts (B) for signal input-output are
located. The sensing area originally measured 18.6 mm2 and was delimited
to 9.88 mm2 (C) for this development.

IBERSENSOR



The PDMS chip was created with a 3D-printed mold
(Hellbot Magna 2 300 Printer) employing fused deposition
modeling (FDM) and a precision nozzle of 200 microns.
Within this mold, a 10:1 mixture of Sylgard184TM base
elastomer and Sylgard184TM curing agent was introduced.
Then, the mixture underwent vacuum-pumping process for
one hour to eliminate entrapped bubbles. Subsequently, the
mold was filled with the PDMS mixture and cured in an oven
set at 50 degrees Celsius for a duration of 1 hour, facilitating
the solidification of the PDMS material prior to demolding.

The design of the PDMS chip itself plays a pivotal role in
its functionality, enabling both effective sealing and fluid
circulation across the sensing area. This achievement was
accomplished by integrating a 3.8 mm long and 2.6 mm wide
O-ring positioned at a distance of 300 microns from the
sensor and 450 microns from the IDTs, ensuring robust
sealing properties. For fluid contact on the sensing area, the
O-ring has an extrusion of 2.3 mm length and 1.1 mm width,
allowing communication with the inlet and outlet horizontal
channels. Both were made by inserting metal rods with a
diameter of 500 microns into the mold, creating a U-shaped
channel alongside the O-ring extrusion. On the other hand, to
protect the sensor of environmental factors, the chip covers
the IDTs with a distance of 900 microns leaving four
strategically positioned holes for the gold-plated pogo pins.

For fluid circulation, the Razel A-99 infusion pump
and microfluidic hoses were employed. fused deposition A
3d printed FDM base (Prusa i3 MK3 3D Printer) was made
to elevate and align both the sensor module and the
NanoVNA with the infusion pump, thus effectively
shortening the length of the hoses and optimizing fluid flow.
Furthermore, leveraging the same printing method, two
protective covers were printed to guard the system from
potential environmental factors. The first cover the walls of
the sensor module lid, providing comprehensive protection.
The second protector complete the safeguarding of the entire
system, ensuring its integrity and reliability throughout the
duration of experimental procedures. Figure 2 depicts the
assembled biosensing system.

NanoVNA-H

v

Infusion Pump

Fig. 2. Assembled biosensing system. The figure depicts the FDM base (a)
and the first (b) and second (c) protector without their covers, allowing for an
unobstructed view of the sensing module (d) connected to both the infusion
pump and the NanoVNA-H from a top perspective.

B. Adaptation of NanoVNA-H sofiware

The NanoVNA software can be downloaded from GitHub
and is written in Python. Given its intended use, the decision
was to modify the program code, as it is originally designed
for various functions in the field of telecommunications. The
primary tool of the instrument is the single frequency sweep,
while for biosensing purposes, a variant called continuous
sweep was developed. To utilize this function, important
parameters such as sweep duration were added to the graphical
interface. In addition, an algorithm was developed to study the
amplitude and phase curve in real-time.

During a single sweep, bandwidth, resolution, and the
'Search' mode are set to determine the operating point.
Subsequently, based on the total experiment time and the
duration of the sweep, the number of sweeps to be performed
in continuous mode is calculated, and 'Analyze' mode is
selected to obtain phase and amplitude data for each sweep.
The Continuous sweep data is automatically exported in
Touchstone format (one file per sweep) and can also be
exported in xIsx format, while single sweep data is exported
as a Touchstone file.

C. System characterization

The characterization was divided in two experiments
performed at room temperature without controlling the
temperature of the volume covered by the two system
protectors. The focus was placed on studying the stability and
sensitivity of the sensor phase over time, as well as its ability
to differentiate fluids with different physical characteristics.
This was achieved using the descriptive statistical variables
mean and standard deviation (std). According to the literature
reviewed, the standard deviation, a measure that reflects the
sensitivity of the sensor, changes depending on the properties
of the sample under examination and this may exceed one
degree on phase.

Prior to setting up the system, the sensor undergoes a
cleaning process which involves submerging the sensor in 2%
SDS detergent for five minutes, rinsing with distilled water,
and drying with pure nitrogen gas. The first experiment aims
to observe the stability and sensitivity of the frequency
response of the sensor over forty minutes, without fluid
circulation and with the PDMS chip in place. The objective
was to determine how long it takes for the sensor to stabilize
its response and how it varies over time.

The second and last test involves five stages of
consecutively circulation of 20% Polyethylene glycol (Peg)
3350 solution, distilled water, a 5% sodium chloride (NaCl)
solution, distilled water, and finally the same 20% PEG 3350
solution. The infusion pump was configured with a 10 m3
syringe and an approximate flow rate of 1.5 ul/sec. The fluids
were changed based on the criterion that the response of the
LSAW remained stable for at least 7 minutes. The objective
of this experiment was to verify that the sensor could
differentiate the fluids and return to a previous response by
recirculating the PEG solution and cleaning both the Peg and
sodium chloride solution with distilled water.

III.  RESULTS

The sensor phase response for the first experiment can be
observed in Figure 3. From minute 3.22 onwards, the phase
entered a stable regime, registering a mean of 3.19° and a
standard deviation of 0.16°.
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Fig. 3. Phase temporal response for first experiment. The stabilization point
(red) indicates the moment in time when the response began to stabilize and
entered into a regime of stability. During that time interval, the black dashed
line indicates the mean, and the green lines represent the standard deviation.

The second experiment lasted nearly 130 minutes, and its
phase temporal response is plotted on Figure 4. The moment
when the phase entered a stability regime and when the fluid
was changed were determined. Using both points in time, five
vectors were constructed to represent the stability time of each
fluid and its mean and std can be observed on Table 1.
Additionally, for each fluid, the time it took for the sensor to
reach the stability regime (stabilization point) was added.

Second Experiment

64 1 T T T

1
62 |
1
1

60 -

o
Y
T

1
— Injections
® Peg 20% Injection (1) 1
Distilled Water Injection (1)
® Nacl 5% Injection 1
Distilled Water Injection (2)
® Peg 20% Injection (2) 1

Phase (Degrees)
2 £

52

L L L L
40 60 80 100 120 140

Time (Min)

Fig. 4. Phase temporal response for second experiment. The points represent
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TABLE L. SECOND EXPERIMENT PHASE AND STABILIZATION TIME
Injections Stabilization Time (min) Phase (Degrees)
Peg 20% (1) 20.41 57.31+4/-0.21
Distilled Water (1) 11.21 61.39 +/-0.23
Sodium Chloride 5% | 14.24 59.79 +/- 0.14
Distilled Water (2) 19.55 61.64 +/-0.12
Peg 20% (2) 5.66 58.34 +/-0.16

Peg recirculation resulted in a phase returning to its initial
value but increasing by nearly one degree. Distilled water
cleaned Peg initially and NaCl subsequently, with phase
returning to its original value without significant changes in
mean and std. The time required for sensor stabilization varied
across cases and Peg initial circulation took 20.41 min, while

its recirculation was 5.66 min. Distilled water circulation
initially took 11.21 min, whereas NaCl cleaning required
19.55 min, indicating shorter cleaning time. Finally, NaCl
circulation reached stability in 14.24 min.

IV. DISCUSION AND CONCLUSION

The first experiment revealed that without circulating a
fluid, it took 3.22 minutes to reach stabilization. This delay
may be attributed to measurements starting immediately after
system assembly, requiring some time before analysis.
Despite this, the sensitivity, with 0.16° std , was acceptable
considering that literature values can surpass one degree.

The second experiment confirmed an adequate LSAW
sensitivity when circulating fluids as it successfully
differentiated the three utilized and even reverted to a
previous response. Each stability regime time was set to at
least 7 minutes for mean and standard deviation calculations.
Extending fluid circulation could reveal phase changes due to
potential alterations in physical properties over time.

A prototype of a LSAW-based microfluidic biosensing
system was developed. Characterization experiments were
conducted focusing on the examination of sensor sensitivity
and stability over time with and without using fluids. The
results indicate potential applications before biosensing, such
as analyzing solutions of varying concentrations and
implementing a temperature control.
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Abstract— Suspended miniaturized entities such as chips
and cells play a crucial role in various fields including drug
delivery, diagnostics, and biomedical science. However, the
efficient liberation of these entities from their fabrication or
culture surface without compromising their functionality
remains a significant challenge. Here, we present a novel
technology designed to address this challenge by employing a
combination of controlled mechanical release and surface
modification mechanisms.

Keywords— Anisotropy, microparticles, suspended chips,
liberation, cells.

I. INTRODUCTION

Suspended chips and cells offer versatile platforms with
diverse functionalities, making them indispensable in
numerous fields such as healthcare, biotechnology, and
materials science[1]. Nonetheless, effectively releasing these
entities from their fabrication or culture surface without
compromising their functionality remains a notable
challenge[2]. Here we describe two main methods for the
subsequent release of miniaturized entities as chips and
cultured cells from their fabrication substrate or culture. The
first approach uses the integration of mechanical fixtures
which maintain the chips anchored during their fabrication
and possible subsequent functionalization. These fixtures are
later broken with a lateral load without altering the
microparticle or its functionalization. These fixtures can
consist in micromachined structures directly underneath the
chips[2,3] or by the adhesion of the bulk material of the chip
to the fabrication substrate[4,5]. Similarly, naturally attached
cells can be later liberated following the same strategy.
Alternatively, in our second approach, we strategically
incorporate a release layer into the fabrication surface,
facilitating the detachment of functionalized chips upon
surface modification. Through a systematic experimental
approach, we optimized the release processes to ensure
minimal interference with the functionality of the chips.
Furthermore, the versatility of the technology is demonstrated
through its compatibility with various chip materials,
including silicon, metal, and polymer. The scalability and ease
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of integration into existing microfabrication workflows make
the technology well-suited for both research and industrial
applications.

II. MECHANICAL LIBERATION OF CHIPS

Silicon oxide, nickel and polymeric chips were fabricated
onto silicon wafers following microfabrication techniques.
The crucial step is creating a system where the chips could
remain attached to the substrate during all the fabrication and
subsequent functionalization (if required) steps, while
allowing their on-demand release.

Fig. 1. Silicon oxide chips are liberated by mechanical loads to break
the underlining anchor. A: i) The chips are fabricated with an anchor
and remain in place during all fabrication processes. ii) Mounting media
is poured over the chips and left to solidify. iii) The solidified mounting
media is peeled-off from the substrate. iv) The mounting media is
dissolved and the chips are recollected. SEM images, B: the fabricated
chips on wafer, C: the remaining anchors after liberation of the chips,
and D: the underside of a liberated chip. Scale bars represent the value
in pm.
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A. Releasing SiO; chips with micromachined anchor

We used silicon microtechnology to fabricate SiO; chips
fixed to the silicon wafer substrate with a subjacent
anchor[2,3]. As Fig. 1A shows, the design of the chips
includes this anchor as the weakest part of the chip so that a
lateral force selectively concentrates the mechanical stresses
in that area, breaking this anchor and liberating the chips from
the substrate. The fabricated chips are liberated by encasing
them in liquid medium (Fluoromount) and letting it solidify.
After solidification, the resulting membrane can be peeled-off
along with the embedded chips. The chips can be then
recollected by dissolving the membrane in an aqueous
medium. SEM inspection of the fabricated chips shown in Fig.
1B show the orderly distribution of chips on the wafer. The
remaining anchor portions of liberated chips are shown in Fig.
1C. A small portion of the anchor also remains on the
underside of the chips, and it can be seen in Fig. 1D. This
releasing method could provide the means to release silicon
chips with different physical architectures together with
chemical functionalization for several other bespoke
applications.

B. Releasing Magnetic Nickel chips

Watts nickel electroplating was used to fabricate the
magnetic barcodes shown in Fig. 2 [4]. Their subsequent
release posed a great challenge, as traditional release methods
using HF vapors damaged the chips. Therefore, a two-step
liberation process was developed to obtain the suspended
chips. Firstly, as shown in Fig. 2A 1ii), the chip/substrate set-
up was heated to 200 °C and kept at that temperature for 20
min. Rapid cooling to 21 °C created a thermal shock
weakening the adhesion at the metal/substrate interface.
Secondly, the weakened chips were then covered with liquid
mounting media and left to solidify. As with the SiO, chips,
the resulting solid membrane was peeled-off, taking all the
embedded chips with it. The chips were recollected after the
membrane was dissolved in an aqueous solution.

Fig. 2. Nickel barcode chips are liberated by thermal-shock and
subsequent mechanical peel-off. A: i) The chips are fabricated on the
wafer by electroplating. ii) The set-up is heated-up to 200 °C and rapidly
cooled-down to 21°C. iii) Mounting media is poured over the chips and
left to solidify. iv) The solidified mounting media is peeled-oft from the
substrate, liberating the chips. v) The mounting media is dissolved and
the chips are recollected. B: SEM image of the fabricated chip. C: HeLa
cells stained with DAPI (nuclei, blue) and the vital dye CellTracker
(green). Red arrows point to the Ni barcodes. Scale bars represent the
value in pm. Adapted from [4].

The resulting suspended magnetic barcodes were used for
living cell tagging and manipulation[4]. HeLa cells were
cultured with the barcodes, promoting cell-device contact.
Confocal microscopy confirmed internalization of the
barcodes, while viability assessment using fluorescent vital
dye labeling revealed that barcode-bearing Hela cells
remained viable, comparable to neighboring cells (Fig. 2C).

C. Releasing Functionalized SU-8 chips

We fabricated a dense array of ordered SU-8 chips with
standard polymeric photolithography (Fig. 3A i) [5]. The
resulting array was subsequently derivatized with
heterobifunctional crosslinkers to create reactive moieties on
the surface of the chips. These reactive sites could be used to
add chemical functionalities to the anchored chips, as shown
in Fig. 3A ii). As presented previously, mounting medium was
used to liberate the functionalized chips. The membrane is
dissolved in an aqueous solution. Fluorescent dyes, labeled
DNA, fluorescent proteins and quantum dots (QDs) were
successfully immobilized onto SU-8 chips (Fig. 3 B-E).

A i i ii

Bghiscaty %t Dy550 Dy488

9 DNA probe

m

D ERBBD2

# GF Protein QD585

o]

Fig. 3. Functionalized SU-8 chips are liberated by mechanical peel-off.
A i) The chips are fabricated on the wafer standard photolithography.
ii) The upper surfaces of the chips are functionalized with (bio)chemical
entities. iii) Mounting media is poured over the chips and left to solidify.
iv) The solidified mounting media is peeled-off from the substrate,
liberating the chips. v) The mounting media is dissolved and the chips
are recollected. Fluorescence microscopy images of SU-8 chips
functionalized with: B: fluorescent dye Dylight550 and Dylight488, C:
Texas red-modified DNA. D: Green-fluorescent protein. E: Quantum
dots with emission at 585 nm. Scale bars represent the value in pm.
Adapted from [5].
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Fig. 4. Functionalized SU-8 chips are liberated by dissolving the
underlying sacrificial layer. A: i) The chips are fabricated on the wafer
standard photolithography over a soluble sacrificial layer. ii) The upper
surfaces of the chips are functionalized with (bio)chemical entities. iii)
The sacrificial layer is dissolved with an aqueous solution. iv) The chips
are recollected. B: Microscopy images of SU-8 chips on the wafer. C:
Liberated chips previously functionalized with Quantum dots with
emission at 605 nm. Scale bars represent the value in pm.

III. LIBERATION OF CHIPS WITH SOLUBLE SACRIFICIAL LAYER

An alternative method to fabricate polymeric chips for a
later on-demand release is to create a sacrificial layer between
the main substrate and the chips. In is important to choose this
sacrificial layer which can withstand the fabrication process,
as photolithography, development, and if required,
functionalization of the chips. Additionally, we required a
sacrificial layer that could be eliminated without the risk of
chemical or physical damage to the chips and/or their
functionalities. Considering these constraints, we developed a
water-soluble sacrificial layer consisting on a polymerized
solution of polyvinyl alcohol coating the silicon wafer where
the chips we subsequently fabricated. This layer can withstand
the deposit of the uncured polymer, its patterning with
photolithography, the developing of the unreacted polymer,
and, when required, the addition of heterobifunctional
crosslinkers for the addition of chemical functionalizations on
the top surfaces of the chips. Fig. 4 presents the fabrication
strategy followed to obtain liberated chips with the soluble
sacrificial layer. As with previous results, we obtained a dense
array of ordered chips on the wafer (Fig. 4B). As a proof of
concept, amine-modified QDs with emission at 605 nm were
selectively patterned onto the chips before release and the
released chips can be seen in Fig. 4C.

IV. SUSPENSION OF FIXED CELLS

Releasing fixed cultured cells could offer several
advantages in biological studies: flexibility in handling
allowing for precise positioning and arrangement of cells on a
desired substrate. It could enhance reproducibility, as fixed
cells maintain their morphology properties, and could be
transported into diverse characterization equipment. Lastly,
this could help store fixed cells for longer periods compared
to live cells. We used the liberation method to remove two
different fixed and labeled cell lines from their culture
substrate (Fig. 5A) and demonstrated that their morphology
remains intact. The fluorescent confocal images in Fig. 5B
show human fibroblasts on the coverslips while Fig. 5C shows
the cells when liberated and resuspended in water. Fig. 5SD-E
show the same procedure for SH-SYSY cells. It is worth
noting that the cell’s morphology and overall intracellular
structure and distribution remain intact.

Fig. 5. Liberation of cultured cells. A: i) The cells are cultured over a
coverslip. ii) After fixing and labeling the cells, mounting media is
poured the culture and left to solidify. iii) The solidified mounting
media is peeled-off from the substrate. iv) After dissolving the media,
the cells are liberated. Fluorescence microscopy images with labeled
actin (red) and nuclei (blue): B: Human fibroblasts over the coverslip
and C, after liberation. D: SH-SY5Y cells over the coverslip and E, after
liberation and recollection. Scale bars represent the value in pm.

The proposed technology offers a promising solution for
the efficient liberation of chips and cultured cells from their
fabrication/cultured surfaces by addressing key challenges
associated with chip/cell detachment, including damage to
their integrity and material compatibility.
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Resumen— Los sensores flexibles de campo magnético
permiten el desarrollo de nuevas tecnologias como dispositivos
para robética blanda, dispositivos interactivos para realidad
virtual y aumentada y diagnésticos en el punto de atencién.
Estas aplicaciones requieren dispositivos sensores con una alta
sensibilidad a pequefios campos magnéticos. Para conseguir
sensores con sensibilidad de deteccién adecuadas exploramos el
efecto Hall planar en peliculas magnéticas delgadas de NiFe. En
este trabajo investigamos las propiedades estructurales y
magnéticas de sensores magnéticos flexibles por efecto Hall
planar y las correlacionamos con su respuesta magnetoeléctrica.

Palabras Clave—Dispositivos flexibles, sensores magnéticos,
efecto Hall planar

I. INTRODUCCION

La electronica flexible ha recibido un gran interés en la
investigacion debido a sus aplicaciones en dispositivos
revolucionarios que incluyen desde pantallas flexibles,[1-3]
paneles solares enrollables,[4,5] hasta sistemas e-skin como
implantes dental para la deteccion de bacterias [6],
dispositivos wearable para monitoreo de glucosa [7] o
sistema de monitoreo neonatal con sensores ajustables a los
movimientos de la piel [8]. Los sensores magnéticos flexibles
son dispositivos electronicos con capacidad de deteccion
magnética que no solo son usados en navegacion,[9] sistemas
de diagnéstico médico [10—12] y almacenamiento de datos,
si no que recientemente son potenciales candidatos para el
desarrollo de dispositivos Lab-on-a-Chip [13].

Los sensores de campo magnético basados en el efecto
Hall plano (PHE) son particularmente interesantes para
detectar campos magnéticos débiles (inferiores al campo
geomagnético), porque son intrinsecamente lineales
alrededor del campo cero y muestran una gran sensibilidad
[14]. Su funcionamiento se basa en la medicion del cambio
en la magnetorresistencia anisotropica causada por un campo
magnético externo en la geometria Hall [11-14]. Los sensores
PHE presentan algunas ventajas intrinsecas respecto a otro
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tipo de sensores, siendo una de las mas atractivas su
simplicidad de fabricacion [12].

Se han reportado diferentes factores que impactan
significativamente en la eficiencia y capacidad de deteccion
de los sensores. Las capas metalicas pueden ser optimizadas
definiendo la orientacion preferencial de la capa activa [15-
17]. El acoplamiento de intercambio puede usarse para
definir un eje de anisotropia unidireccional que aunque limita
la sensibilidad reduce su histéresis. La sensibilidad del sensor
depende directamente de la corriente en la capa efectiva del
sensor. En algunas publicaciones [18, 19] se propone una
estructura de tricapa Ta(2)/IrMn (10)/Ta(3) [nm] en el que la
sensibilidad aumenta significativamente si la capa intermedia
en es lo suficientemente gruesa como para debilitar el
acoplamiento de intercambio, pero lo suficientemente
delgada para que la derivacion de corriente sea minima.

Respecto de optimizacion de la geometria es posible obtener
anisotropia uniaxial a partir de estructuras con una alta
relacion de aspecto utilizando solo la anisotropia de forma.
De esta manera, se puede obtener un comportamiento mono-
dominio en la pelicula magnética [19, 20]. En particular, se
ha reportado que para una geometria tipo elipse con una
relacion de aspecto superior a 10:1 (relacion eje mayor a eje
menor de la elipse), el comportamiento mono-dominio es
mucho mas estable que para una estructura rectangular.
Finalmente, es posible inducir anisotropia uniaxial en una
pelicula ferromagnética crecida sobre un sustrato no plano
[21]. Ademas, se ha reportado que el comportamiento de los
sensores crecidos sobre sustratos rigidos y flexibles varian
considerablemente. El estudio de sensores flexibles ha
cobrado gran relevancia debido a que los dispositivos
fabricados sobre sustratos ultradelgados mantienen su
funcionalidad incluso con radios de curvatura del orden del
milimetro [22]. Por otro lado, los sensores fabricados sobre
soportes flexibles presentan comportamientos muy distintos
dependiendo de la calidad y el espesor del sustrato.
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En este trabajo presentamos un detallado estudio entre la
calidad estructural y comportamiento magnético de sensores
magnéticos rigidos y flexibles micro-fabricados, con sus
propiedades de magneto-transporte.

II. MATERIALES Y METODOS

Los sensores se realizaron microfabricando cruces Hall de
Permalloy (Py) con un espesor de 40 nm en sustratos rigidos
de Si(100) asi como en laminas de polimida (Kapton) de 6 pm
de espesor con una capa polimérica adicional de una
fotorresina epoxy, y lamina Kapton con una cinta adhesiva de
Kapton. La Fig. 1(a) muestra una imagen de microscopio del
sensor microfabricado donde se evidencia la formacion de la
estructura y un deterioro del contacto derecho del dispositivo.
El proceso de litografia defini6 adecuadamente los bordes de
las estructuras como muestra la Fig. 1(b). Para mejorar el
rendimiento del sensor, la cruz de Hall se conformé por una
elipse con una relacion de aspecto alta de 10:1 y un rectangulo
perpendicular [Fig. 1(c)], con el objetivo de inducir un eje de
magnetizacion preferido de la estructura Py mediante
anisotropia de forma.

4
3
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Figura 1: (a) Imagen de microscopia de la cruz Hall microfabricada para la
muestra de NiFe crecida sobre resina/kapton, (b) Imagen de microscopio de
la interface formada entre la elipse y el contacto. (c) Esquema de una cruz
Hall compuesta por un rectangulo u una elipse con relacién de forma 1:10.
(c) Imagen de topografia de AFM para la muestra de NiFe crecida sobre
Si(100).

Se utilizd6 un microscopio de fuerza magnética (AFM
Veeco WYKO NT1100) para estudiar la estructura
topografica mediante el modo de tapping. El estudio
magnetométrico se llevd a cabo utilizando un magnetometro
de muestra vibrante (VSM-Lakeshore 8600). Las mediciones
se realizaron utilizando un campo magnético H aplicado a lo
largo de varios angulos en el plano (¢y). La caracterizacion
de propiedades de magnetotransporte se realizd a temperatura
ambiente en un banco de medicion equipado por un juego de
bobinas de Helmholtz alimentada por una fuente de corriente,
unidades tipo SMU (sourcemeter) y/o multimetros.

L

III. RESULTADOS Y DISCUSION

La Fig. 1(d) muestra una imagen de topografia obtenida
por AFM para la muestra de NiFe crecida sobre sustrato de
Si(100). Las mediciones de evidencian una superficie poco
rugosa (rms ~ 1nm) para la muestra crecida sobre el sustrato
rigido, mientras que las crecidas sobre sustrato flexible
parecen ser demasiado rugosas para ser medidas por AFM.
Las mediciones de perfilometria sugieren una rugosidad de
orden de 10 nm para las muestras crecidas sobre sustratos
flexibles. En la Fig. 2 (a), (b) y (c), se muestran lazos de
histéresis para las peliculas de NiFe crecidas sobre Si(100),
cinta/kapton y resina/kapton respectivamente, donde H se
aplico en varias direcciones del sustrato en el plano, ¢y. La
magnetizacion de saturacion medida para todas las muestras
fue cercana a M, = (800 £ 100) X 103 A/m, de acuerdo
con M reportada para esta aleacion. En la figura
correspondiente a la muestra crecida sobre Si(100) [Fig. 2(a)],
podemos observar que el campo coercitivo, pyH, [donde g
es la permeabilidad al vacio, o = 4 X 107 Tm/A)], varia de
0.12 2 0.45mT y la magnetizacion de remanencia normalizada
M, /M, de 0.13 a 0.98, donde los maximos de poH, y M, /M
que caracterizan el eje facil de magnetizacion se encuentran
en la direccion [100]s; mientras el eje dificil se encuentra a 90°
a lo largo de la direccion [010]si. Esto indica la presencia de
una pequefia anisotropia uniaxial que se puede observarse en
la variacion angular de pyH, [Fig. 2(d)].

(d)

Figura 2: Lazos M vs. H para (a) NiFe sobre Si, (b) NiFe sobre cinta/kapton,
(b) NiFe sobre resina/kapton. Variacion angular de uH, para (d) NiFe sobre
Si, (e) NiFe sobre cinta/kapton, (f) NiFe sobre resina/kapton.

Los lazos de histéresis de la muestra crecida sobre
cinta/kapton [Fig. 2(b)] muestran valores de poH, que varian
de 0.73 a 098 mT y M,./M; de 0.64 a 0.87. Aunque la
variacion angular de uyH,. que muestra la Fig. 2(e) también
presenta un eje uniaxial, esta muestra tiene un
comportamiento mas isotropico que la muestra crecida sobre
Si(100). Finalmente, la muestra crecida sobre resina/kapton
[Fig. 2(c)] evidencia una curvatura en los lazos de histéresis
que probablemente esta relacionada a la formacion de un eje
biaxial superpuesto al eje uniaxial de la Fig. 2(%).

En la Fig. 3 se muestran las curvas de histéresis y respuesta
lineal da la muestra NiFe crecida sobre resina/kapton al aplicar
un campo magnético en una direccion fija en el espacio.
Primero se aplicd un campo paralelo a la direccion de la
corriente [Fig. 3(a)], realizando un ciclo completo entre
+2.5mT y aplicando una corriente de prueba continua de 2
mA. Se realizd el mismo procedimiento aplicando un campo
transversal a la direccion de la corriente [Fig. 3 (b)] mostrando
la respuesta esperada para sensores Hall planares.
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Figura 3: Propiedades de magneto-transporte de la muestra de NiFe sobre
resina/kapton. Ciclos de histéresis para (a) H // 1y (c) H.LL (c) Respuesta
angular correspondiente al efecto PHE. (d) Relacion a bajos campos de V(H)
para determinacion de la sensibilidad.

Es evidente el gran nivel de ruido en la respuesta
magnetoeléctrica medida que atribuimos a la realizacion del
proceso de /ifi-off de los contactos eléctricos. Debido a que no
bastd solo con la inmersion en acetona para remover la
fotorresina el proceso debid ser complementado con un bafio
ultrasénico, que en muchos casos provocod el quiebre de la
pelicula metélica de oro en la zona de contacto con la capa
activa de NiFe. Las sensibilidades obtenidas a partir de la
relacion lineal de Vpue a bajos campos son cercanas a

3V . . . .
3x1073 o el cual en consistencia con el ruido presentado en
las curvas de histéresis presenta bajos valores de sensibilidad.

Se caracterizd también la respuesta angular PHE del
dispositivo al rotarlos dentro del juego de bobinas de
Helmholtz. Como se observa, las mediciones se corresponden
con respuestas del tipo sin(20) de la cual se obtuvieron las
magnitudes del efecto magnetorresistivo con valores cercanos
a 0,19 pQem.

IV. CONCLUSION

En este trabajo hemos fabricado sensores flexibles de NiFe
basados en el efecto Hall planar sobre sustratos rigidos de
Si(100) y flexibles, resina/kapton y cinta/kapton. Los
resultados de topografia mostraron una alta calidad para los
sensores rigidos, con rms ~ 1nm, a diferencia de los sensores
flexibles que presentan altas rugosidades inducidas por los
sustratos flexibles. Los sensores muestran bajos campos
coercitivos y un comportamiento mas isotropico para los
sensores flexibles. Finalmente, la respuesta
magnetotransporte presenta un ruido considerablemente alto
y los dispositivos presentan una baja sensibilidad debido al
deterioro en los contactos de Au luego del proceso de lift-off
con acetona.
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Abstract— Planar Hall Effect sensors are currently being
revisited for their many advantages for biotechnology
applications. However, achieving a minimal coercive field for
small field sensing remains challenging with conventional
ferromagnetic materials. In this work, we explore the magnetic
properties of various NisoFezo and CosoFe1o -based multilayers
using Ta, Cu, W and Ag underlayers and analyze the effect of
external moderate magnetic fields during the deposition process
on them. Our results indicate that both strategies could serve
to tune the magnetic anisotropy and magnetization reversal of
these structures, optimizing the magnetic sensors’ performance.

Keywords—magnetic anisotropy,
sensors

thin films, magnetic

I. INTRODUCTION

Promising applications in the biotechnology field motivated
the search for more sensitive and cheaper magnetoresistive
sensors. Recently, sensors based on the Planar Hall Effect
(PHE) started to attract more interest in sub-nT sensing due
to their excellent sensibility at low magnetic fields, low-
temperature drift, high signal-to-noise ratio, low cost, and
ease of construction [1-2]. PHE sensors typically employ a
single thin layer of permalloy (NigoFeyo) a ferromagnetic
material commonly used in magnetic-based sensors thanks to
its low coercive field and high  Anisotropic
Magnetoresistance (AMR) ratio. Particularly for PHE
sensors, as small as possible coercive field is required for
small field sensing, which hinders the use of other typically
used ferromagnetic materials such as CogoFejo, which also has
a high magnetization and AMR ratio [3]. Nonetheless, it is
known that the use of metallic underlayers can drastically
change the magnetic properties of a ferromagnetic thin film.
According to Hoffman’s ripple theory [4], this can be
accomplished by grain size reduction and/or a change in
preferred crystal orientation. Another way of affecting the
magnetic anisotropy of thin films is to grow them under an
external magnetic field. In Refs. [5] and [6] the authors
showed that magnetic fields can affect film's roughness and
change their grain orientation.

The goal of this work is to analyze the effect of
metallic buffers and/or external magnetic fields applied
during the deposition on the magnetic anisotropy of NigoFeao
and CogFejo thin films in order to determine the optimal
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materials for integration into PHE sensors. The metals
selected as buffer layers were selected based on the
crystalline structure of the ferromagnetic materials, [7-10].

II. EXPERIMENTAL DETAILS

For this study, two series of trilayers based on magnetic
alloys were grown by DC magnetron sputtering on single-
crystalline Si (100) substrates at room temperature. The
samples were composed of 20nm-thick thin films of
transition metal alloys FM with FM: NigFey and
CogoFeio, Snm-thick buffers and capping layers made of
non-magnetic metals M (M: Ta, Ag, Cu, W)
Pressure values range from 2mTorr to 6mTorr,
while power values vary between 25W and 100W.

The trilayers were deposited with and without an external
magnetic field of Hex =300 Oe, applied parallel to the film’s
plane generated by an array of permanent Nb magnets
installed in a custom substrate holder.

The crystalline structure of the samples was probed by X-
ray diffraction and their morphology by Atomic
Force Microscopy (AFM). The magnetic properties were
measured in a Lake Shore Vibrating Sample
Magnetometer at room temperature. The analysis of the
magnetic anisotropy of the samples was performed by
measuring the angular dependence of the magnetization
curves at room temperature. The magnetization was
measured with a magnetic field applied parallel to the
film’s surface and perpendicular to it. From the
magnetization loops, the samples’s coercive field He and
remanence magnetization were derived.

III. RESULTS AND DISCUSSION

The X-ray diffraction patterns of the trilayers show
that the magnetic layers structures are textured in the
(111) direction. The width of the (111) FM diffraction
peaks are rather slim indicating that the mean size of the
crystallites that composed the films are of the order of a
few nanometers, calculated using the Scherrer equation [11].

A typical image of the samples’ surface topography is
shown in Fig. 1. The roughness of the M/Ni80Fe20/M
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trilayers is notably affected by the underlayers, varying
from 0.32nm for Ta to 0.62nm for Ag. Instead, this
parameter does not change notably with the different
buffers for the M/CogFeio¢/M system.

8.4 nm

7.0
6.0
5.0
4.0
3.0
2.0

0.0

Fig. 1.
for NigoFeyy/Ta grown under an external magnetic field.

lumxIpm Atomic Force Microscopy topography image

The magnetization loops, measured in-the-plane of
the trilayers and perpendicular to them, indicate that
the magnetization lays in-plane for the two series of samples.
The in-plane angular dependence of the remanent
magnetization of NigogFe,o films deposited onto Cu, Ag
and Ta underlayers reveals that these systems have an in-
plane uniaxial anisotropy that smoothly increases for
samples grown under external magnetic field as is seen in
Fig. 2. A much more accentuated effect is observed for W/
NigoFex/W (Fig. 2, right). The in-plane magnetization is
isotropic for these trilayers for He = 0 Oe and becomes
anisotropic when they are grown under a magnetic field.

The coercive field, Hc, increases consequently,
for samples grown under a magnetic field. The smallest
value, Hc = 1.34(2) Oe, is obtained for Ta/NigFex/Ta
structures grown under no magnetic field, and increases to
Hc = 2.50(4) Oe for the sample grown under external
magnetic field. The coercivity is still higher, Hc=3.07(4), for
W-buffered trilayers.

The effect of buffers on the magnetic anisotropy of
the CogoFeio layers is different from the one observed in
NigoFeyo films, as well as the response to the magnetic
field during deposition. The polar plots of the
normalized remanent magnetization of these trilayers are
shown in Fig. 3. The Ag and Cu buffered- CogoFeio thin
films grown with no external magnetic field show weak in-
plane uniaxial anisotropies while the magnetization of those
grown onto W is isotropic (Fig. 3 rigth). The behaviour of
the last system does not change even for structures deposited
under an external magnetic field. The anisotropy of the other
trilayers (Fig. 3 left) changes notably for M/CogFeio/M
samples (M: Ag and Cu) grown with Hex=300 Oe. The
preexistent in-plane uniaxial anisotropy, K1 is notably
increased and another uniaxial term, K2, with easy axis
perpendicular to the previous one appears, being both
mutually exclusive [12].

Mr/Ms
Mr/Ms

Fig. 2. Polar plots of normalized remanent magnetization (Mr/Ms) measured
at 300K for (left) Ta/NigFea/Ta and (right) W/NigoFe,o/W deposited under a

300 Oe external magnetic field (m) and without it (), respectively.

The presence of both anisotropies, K1 and K2, is
also noticeable at the angular dependence of the coercive
field showing particular features that indicate the
existence of  different magnetization reversal
mechanisms in these structures. It should be remarked
that the coercive fields of CogFejp thin films are of the
order of several tenth of Oe, depending on the underlayer
and are therefore systematically higher than those observed
for NigoFeso that do not exceed 4 Oe. These results are
crucial for the design of the PHE sensors due to the
possibility of tuning the coercivity according to sensors
applications. A more detailed presentation of the
magnetic characterization of these trilayers  will be
published elsewhere [13].
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Fig.3. Polar plots of normalized remanent magnetization (Mr/Ms) measured
at 300K for (left) Cu/CogFe o/Cu and (right) W/CogoFe /W deposited under

a 300 Oe external magnetic field (m) and without it (), respectively.

IV. CONCLUSIONS

In this work, we analyzed the impact of buffer
layers and the application of a magnetic field during the
fabrication process of NigFex and CogFeio films onto
their magnetic anisotropy. Our results demonstrate the
potential to reduce coercivity and alter the magnetic
properties of magnetic films by employing various buffer
layers. Additionally, our study shows that applying a
magnetic field during the samples’ growth can decrease
the coercive field of CoFe-based structures which may
result promising for future applications of this material
in low magnetic field sensors. Complementary
measurements of the textures, the form and size of the grain
of the films are being made to gain depth in the
understanding of the magnetic behavior of the structures
reported in this short article.



(1]

(9]

REFERENCES

L. Ejsing, M. F. Hansen, A. K. Menon, H. A. Ferreira, D. L.
Graham, and P. P. Freitas. Appl. Phys. Lett; vol. 84, pp. 4729-4731,
2004.

N.T. Thanh, K.W. Kim, C.O. Kim, K.H. Shin and C.G.
Kim, J. Magn. Magn. Mater., vol 316, pp. 238-241, September 2007.
Amir Elzwawy et al 2021 J. Phys. D: Appl. Phys. 54 353002

W. Brown, IEEE Trans. Magn., vol. 6, pp. 121-129, 1970.

J. Chen, J. Ma, L. Wu, Y. Shen, and C.-W. Nan,, Sci. Bull., vol. 60,
pp. 1214-1217, 2015.

C. Ma, H. He, F. Xia, Z. Xiao and Y. Liu, Ceramics International,
vol. 46, pp. 695-701, 1997.

S. Cakmaktepe, M.I. Coskun and A. Yildiz, J. Phys., vol. 53, pp.
112-118,2013.

S. Cakmaktepe and S. Diken, J. Optoelectronics and Advanced
Mater., vol. 18, pp. 107-111, 2016.

H. Gong, M. Rao, D.E. Laughlin and D. N. Lambeth, J. Appl. Phys.,
vol. 85, pp. 5750-5752,1999.

[10]S. S. Ahmad et al, ATP Advances, vol. 6, pp. 115101-115108, 2016.
[11]P. Scherrer, Gottinger Nachrichten Math. Phys., vol. 2, pp. 98—

100, 1918.

[12] B. Hazra, S.N. Kaul,S. Srinath, Z. Hussain, V. Raghavendra Reddy

and J. Manivel Raja, AIP Advances, vol. 10, pp. 065017-065030,
2020.

[13] A. Lo Giudice, PhD. thesis, Universidad Nacional de San Martin,

2024.



Presentaciones Orales v Pdsters | Oral Presentations and Posters

Testigo de corte de cadena de frio para la
visualizacion de la exposicion a temperaturas
predeterminadas

Walter Sidlik
Diserio Bags S. A.
Buenos Aires, Argentina
Disenio.bags@gmail.com

Resumen— El testigo de corte de cadena de frio propuesto
permite visualizar con claridad cuando un producto queda
expuesto a una temperatura predeterminada durante un tiempo
también predeterminado. Esto proporciona una forma rapida y
efectiva de identificar si se ha producido una interrupcion en la
cadena de frio y si el producto puede haber sufrido deterioros.

Palabras clave—testigo, cadena de frio, sensor irreversible

1. INTRODUCCION

En la distribucion de productos que requieren condiciones
de temperatura controlada, es crucial garantizar que no se
rompa la cadena de frio durante el transporte y
almacenamiento. La exposicion a temperaturas no adecuadas
puede causar deterioro en los productos y comprometer su
calidad y seguridad.

La presente invencién se encuentra en el campo de los
dispositivos para el monitoreo y control de la cadena de frio,
particularmente en la industria de la logistica y distribucion de
productos sensibles a la temperatura.

II. FUNCIONAMIENTO

El testigo de corte de cadena de frio consiste en una
capsula termoformada plastica con un dorso cerrado por una
pelicula de aluminio. El aluminio de la tapa esta recubierto con
un adhesivo y cubierto por un papel siliconado, que al ser
retirado permite pegarlo al producto (por ejemplo, una caja de
carton, envase de vidrio, bolsa, etc.). Esta capsula se puede
adherir facilmente al embalaje del producto. El dispositivo
cuenta con un canal circular que contiene una sustancia termo
sensible coloreada adecuada para la temperatura objetivo de
control, tefiida por un colorante soluble en dicha sustancia,
dicho canal rodea una capsula con forma de boton separado
por un anillo plano que separa ambos reservorios, este anillo
estd obturado por una termo soldadura débil manteniendo
aislados los materiales contenidos en dichos reservorios.

El reservorio central contiene un material de color blanco
finamente granulado con la propiedad de absorber facilmente
la sustancia termo sensible alojada en el canal, también
contiene una esferita impregnada en la misma sustancia
contenida en el canal pero de color negro.

La soldadura mas fuerte es la perimetral de todo el
dispositivo, la cual estd efectuada por termo fusién del
polietileno que conforma el interior de la tapa y del termo
formado. Todo el perimetro esta termo sellado fuertemente,
asegurando la integridad del dispositivo (fig. 1).

El tipo de sustancia termo sensible utilizada varia segun la
temperatura objetivo de control, pudiendo abarcar un amplio

rango de temperaturas bajo cero y sobre cero mediante ajustes
en la formulacion.

Fig. 1. Render 3D del dispositivo sin activar.

Fig. 2. Render 3D del dispositivo activado, listo para ser utilizado.

El funcionamiento del dispositivo es el siguiente: antes de
su aplicacion, se coloca el dispositivo en una temperatura
notablemente inferior a la temperatura de fusion de la
sustancia termo sensible, de modo que esta solidifique. Luego,
se aplica el dispositivo al elemento que se desea controlar, y
se introduce en un contenedor cuya temperatura esté dentro
del rango deseado. Para activar el dispositivo, se ejerce
presion sobre la semiesfera central hasta que colapse, esto
genera una expansion del aire hacia los bordes, despegando la
soldadura débil (fig. 2).

Si el dispositivo es expuesto a una temperatura mayor a la
temperatura de fusion de la sustancia termo sensible, esta
pasara de fase solida a fase liquida, y por capilaridad se
ubicara entre las dos laminas que estan apoyadas entre si. Esto
hara que la sustancia termo sensible tome contacto con el
material granulado, que tiene afinidad por la sustancia, y la
absorbera, tifiéndose de su color caracteristico (fig. 3 y 4). Este
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Fig. 3 Render 3D del dispositivo con un revelado parcial.

Fig. 4 Render 3D del dispositivo con un revelado total.

proceso es irreversible, lo que indica de manera inequivoca
que el producto en cuestion fue expuesto a una temperatura
superior a la que puede soportar durante cierto periodo de
tiempo, a partir de ese momento la esfera negra comenzara a

tefiir el material circundante de forma gradual y de manera
radial expansiva aportando una nocion aproximada del tiempo
que ha estado por encima de la temperatura de control, cabe
mencionar que si la temperatura vuelve a estar por debajo de
dicha temperatura el proceso de expansion se detendra.

III. REIVINDICACIONES

Este dispositivo de evidencia es ideal para una amplia
gama de aplicaciones donde es crucial determinar si un
producto ha sido expuesto a condiciones de temperatura
superiores a la de control. Desde el transporte de alimentos y
productos farmacéuticos hasta la conservacion de muestras
biologicas, este dispositivo proporciona una solucion efectiva
y confiable para verificar la integridad de los productos
sensibles a las temperaturas. Su disefio compacto y facil de
usar lo hace adecuado para su incorporacion en diversos
sistemas de almacenamiento y transporte, garantizando la
calidad y seguridad de los productos en todo momento.

IV. CONCLUSIONES

El testigo de corte de cadena de frio proporciona una
solucién simple y efectiva para monitorear la exposicion de
productos sensibles a la temperatura durante el transporte y
almacenamiento. Su céapsula termoformada plastica
autoadhesiva y su capacidad para cambiar de color en
respuesta a condiciones de temperatura especificas permiten
una rapida deteccion de posibles interrupciones en la cadena
de frio, ayudando asi a prevenir el deterioro de los productos.
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Dispositivo de evidencia de congelamiento

Walter Sidlik
Diserio Bags S. A.
Buenos Aires, Argentina
Disenio.bags@gmail.com

Resumen— Este dispositivo proporciona una forma
inequivoca e irreversible de determinar si un producto ha sido
expuesto a temperaturas bajo cero. Esti construido con una
estructura laminada que incluye una pelicula de PVC de 150
micrones, recubierta con polietileno de 50 micrones, y sellada
con una pelicula de aluminio de 12 micrones laminada con
polietileno de 50 micrones. El dispositivo tiene una forma de
media esfera con una depresién piramidal en la parte superior
y un lado plano adhesivado con un liner siliconado para su
fijacién en cualquier superficie. En su interior, contiene una
esfera de poliacrilato de sodio y agua destilada que permite su
saturacion. Cuando la esfera se congela, el agua que no puede
ser absorbida por el poliacrilato se expande, causando grietas y
colapsando la esfera. Esto proporciona una clara evidencia de
exposicion a temperaturas bajo cero.

Palabras clave—sensor irreversible, congelamiento

1. INTRODUCCION

El dispositivo estd disefiado para ser una herramienta
confiable y facil de usar para verificar la exposiciéon de
productos a temperaturas de congelacion. Su construccion
laminada garantiza su integridad y resistencia, mientras que su
disefio compacto y autoadhesivo lo hace versatil para su
aplicacion en diversas superficies. La esfera de poliacrilato de
sodio, saturada con agua destilada, ofrece una forma precisa
de determinar si se ha producido congelamiento, ya que su
colapso irreversible proporciona una evidencia visual clara.

II. FUNCIONAMIENTO

El dispositivo de evidencia de congelamiento funciona de
manera ingeniosa y sencilla. Cuando se expone a temperaturas
por debajo de 0°C, su disefio unico permite que se produzca
un cambio fisico irreversible que indica claramente la
exposicion a condiciones de congelacion (Fig. 1y 2).

A. Absorcion de agua y saturacion

En condiciones normales, el dispositivo contiene una
esfera de poliacrilato de sodio y agua destilada en su interior.
El poliacrilato de sodio tiene una notable capacidad de
absorcion de agua, lo que permite que la esfera se sature con
el liquido hasta alcanzar su capacidad maxima.

Fig.1. Fotografia de dispositivo que no fue expuesto a una temperatura
menor a 0°C.

B. Congelamiento y expansion del agua

Cuando el dispositivo es expuesto a temperaturas bajo
cero, el agua dentro de la esfera comienza a congelarse.
Durante el proceso de congelacion, el agua experimenta una
expansion significativa, ya que su volumen aumenta al
solidificarse en forma de hielo.

C. Presion y colapso de la esfera

La expansion del agua congelada dentro de la esfera ejerce
una presion considerable sobre la estructura del dispositivo.
Sin embargo, debido a la naturaleza no absorbente del
poliacrilato de sodio, este material no puede acompaiar la
expansion del agua. Como resultado, la esfera experimenta un
agrietamiento en su superficie y eventualmente colapsa bajo
la presion generada por la expansion del hielo.

D. Evidencia visual de congelamiento

El colapso irreversible de la esfera proporciona una
evidencia clara y definitiva de la exposicion del dispositivo a
temperaturas bajo cero. Este cambio fisico es facilmente
identificable y no requiere de interpretaciones complejas, lo
que lo convierte en un indicador confiable de la congelacion
del producto al que estd adherido el dispositivo.

III. APLICACIONES

Este dispositivo de evidencia de congelamiento es ideal
para una amplia gama de aplicaciones donde es crucial
determinar si un producto ha sido expuesto a condiciones de
congelacion. Desde el transporte de alimentos y productos
farmacéuticos hasta la conservacion de muestras biologicas,
este dispositivo proporciona una solucion efectiva y confiable
para verificar la integridad de los productos sensibles a las
temperaturas. Su disefio compacto y facil de usar lo hace
adecuado para su incorporacion en diversos sistemas de
almacenamiento y transporte, garantizando la calidad y
seguridad de los productos en todo momento.

IV. CONCLUSIONES

Se disefid un dispositivo capaz de detectar congelamiento
de forma irreversible.

Fig.2. Fotografia de dispositivo luego de ser expuesto por debajo a 0°C y
luego llevado nuevamente a una temperatura mayor a 0°C.
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Abstract—El trabajo propone un arreglo experimental sencillo
para obtener imagenes tomograficas de una alta resolucion
espacial utilizando sensores de imagenes CMOS comerciales,
logrando aprovechar gracias al preprocesamiento del conjunto
de imagenes obtenidas los efectos generados por el contraste de
fase y la amplificacion geométrica.

Index Terms—Sensores CMOS, Radiografias, Tomografias,
Rayos X

I. INTRODUCTION

Los sensores de imdgenes comerciales basados en la tec-
nologia complementary metal-oxide-semiconductor (CMOS),
originalmente diseflados para detectar luz visible, pueden
ser utilizados como detectores de fotones de rayos X de
baja energia [1]. Esta capacidad permite su utilizacién en
diversas aplicaciones relacionadas con la captura de imagenes
radiogréficas de alta resolucién o la espectroscopia para el
estudio de fluorescencia [2], [3].

Cuando un fotén de rayos X interactia con el sensor,
situacién que se conoce como evento, deposita su energia for-
mando una nube de portadores de carga que puede distribuirse
a lo largo de miiltiples pixeles. En cada uno de estos pixeles,
la carga se recolecta mediante estructuras conocidas como
fotodiodos, dando origen a una sefial eléctrica cuya intensidad
es proporcional a la cantidad de portadores recolectados [4].
Si numerosos eventos ocurren en el mismo pixel (pile-up),
existe la posibilidad de saturar la sefial generada. Est4 situacion
depende mayormente de la relacién entre el flujo de fotones
y el tiempo de exposiciéon del sensor, por lo tanto su correcta
configuracién es esencial.

A partir del procesamiento de las imdgenes obtenidas, se
puede determinar la transmisién de los materiales presentes
en una radiografia [5], permitiendo utilizar un conjunto de
imdgenes para obtener reconstrucciones tomograficas de los
objetos tridimensionales. Debido a la elevada resolucién del
método y a algunos artefactos generados por la presencia
de contraste de fase, las imdgenes obtenidas requieren un
preprocesamiento adicional la aplicacién de algoritmos de
reconstruccion cldsicos.

De esta manera, el trabajo expone una arreglo experimental
basico para obtener imagenes tomograficas de alta resolucion
espacial utilizando un sensor comercial del tipo CMOS y
algoritmos de reconstruccién convencionales.

II. ARREGLO EXPERIMENTAL

La configuraciéon béasica para capturar imdagenes to-
mogrificas estd formada por cuatro elementos, como se ob-
serva en la Fig. 1, y consiste en una fuente de rayos X, la
muestra a ser irradiada, el sensor utilizado para detectar los
fotones y el mecanismo de rotacién.

La fuente de rayos X utilizada fue un tubo Microbox de
blanco de tungsteno y kilovoltaje variable en un rango entre
20 £V y 100 kV. Las principales caracteristicas de este tubo
son su foco, el cual tiene un tamaflo de 5 pum para potencias
de trabajo menores a 7.5 W,y su generacion continua, la cual
garantiza un flujo constante y sin variaciones en el espectro
de los fotones generados.

El sensor utilizado se trata de un MTI9MOO1C12STM,
el cual fue un sensor de imagen CMOS del tipo rolling
shutter con una resoluciéon SXGA y un tamafio de pixel de
5.2x5.2 pm?2, lo que define un 4rea activa con un ancho de
6.66 mm y un alto de 5.32 mm. La lectura del sensor se
realiza mediante la plataforma Arducam UC-425, lo que per-
mite una conexién de alta velocidad con cualquier ordenador
y una adquisicién sencilla de las imdgenes capturadas.

La distancia entre el sensor y la fuente fue 72 cm, lo
que garantiza que los rayos generados sean practicamente
paralelos al llegar a la superficie del sensor. Esto permite
que la resolucién del sistema sea principalmente definida por
las caracteristicas geométricas del sensor [5]. En el caso de
las muestras, las mismas estdn ubicadas sobre el eje de un
rotador a 48 cm de la fuente. el cual es controlado por un
motor paso a paso permitiendo obtener imdgenes en angulos
precisos. Este rotador estd basado en un motor paso a paso y
una caja de reduccion, dotando al sistema de una resolucién
angular de 0.15 °, la cual es suficiente para obtener el
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conjunto de imdgenes necesario para aplicar los algoritmos
de reconstruccién tomogréfica.

Debido a que las imdgenes radiograficas se tratan de
proyecciones bidimensionales, las dimensiones méximas de
las muestras irradiadas estan limitadas por el tamafio del area
activa del sensor. Por este motivo, a menos que se recurra a la
captura de imagenes individuales y su posterior stitching [5],
esta técnica estard limitada a muestras de pocos milimetros de
largo.

Los pardmetros de la cdmara fueron configurados para
garantizar en todas las capturas un histograma uniforme,
definiendo valores de ganancias y offset analdgicos para
aprovechar la totalidad del rango dindmico de salida. En
cuanto al tiempo de exposicion, si bien el valor neto con-
figurado es de 31 s, el mismo se obtiene a partir de la suma
de numerosas imdgenes capturadas con un menor tiempo de
exposicioén. Esto permite incrementar la corriente del tubo sin
saturar el sensor por pile-up y al mismo tiempo reducir el
ruido asociado a la medicién.

Sensor CMOS Muestra Tubo de rayos X

Fig. 1. Fotografia de los elementos bdsicos que componen un arreglo
experimental utilizado para la captura de tomografias mediante un sensor de
imagenes CMOS comercial.

III. IMAGENES RADIOGRAFICAS

La captura y el procesamiento de las imdgenes obtenidas se
realiza mediante scripts escritos en lenguaje Python, lo cual
garantiza su portabilidad en diferentes sistemas operativos.
El proceso de adquisicién utiliza los médulos provistos por
Arducam para el manejo de sus placas de adquisicién y
permite una fécil configuracién del sensor.

Las imdgenes capturadas son preprocesadas aplicando una
correccion por flat-field, lo que permite mitigar no uniformi-
dades en el flujo que llega a la superficie del sensor y
el deterioro causado del sensor causado por efecto de la
radiacién, como es el caso de pixeles dailados o efecto de
dosis total [6].

Esta correccidon consiste en la captura de tres tipos de
imagenes diferentes y su posterior procesamiento. La primera
se conoce como dark-field (DI) y corresponde a una captura re-
alizada con el tubo de rayos X apagado. La segunda se conoce
como flat-field (FI) y es obtenida con el tubo encendido, pero
sin la presencia de la muestra radiografiada (CI). Por ultimo,
la dltima imagen corresponde a la radiografia de la muestra
de interés. La correccién implementada se basa en la ecuacion
Eq.1, donde el resultado es la transmision de la muestra (TR).

Los resultados de aplicar esta correccién pueden observarse
en la Fig. 2.

_ CI-DI
~ FI—-DI

TR (D

1000 1200

Fig. 2. Resultados de la aplicacion de la correccién por flat-field a una
imagen radiografica capturada de una pinza de escorpién. En en la figura
se pueden observar las imagenes dark-field (A), flat-field (B) y la radiografia
de la muestra (C). En la imagen de transmision obtenida (D) se puede apreciar
el nivel de detalle conseguido gracias al efecto del contraste de fase.

Al acercar la muestra a la fuente se puede aprovechar el
efecto de la amplificaciéon geométrica para poder observar
detalles que requieren una resoluciéon mayor a la que puede
ser obtenida considerando Nyquist. Adicionalmente, alejar la
muestra del sensor permite visualizar un efecto conocido como
contraste de fase, el se debe a las propiedades ondulatorias de
los fotones de rayos X y las variaciones en su fase provocadas
por los atomos del material, la cual se observa como un
incremento del contraste en las interfaces de la muestra. El
efecto combinado de la fase y la amplificacion geométrica
puede observarse en la Fig. 3.

Si bien el efecto de la fase es ttil para amplificar el contraste
entre las interfaces de distintos materiales, particularmente
para materiales formados por d&tomos de bajo nimero atémico,
esos incrementos en el contraste generan artefactos no desea-
dos al utilizar algoritmos de reconstruccién convencionales.

IV. TOMOGRAFIAS

La obtencién de las imagenes tomograficas inicia con la
captura de imdgenes radiograficas individuales, las cuales
fueron tomadas cada 2 ° de rotacién, obteniendo un conjunto
de 180 imdagenes. Adicionalmente, debido a la degradacion
del sensor provocada por efecto de dosis total, se deben
capturar imagenes flat-field y dark-field al inicio y al final de la
irradiacion. Estas capturas finales permiten estimar mediante
una interpolacién lineal pequefias variaciones utilizadas para
mejorar la correccién por flat-field.



Fig. 3. Imagen radiogrifica donde se observa el efecto que el contraste
de fase genera en los bordes de un cabello humano (medio) de 78 pum de
didmetro. Adicionalmente se pude observar un alambre de tungsteno (arriba)
y un alambre de oro (abajo), ambos con un didmetro de 18 pm, los cuales
presentan una marcada atenuacién de los fotones de rayos X.

Debido a la presencia del contraste de fase, se debe aplicar
un preprocesamiento a cada una de las imagenes individuales.
Este filtrado se realiza para obtener informacién del camino
optico total, formado por la componente de fase y transmision
de la muestra. Este procedimiento requiere conocer la ge-
ometria de irradiacién y estimar los materiales que conforman
el objeto [7].

Al conjunto de imagenes obtenidas se le aplica un proce-
samiento adicional para encontrar el centro de rotacién me-
diante un andlisis de los sinogramas y al mismo tiempo
determinar si existen posibles desplazamientos transversales
al eje de rotacién que requieran ser corregidos.

Para obtener la reconstruccion tomogréifica se utilizan
scripts desarrollados en Python y el médulo Tomopy, el cual
presenta un gran nimero de herramientas y algoritmos de
reconstruccion. De todos estos algoritmos, el conocido como
algebraic reconstruction technique fue el que presentd un
mejor resultado en los andlisis preliminares. En la Fig. 4 se
puede observar algunas vistas en cortes de una reconstruccion.

A B o
A 5
e E :

Fig. 4. Reconstruccion tomografica del caparazén de un foraminifero del
holoceno obtenido de la plataforma continental argentina. (A) Imagen ra-
diogréfica original tomada para un dngulo particular. (B) Vistas en corte de
la reconstruccién obtenida utilizando algoritmos convencionales.

Finalmente, a partir de la reconstruccién se puede generar

un modelo tridimensional de la muestra tomografiada, lo cual
puede visualizarse en la Fig. 5.
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Fig. 5. Modelo tridimensional generado a partir de la reconstruccion tomo-
grafica del caparazén. En la imagen se pueden observar la escala de la muestra
(izquierda) y el modelo obtenido (derecha).

V. CONCLUSION

La captura de imdagenes tomogréficas de alta resolucién
espacial puede realizarse utilizando sensores de imagen com-
erciales y un arreglo experimental sencillo. Adicionalmente,
la degradacién del sensor provocada por los efectos de la
radiaciéon puede ser mitigada correctamente al preprocesar
las imdgenes utilizando correccién por flat-field. Por ultimo,
los efectos generados por el contraste de fase pueden ser
aprovechados para mejorar las imdgenes obtenidas, lo cual
permite utilizar algoritmos de reconstruccién convencionales
y aprovechar la amplificaciéon geométrica para obtener una
mayor resolucion.
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Abstract— En este trabajo se propone la monitorizacion de
diferentes parametros criticos para el control del proceso
hidrometaliirgico de obtencién de Zinc, en concreto de las
etapas de purificacion del liquido de lixiviado antes de la etapa
de electrodeposicion. Para ello se propone la utilizacién de
diferentes microanalizadores automatizados desarrollados por
el equipo de investigacion para los elementos seleccionados y se
presentarin los primeros resultados obtenidos en el analisis de
muestras reales de las diferentes etapas de la purificacion.

Keywords—microanalizadores, proceso hidrometaliirgico del
zinc, Flow Injection Analysis, sistemas épticos

I. INTRODUCCION

El control de los procesos de produccién industrial, y en
concreto los relacionados con la hidrometalurgia, requiere de
sistemas analiticos capaces de suministrar informacién que
permitan seguir su evolucién en funcién del tiempo. Dicha
informacién ayuda a optimizar los procesos e implementar
medidas correctoras en tiempo real si asi fuera necesario.
Para simplificar la obtencién de dicha informacién y
minimizar su coste, el presente trabajo tiene como objetivo el
desarrollo de microanalizadores quimicos de bajo coste de
fabricacién, operacién y mantenimiento capaces de
monitorizar, de forma automdtica, auténoma y continua,
diferentes procesos industriales relacionados con la minerfa y
la metalurgia.

La utilizacion de una estrategia de integracion modular
de elementos da versatilidad al proceso de construccion del
microanalizador y permite modificar con sencillez su
configuracién para adaptarla a las singularidades de los
diferentes procesos industriales que se deseen monitorizar.

Las tecnologias de microfabricaciéon multicapa elegidas
abren la posibilidad de obtener prototipos de forma simple y
rdpida, a bajo coste [12]. Permite ademds introducir con
facilidad modificaciones en el disefio de las plataformas de
microfluidica, estructura base de los microanalizadores, para
adaptarlas a cada proceso y aplicacion concreta.
Adicionalmente, el disefio de los microanalizadores y sus
actuadores asociados (vdlvulas, bombas, etc.) hacen posible,
via la electrénica de control y el software desarrollado,

reconfigurar automdticamente los pardmetros operacionales
del microanalizador. De este modo dichos pardmetros
pueden adaptarse, sin modificacion de hardware, a las
necesidades de la metodologia analitica que se pretende
implementar en cada situacion.

En el presente trabajo se describe la construccién de
microanalizadores para monitorizacién y control del proceso
de obtencion de Zinc y en particular de las diferentes etapas
que integran del proceso de purificacion hidrometalirgica de
la disolucion neutra de lixiviacion de zinc previo a su
electrodeposicion.

II. EXPERIMENTAL

A. El proceso global de obtencion de Zinc

Las operaciones de purificacion de la solucién de
lixiviacién neutra inicial del proceso de obtencion de Zinc
tienen como objetivo eliminar elementos que se depositan
conjuntamente con dicho metal durante la electrdlisis final y
que, por lo tanto, contaminan el producto obtenido. También
se pretende eliminar elementos que reducen la eficiencia de
la electrodeposiciéon al reducir el sobrepotencial de
hidrégeno.

En la figura 1 se muestras las diferentes etapas del
proceso hidrometaldrgico global y del proceso de
purificacion.

La monitorizacién de la solucién de purificacién al final
de cada una de las etapas de proceso que la componen debe
garantizar la calidad de la solucidn entregada a la electrolisis
y permitir, a la vez, controlar la dosificacién de los reactivos
utilizados. Cabe recordar que en base a la informacién
obtenida se controla la capacidad de desviar y reciclar la
solucién que no cumple con las especificaciones de calidad
requeridas. Hasta hace relativamente poco el control
analitico se realizaba mediante la toma de muestras de cada
etapa que posteriormente eran analizadas en el laboratorio de
la planta. Recientemente se han introducido analizadores on-
line para algunos elementos como el cobre o el cobalto.

IBERSENSOR



Fig. 1. A) Diagrama del flujo bdsico proceso global de obtencion de Zinc. B)
Proceso de purificacion de la disolucion de lixiviacion.

En la tabla 1 se encuentran los rangos de concentracion
de los diferentes metales en la disolucién neutra de lixiviado
inicial y en la disolucién purificada.

TABLA 1. COMPOSICION DE LAS DISOLUCIONES EN CADA UNA DE LAS

ETAPAS DEL PROCESO
Entrada Disolucion Neutra
[Zn] 150-155 g/L
[Co] 20 - 60 mg/L
[Cu] 500 - 2000 mg/L
[Cd] 400 - 1500 mg/L
Salida etapa decobrizado
[Zn] 150-155 g/lL
[Cu] 200 - 300 mg/L
[Co] 3-4 mg/L
[Cd] 20 mg/L
Salida etapa Purificacion Caliente
[Zn] 150-155 g/L
[Cu] 0,6 mg/L
[Co] 0,15 mg/L
[Cd] 10 mg/L
Salida Etapa Purificacion Fria.
[Zn] 155-168 g/L
[Cu] 0,6 mg/L
[Co] 0,15 mg/L
[Cd] 1 mg/L
La composicién ideal de la soluciéon purificada

corresponderia a la de la salida de la etapa de la purificacion
frfa recogida en la tabla 1.

Para cada una de las etapas del proceso de purificacion se
ha identificado un pardmetro critico de control y se ha

disenado,

fabricado 'y

evaluado un microanalizador

automatizado que permite la monitorizacién en tiempo real
de dicho pardmetro de forma automadtica y auténoma.

B. Fabricacion de los microanalizadores

Las

diferentes

plataformas

microfluidicas 0

microanalizadores desarrollados para analizar cada analito
seleccionado integran microestructuras de mezcla (para
poder realizar las reacciones colorimétricas necesarias) y una
celda de deteccion (para la determinacién colorimétrica de
los compuestos obtenidos). Cada microanalizador se fabric
utilizando copolimero de olefina ciclica (COC) como

sustrato, con el proceso de fabricacion que se describe en la
literatura [2].

Por su parte, la microcolumna de intercambio aniénico
utilizada se fabric6 con material ceramico utilizando la
tecnologia LTCC [3].

C. Montaje experimental

La fig. 2 muestra un esquema del montaje experimental
genérico utilizado para cada microsistema analitico
desarrollado. El sistema microfluidico se ensamblé
utilizando microvalvulas solenoides de tres vias (161T031,
NResearch), una bomba peristéltica (Minipuls 3, Gilson) y
tubos Tygon (didmetro interno de 1,2 mm) y de teflén
(didmetro interno de 0,8 mm, Tecnyfluor). Las secuencias
automdticas de actuacion tanto para la calibracién como para
el andlisis de la muestra se gestionaron mediante una unidad
controladora de elementos fluidicos (Flow Test, Biotray) o
un  médulo de control electrénico PSoC 5
CY8C5868 AXILP0O35(Cypress ~ Semiconductor) 'y  su
software asociado. Esta permite disponer de un equipo a pie
de proceso capaz de funcionar en condiciones auténomas.

Desecho

LED

I

Disolucién BP
estandar L
M2+

=

milliQ

Fig. 2. Diagrama esquemdtico general del montaje experimental de cada
microanalizador desarrollado, donde: Vx: microvalvulas de 3
vias; BP: Bomba peristiltica. Area delimitada con lineas
punteadas en azul correspondiente a la plataforma microfluidica.

El médulo de deteccion 6ptica integrado, con lock-in,
miniaturizado y personalizado realizado en colaboracién con
el Grupo de Tecnologias Foténicas de la Universidad de
Zaragoza, estd basado en el concepto de “llave-cerradura”,
donde la llave es la plataforma microfluidica y la cerradura el
soporte [2]. Estd compuesto por un LED de la longitud de
onda adecuada para cada uno de los reactivos colorimétricos
utilizados y un fotodiodo (Hamamatsu S1337-66BR). El
funcionamiento y procesamiento de seflales de sistema de
deteccion se describe en detalle en [2]. Los datos obtenidos
se envian inaldmbricamente a una unidad de control central.

1II. RESULTADOS Y DISCUSION

A continuacién, se describen las condiciones
operacionales de cada etapa del proceso global de obtencién
de Zinc que van a prefijar el disefio de los microanalizadores
y los resultados obtenidos con cada uno de ellos [4].

A. Etapa de Decobrizado

El objetivo principal en esta etapa es precipitar gran parte
del cobre presente en la solucién neutra de lixiviacion
(>1000 mg/L) hasta niveles operativos adecuados de 200 -
300 mg/L de Cu y solubilizar el Sb hasta obtener
concentraciones del orden 6 - 8 mg/L. La concentracion de
ambos elementos es critica ya que junto con el polvo de zinc
forman la pila galvénica requerida para la eliminacién del Co



en la etapa de la Purificacién Caliente. La monitorizacién en
tiempo real del cobre es muy importante para realizar un
adecuado control de la dosificacién de polvo de Zinc hacia el
tanque. Con este fin se ha desarrollado un microanalizador
de ion cobre utilizando Batocuproina disulfonato como
reactivo colorimétrico que cubre el rango de concentraciones
requerido (100 - 1000 mg/l) para lo que ha sido necesario
incorporar una etapa de dilucién 1:100 de la muestra y los
agentes complejantes necesarios para eliminar la
interferencia de otros iones presentes.

B. Etapa de Purificacion Caliente

El objetivo de esta etapa es precipitar el cobalto y
parcialmente el cadmio hasta valores de concentracién
inferiores a 0.2 mg/L y 10 mg/L, respectivamente mediante
la adicién de polvo de zinc y utilizando el plomo (presente en
el polvo de zinc), cobre y antimonio como catalizadores a
una temperatura de 85 °C. La monitorizacién en tiempo real
del Cobalto es muy importante para realizar un adecuado
control de la dosificacién del polvo de Zinc necesario para
precipitarlo. Con este fin se ha desarrollado un
microanalizador de ion cobalto utilizando la sal disédica del
acido 3-Hidroxi-4-nitroso-2,7-naftaleno disulfénico (NRS)
como reactivo colorimétrico que cubre el rango de
concentraciones requerido (0 a 3 mg/l). Se han incorporado
diferentes agentes enmascarantes para eliminar la
interferencia de otros iones como el cadmio, el cobre o el
zinc.

C. Etapa de Purificacion Fria

El objetivo de esta etapa es eliminar impurezas
remanentes que llegaron en la solucién de la etapa de
Purificacién Caliente, principalmente el Cadmio que no se
logré precipitar en dicha etapa. La concentracién de este
elemento debe reducirse al final de la etapa hasta niveles
inferiores a 1 mg/L. La monitorizacién en tiempo real del
Cadmio es muy importante para realizar un adecuado control
de la dosificacion del polvo de Zinc necesario para
precipitarlo. Con este fin se ha desarrollado un
microanalizador colorimétrico de ion cadmio que cubre el

rango de concentraciones requerido (0 a 3 mg/l) para lo que
ha sido necesario incorporar una microcolumna rellena de
una resina de intercambio anidnico (AG 1-X8, Bio-Rad).
Dicha columna permite retener el cadmio y el cobre en forma
de complejo aniénico y eliminar la interferencia de zinc.
Posteriormente  utilizando ~ Cadion como  reactivo
colorimétrico se mide el cadmio colorimétricamente.

V. CONCLUSIONES

En este trabajo se presentaran los resultados obtenidos en
la evaluacion de los diferentes analizadores desarrollados y
los primeros resultados obtenidos con muestras reales de la
planta de Zinc de la empresa Pefioles ubicada en la ciudad de
Torre6n (México) que produce mds de 200.000
toneladas/afo de Zinc.
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Sumdrio—A Anilise por Injecio em Fluxo (FIA) é simples
de implementar em laboratérios sem muitos recursos. Traz
algum nivel de automaciio aos métodos de analise, usa tubos de
reduzidas dimensdes e adequa-se a sistemas analiticos com
sensores quimicos. Exige o controlo rigoroso dos caudais, mas a
analise nio necessita que se espere até que o equilibrio seja
atingido. A versatilidade da FIA é mostrada através de exemplos
praticos, discutindo-se as vantagens e a inadequagio de alguns
tipos de transdutores a algumas opgdes.

Palavras Chave— anadlise por injecdo em fluxo, FIA, sensor

INTRODUCAO

A anilise de amostras ¢ muitas vezes realizada de forma
individualizada, evitando-se a contaminagdo cruzada, ainda
que a introdugdo dos lotes de amostras no instrumento
analitico possa ser feita recorrendo a um amostrador
automatico. Os sensores quimicos, ao responderem de forma
continua ao analito, vieram tornar essas analises menos
dispendiosas, possibilitar a miniaturizagdo e, ndo raras vezes,
a monitorizagdo remota. A andlise individualizada de padrdes
e amostras necessita que o sinal seja registado apds se ter
atingido o equilibrio na interagdo do analito com a camada
sensivel do sensor. O estado de equilibrio quimico nem
sempre ¢ facil de garantir, principalmente aquando da
existéncia de uma variagdo, ainda que muitissimo lenta, na
linha de base. Alguma deriva na linha de base, por fatores
dificeis de controlar, ¢ vulgar, o que complica a decisdo de
quando registar o sinal da amostra, porque o analista espera a
estabilizagdo do mesmo. Muitas vezes resolve-se esta questido
fazendo as leituras a tempos predeterminados.

A andlise por inje¢do em fluxo (FIA), dada a sua
simplicidade, veio introduzir alguma automagio em situagdes
onde o niimero de amostras ¢ tAo baixo que esta ndo pareceria
ser uma necessidade. Amostras e padrdes sdo sucessivamente
injetados no sistema, ¢ a contaminagdo ¢ evitada assegurando
que ndo chega ao detetor nenhuma amostra antes do sinal da
linha de base ter sido reestabelecido. O sinal analitico €, na
maioria das situagdes, a altura maxima do pico, deixando de
haver hesitagdes quanto ao tempo ao qual se deve fazer a
leitura. Sendo a resposta dos sensores rapida, uma pequena
deriva na linha de base ndo ira afetar a resposta, desde que essa
deriva seja mais lenta do que a resposta.

A simplicidade da inje¢do em fluxo, a rapidez na resposta
e recuperagdo da linha de base, garantindo que a interagdo do
analito com a camada sensivel ¢ reversivel, € a elevadissima
reprodutibilidade da técnica sdo alguns dos fatores que fazem
com a mesma retina a preferéncia de muitos dos quimicos
analiticos que usam sensores quimicos.
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CESAM, Departamento de Quimica,
Universidade de Aveiro
Aveiro, Portugal
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PRINCIPIO DA ANAISE POR INJECCAO EM FLUXO COM
DETECAO POR SENSORES

O Principio da inje¢do em fluxo

A andlise por injecdo em fluxo (FIA) foi proposta por
Rusicka e Hansen em 1975 e consiste na injecdo da amostra
num fluido de transporte [1]. Em oposicao a analise por fluxo
segmentado, ndo ha bolhas de ar introduzidas no caudal, que
tinham a vantagem de separar amostras sucessivas, mas
obrigavam geralmente a desgaseificag@o antes do detetor. A
ideia de FIA, que hoje nos parece simples, foi inicialmente
olhada com desconfianga. porque se pensava que as bolhas de
ar seriam imprescindiveis, e até mal interpretada, porque
confundida com a cromatografia, apenas porque algumas
partes desse equipamento foram aproveitadas para a
construgdo dos primeiros sistemas.

A possibilidade de fazer reagir o analito com um reagente
apropriado para obteng¢do de um produto detetavel ¢ facil de
conseguir, fazendo confluir um caudal desse reagente com o
de transporte, antes da porta de injegdo da amostra. O contacto
entre 0 reagente e a amostra tem que ser assegurado, e
normalmente permite-se que, apos o ponto de confluéncia, os
mesmos permanecam em contacto ao percorrerem uma
serpentina com um comprimento adequado A detecdo
reprodutivel ndo exige que o equilibrio seja atingido, apenas
que o tempo de contacto e percurso até ao detetor ndo variem,
o que ¢ conseguido mantendo o comprimento dos tubos e os
caudais. Em principio, qualquer sensor que responda com um
sinal mensuravel a concentragdo do analito, ou do produto da
reagdo com o mesmo podera ser usado.

Como exemplo, mostra-se na Fig. 1 uma montagem para
determinar nitrito por meio de um sensor 6tico extrinseco.

Bomba Amostra Fonte
peristaltica id
Vilvula 5 o
Reagente de injegdo | Reator Fibra dptica
combinado .
---— Esgoto
i Fibra optica

Esgoto

Espetrofotometro
Saida da solugido

. Janela
Entrada fibra ética —_|

(da fonte) I~ /
|
Janela ‘a.. *

Percurso do fluido —|
em formade Z

Saida da fibra otica
(para espectrofotometro)

Entrada da solugdo

Fig.l. Esquema para analise de nitrito em agua com um sensor Otico
extrinseco.
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Um caudal constante de 0.8 mL min™! de um reagente de
cor ¢ conseguido por meio de uma bomba peristaltica. A
amostra ¢ injetada e forma-se um composto vermelho-violeta
na reagdo do nitrito com a sulfanilamida e o cloreto de N-(1-
naftil)etilenodiamina em meio acido. O caudal passa por uma
célula de absor¢do com um percurso 6tico de 1 cm. Uma fonte
de luz esta ligada a uma fibra otica que transporta a radiacdo
até uma a janela de safira da célula. Uma outra fibra otica
coleta a luz a saida da célula e dirige-a para um
espectrofotometro, sendo registada a absorvéncia a 544 nm
[2].

A. Como mover o fluido

O fluido pode ser forcado a mover-se por meio de uma
bomba peristaltica. Grande parte das publicagdes com FIA
utiliza uma bomba com diversos canais, 0 que permite ter
diversas linhas de fluxo com diferentes fluidos. As bombas
peristalticas sdo adequadas para a maioria dos detetores,
embora produzam um movimento pouco uniforme, sendo o
mesmo pulsado, o que causa problemas de instabilidade na
linha de base dos sensores piezoelétricos, sensiveis a variagdes
de pressdo. Para estes, ¢ preferivel colocar os fluidos em
frascos fechados, com uma entrada para um gas inerte (por
exemplo nitrogénio) e um mandmetro que permita controlar a
pressdo do gés no espago de cabeca, por forma a forgar o
liquido a sair de forma controlavel. Consegue-se deste modo
um caudal ndo pulsado, razoavelmente constante e suave.

Com caudais muito pequenos, que permitem poupar
reagentes, mas ter um tempo de residéncia suficiente com
amostras diminutas (poucos microlitros), ¢ suficiente usar
uma seringa com controlo automatico da velocidade do
émbolo, para conseguir caudais do fluido de arraste de poucos
microlitros por minuto. A Fig. 2 mostra fotografias da bomba
peristaltica, do manémetro e frasco pressurizavel com o fluido
de arraste e da bomba de seringa.

Fig. 2. (a) bomba peristaltica, (b) manoémetro e frasco pressurizavel com o
fluido de arraste e (c) bomba de seringa.

Controlo da dispersdo e fluxo cortado

A dispersdo do analito ¢ uma varavel a controlar. No caso
da injecdo em fluxo ser apenas um método para levar, de uma
forma controlada, a amostra até ao sensor, o percurso deve ser
0 mais curto possivel, para evitar a diluicdo da amostra e 0
consequente alargamento e diminuigdo da altura do sinal. E
verdade que nas analises por cristais piezoeléctricos se nota
por vezes uma pequena subida da frequéncia aquando da
injecdo da amostra (ver Fig. 3), sendo aconselhavel ter algum
comprimento de tubo no percurso até ao sensor, para dar
tempo a que esse pico de pressdo desaparega e s6 depois surja
o sinal analitico. A perturbag@o ¢ temporalmente separada do
sinal analitico.

Amostra
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Fig.3. Frequéncia do cristal piezoelétrico revestido, com perturbagdo
provocada pela injegdo e pico da resposta produzida pelo analito (neste caso
o pico ¢é invertido e procura-se 0 minimo da frequéncia)

Um comprimento de tubo maior devera ser empregue no
caso de se desejar que ocorra uma reagdo quimica, caso em
que a espécie a detetar € o produto. Ainda assim, dever-se-a
manter uma dispersdo limitada para ndo degradar o sinal. Um
modo de favorecer a formacdo do produto, sem aumentar a
dispersdo, consiste na paragem da bomba, ou outro sistema
propulsor, por um tempo rigorosamente controlado. O método
do fluxo cortado sera vantajoso com detegdo potenciométrica,
mas traria muitos problemas na detecdo piezoelétrica.

Detecgdo em fase gasosa

A injecdo de gases em correntes gasosas raramente se vé,
mas ¢ muito Util. Nem todos os transdutores sdo adequados
para a detegdo na fase gasosa, sendo uma boa escolha sensores
piezoelétricos e semicondutores de o6xidos metalicos, em
alternativa aos sensores potenciométricos, muito usados em
solugdo. A analise de mercurio serd uma das que, a partida, faz
sentido que a deteg@o seja feita na fase gasosa, uma vez que
bastara reduzir o mercurio a Hg. O esquema na Fig. 4 mostra
a analise do mercirio em amostra aquosas, ap6s reducdo do
mesmo, separacdo do gas, secagem do mesmo e sua amalgama
nos elétrodos de ouro de um cristal piezoelétrico [3].
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Fig.4. Esquema usado na determinag¢@o de merctirio em amostras aquosas com
detecdo com um cristal piezoelétrico.

Em muitas outras situagdes, o deslocamento de um analito
para a fase gasosa e posterior detecdo permite evitar que
cheguem ao sensor interferentes ndo volateis. Um bom
exemplo ¢ a detecdo de dioxido de carbono e dioxido de
enxofre em vinho [4,5]. O esquema pode ver-se na Figura 5.
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Fig.5. Esquema da montagem para a determinag¢do de CO, ou SO, no vinho,
por deslocamento dos mesmos por uma corrente de nitrogénio que arrastara o
gas até ao cristal piezoelétrico revestido com um composto adequado a
detecdo de um dos gases.

Microextragdo em fase solida (SPME)

Pré-concentrar a amostra numa fibra durante um periodo
de tempo controlado e posterior dessor¢do do analito num
pequeno forno permite introduzir o analito na corrente gasosa,
e quantifica-lo em amostras com concentragdes inferiores ao
limite de detecdo do método. Na Fig. 6 pode ver-se um
esquema com a fibra exposta, apds a inser¢do da agulha do
suporte da mesma no septo de uma célula tubular, com uma
entrada lateral para o gas de arraste (N2) [6].

Fig.6. Fibra de SPME inserida num forno aquecido a 260°C. Um caudal
contante de nitrogénio transporta os compostos dessorvidos até ao sensor
piezoelétrico.

Optimizagdo do sistema FIA
A dispersdo da amostra deve ser controlada. Ndo s6 o

comprimento e didmetro dos tubos € importante, mas o
desenho das células de detecdo e ainda aquelas que se usam
para secar os gases. As células deverdo ter um volume o mais
reduzido possivel, mas terdo que acomodar um volume de

amostra suficiente para se conseguir detetar o analito.

As figuras anteriores mostram variagdes no didmetro dos
tubos desde a injegdo até a célula de detecdo, ditadas por
circunstancias praticas de células executadas na oficina de
sopragem de vidro da Universidade, com dimensdes limitadas
pelos didmetros dos tubos roscados existentes, tubos que se
destinavam a secar os gases antes da detegdo e que terdo que
acomodar o agente secante solido (ver Fig. 5), e dimensodes do
cristal piezoelétrico. A utilizacdo de uma membrana de Nafion
na secagem (Fig, 4 e Fig. 7) pode ser suficiente, evitando os
tubos com secantes como silica gel ou peneiros moleculares,
mais largos.
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exterior o polimero Nafion remove o vapor de agua

no caminho do gés de secagem.

Saida de gds amostra seco

Fig.7. Membrana de Nafion para secagem em contracorrente.

No nosso laboratdrio, as proprias células para o cristal
sofreram grandes transformagdes ao longo do tempo, tendo
presentemente dimensdes mais reduzidas, quer se destinem a
gases quer a liquidos (ver fotografias das mesmas na Fig. 8).
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Fig.8. Fotografia de uma célula atual para um cristal piezoelétrico a) para
detecdo em fase gasosa b) para dete¢do em liquidos.

Na maioria dos trabalhos, as concentragdes dos reagentes,
os caudais dos mesmos e do fluido de transporte e o volume
da amostra a injetar s@o selecionados tendo apenas em linha
de conta a experiéncia anterior do analista e a observagdo da
forma do sinal, que variard desde um pulso retangular, no
ponto da injecdo, passando por uma Lorentziana e atingindo
eventualmente uma forma gaussiana, ap6s um tempo de
permanéncia mais longo, permitido quando se pretende que
ocorra uma reagdo quimica. A forma e altura do pico
dependem ainda do volume injetado. As variaveis de que
depende o sinal poder@o ser otimizadas recorrendo a métodos
de otimizagdo como o Simplex, ou Simplex modificado, usado
na otimizacdo de algumas vaiaveis experimentais para o
método de analise de merctrio com o desenho da Fig. 4.
Otimizaram-se seis pardmetros: a concentracdo do acido na
corrente de transporte, o comprimento da serpentina da porta
de injecdo e da serpentina de mistura, os caudais do
transportador da amostra, do redutor (SnCly), e da corrente de
N>, que transporta o vapor de mercurio até ao sensor [3].
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Resumen— El objetivo de este trabajo es evaluar el
comportamiento de una plataforma microfluidica generadora
de gotas. Para ello, se modela mediante simulacién numérica el
proceso de formacion y se realizan caracterizaciones aplicando
un rango de caudales con bombas de jeringa. Se presenta una
metodologia para determinar los parametros de frecuencia y
tamaiio de las gotas. Los resultados se presentan para las gotas
generadas en los rangos de S Hz a 100 Hz y 50 pm a 210 pm.

Keywords—microfluidica,
microencapsulado.

microgotas, flow-focusing,

1. INTRODUCCION

Durante las tultimas dos décadas han surgido diversas
alternativas para la generacion de gotas debido a la
versatilidad de aplicaciones que poseen. En particular, los
dispositivos o chips generadores de gotas tienen multiples
aplicaciones en salud, como la encapsulacion de células, la
creacion de modelos de tejidos, la produccion de
nanoparticulas y la sintesis de nuevos materiales. La
encapsulacion en gotas permite estudiar la biologia celular y
la farmacologia, ademas de identificar nuevos farmacos y
crear modelos de enfermedades [1]. También se utilizan en
diagnosticos y terapias, asi como para sintetizar nuevos
materiales y modelos de tejidos para medicina regenerativa.

Los métodos para la generacion de gotas se pueden dividir
en técnicas activas y pasivas. Las técnicas activas requieren el
uso de fuerzas externas para generar gotas. Sin embargo,
debido a los altos costos asociados con las técnicas activas,
surge el uso de técnicas pasivas. Estas aprovechan
especialmente la geometria de los microcanales en el
dispositivo y las propiedades fisicas de los fluidos para
generar gotas. Los métodos pasivos se pueden dividir segiin
sus geometrias: coflujo, flujo cruzado y enfoque de flujo [2].

v

Entrada fase Entrada fase

continua dispersa Salida

Fig. 1. Dispositivo 4 con sus partes principales referenciadas.

En [3] se diseflaron y microfabricaron dispositivos con
geometria tipo enfoque de flujo (en inglés flow-focusing). En
esta publicacion, como continuacion del trabajo mencionado,
se presenta una metodologia para caracterizar y simular
numéricamente dichos chips. Este generador requiere dos

fases de liquidos inmiscibles. En esta investigacion se utilizo
como fase dispersa agua y como fase continua aceite (Fig. 1).
Se busca definir frecuencia y ancho de las microgotas,
representativo de su tamafio, a partir de distintos caudales de
la fase dispersa fijando el caudal de la fase continua.

TABLA 1. MEDIDAS DE LOS CANALES

. 'Fase Fa.se Estrechamiento Salida
Chip dispersa continua [1m] [1m]
[nm] [um]
2 110 80 66 110
3 110 110 110 220
4 110 110 66 150

En la Tabla 1 se detallan las medidas de los canales de los
dispositivos disefiados y simulados numéricamente.

II. SIMULACION NUMERICA

Para las simulaciones se utilizd el programa ANSYS
Fluent™, que cuenta con el modelo Volume of Fluid (VOF)
para la resolucion numérica de flujos inmiscibles. El sistema
de ecuaciones de continuidad, Navier-Stokes y transporte de

fases para este modelo es:

% v =0
at )=

a —
a(pﬁ) +V-(pixu)=-Vp+V-[u(Vi+Vi")]+F,

oag,
F+u-V0¢q=0

Donde p y u son la densidad y viscosidad, U es el campo de

velocidad, p la presion, E la fuerza por tension interfacial y
ay la fraccion volumétrica de fase dispersa.

Se decidi® modelar los dispositivos con un dominio
bidimensional, tomando como referencia los trabajos de Ngo
y Mehraji [4, 5]. El dominio se mallé con un tamafio de celda
de 5 um con capas de inflacion en las paredes.

La simulacion se realizé con agua (pugua = 998 kg m?,
Hagua = 0,001 Pa.s) y aceite (paceie = 1000 kg m3, faceire = 0,049
Pa.s) como fases dispersa y continua respectivamente. La
interaccién principal entre fases estd dada por la tension
interfacial ¢ = 0,0244 N m™ [6]. Se considerd también la
interaccion de las fases con las paredes con un angulo de
contacto 6,, = 110°. Como condicién de borde, se colocd una
velocidad uniforme para cada entrada de U =Qjuse /Aentradas
acorde a los caudales experimentales.

IBERSENSOR



Para el modelado numérico, se consideré flujo laminar y
una resolucion transitoria. En el modelo VOF se aplicd un
esquema implicito con las opciones Implicit Body Force, anti-
diffusion 'y Continuum Surface Force. Se resolvid con el
algoritmo Coupled con los esquemas Least Square Cell
Based, PRESTO!, Second Order Upwind y Compressive para
el gradiente, la presion, el momento y la fraccion de fase
respectivamente. Para el paso temporal se aplico el esquema
Second Order Bounded. En la Fig. 2 se muestra una instancia
del video de resultados de la simulacion.

00000000

-

Fig. 2. Imagen de una instancia de la simulacién del chip 3. Los colores
representan la proporcion de fases.

III. CARACTERIZACION

Los dispositivos fueron fabricados con la técnica de soft
lithography en la sala limpia de INTI. Para ello se prepar6 un
micromolde utilizando una oblea de silicio standard de 100
mm de didmero y fotoresina epoxy SU8-100 (MicroChem).
El diseflo se transfirid mediante litografia optica utilizando
una maéscara flexible con una dosis de 650 mJ/cm? y A=365
nm (EVG 620). Las réplicas se realizaron en
polydimethylsiloxano (PDMS, Dow Corning Sylgard® 184)
en una proporcion 10:1 base-reticulante. Luego se degasaron
y curaron a 80°C por 40 min. para su polimerizacion, se
desmoldaron, cortaron los chips y perforaron las entradas y
salidas. Finalmente los dispositivos se cerraron con
portaobjetos de vidrio, previamente activados en un plasma
de oxigeno (Diener Electronic, Femto) y un curado por 4
horas a 40°C.

TABLA 2. RANGO DE CAUDALES CONFIGURADOS

Chip Anilisis Caudal Caflda' aua [m',/h]
aceite [mV/h] | Mavimo Minimo
Simulacion 0,4 0,55 0,01
? Caracterizacion 0,4 0,55 0,01
Simulacion 0,6 0,55 0,04
: Caracterizacion 0,6 0,55 0,04
Simulacion 0,6 1,80 0,01
! Caracterizacion 0,6 0,55 0,01

Para estudiar el comportamiento de los generadores de
gotas desarrollados se implementd un sistema integrado por
bombas de jeringa, mangueras, conectores y tips. Este
sistema permite inyectar de forma controlada distintos
caudales de agua y aceite en cada entrada respectivamente.

Se utilizaron dos bombas de jeringa comerciales, una para
la fase dispersa (APEMA, PC11UBT) y otra para la fase
continua (LEEX, EN-S7). Para la observacion en tiempo real
se utilizé un microscopio 6ptico (Zeiss, PrimoStar) con una
camara de 240 fps (Fig. 3). Este sistema de adquisicién
permite obtener distintos videos para los caudales inyectados,
los cuales se procesan para extraer los parametros de interés.

o

Fig. 3. Banco de caracterizacion para la aplicacion de microflujos.

En la Tabla 2 se presenta el rango de caudales utilizados
tanto en simulacion como en las caracterizaciones para los
dispositivos 2, 3 y 4. Se decidio mantener constante el caudal
de la fase continua, variando el de la fase dispersa, acorde con
las prestaciones de las bombas utilizadas. La fase dispersa se
evualta con 15 pasos intermedios en el rango especificado.

IV. PROCESAMIENTO DE DATOS

Tanto en las simulaciones como en las caracterizaciones,
los resultados obtenidos se procesaron con python para
estudiar la frecuencia y el ancho de gota correspondientes a
cada caudal.

Todas las imagenes que componen cada uno de los videos
se procesaron para aumentar el contraste entre las gotas y el
fondo. En cada una de estas imagenes se extrajeron dos lineas
de pixeles (Linea 1 y Linea 2), transversales al canal y con
una posicion fija como se muestra en la Fig. 4. Luego, se
promediaron los tonos de cada linea. Con estos valores se
construyo la sefial de proporcion de fase dispersa, indicadora
de la presencia de gotas.

Pl Linea 1

Fig. 4: Imagen del canal de salida con las lineas 1 y 2 dibujadas, donde d es
la distancia entre lineas, v, la velocidad de la gota y a su ancho.

Para el caso de las simulaciones numeéricas esta sefial se
extrajo de forma directa del software de post-procesamiento.
En la Fig. 5 se puede observar un ejemplo de estas sefiales,
siendo cada pico representativo del pasar de una gota por la
linea correspondiente. La informacion en las sefales de
ambas lineas es analoga pero defasada por un tiempo t;. A
partir de la obtencion de las sefiales de proporcion de fase, el
calculo de la frecuencia y el ancho fue andlogo para
simulacion y caracterizacion.

Respecto al calculo de la frecuencia (f), se contd la
cantidad de picos (n) determinando las instancias de



comienzo (#,) y finalizacion (7)) de las gotas, para luego
aplicar (1):

(n-1)

f=0 ()

Para obtener el ancho (@) de las gotas se utilizo el tiempo
tsentre las sefiales de cada linea y el tiempo de duracion del
pico 2, siendo vy la velocidad de avance de esta, y aplicando

Q):

yy=—=— = a=—>2 @

—— Lineal

06 — Linea 2
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Fig. 5. Grafico de senales de fase de una simulacion numérica, donde
t, es el tiempo de desfasaje entre sefiales y f, el tiempo que tarda una
gota en pasar por la linea.

V. RESULTADOS Y DISCUSION

En este apartado se analizan los resultados experimentales
(Fig. 6 y 7, izquierda) y simulados (Fig. 6 y 7, derecha),
comparando los parametros en funcion del caudal de la fase
dispersa.

A. Frecuencia de goteo

En la Fig. 6 se observa un aumento de la frecuencia de
goteo al aumentar el caudal de la fase dispersa, siendo mas
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Fig. 6. Grafico de comparacion de frecuencias entre geometrias

pronunciado en las simulaciones. Confirmando lo esperado, el
chip 3 con dimensiones mayores del estrechamiento y el canal
de salida, muestra frecuencias menores de generacion de
gotas.

Las discrepancias entre las caracterizaciones y las
simulaciones pueden justificarse por distintos fendmenos. En
primer lugar, las bombas de jeringa utilizadas en lo
experimental no inyectan caudal de forma constante, sino que
tienen un periodo de fluctuacion, lo cual afecta directamente
al proceso de formacion de gotas [7]. En segundo lugar, la
forma y el tamafio de los canales microfluidicos de los
dispositivos microfabricados no replican exactamente las
dimensiones del disefo simulado. Adicionalmente, el material
de los chips, PDMS, puede sufrir un hinchamiento por
contacto con el aceite, modificando no solo la geometria sino
también la hidrofobicidad.

B. Ancho de gota

En la Fig. 7 se presentan los resultados de ancho de gota
obtenidos al variar el caudal de la fase dispersa. Las
caracterizaciones no arrojaron una tendencia general como en
el caso de la frecuencia. Sin embargo, en las simulaciones
numéricas hay un claro incremento del ancho con el caudal.
Esta diferencia podria deberse al periodo de fluctuacion de las
bombas de jeringa, como se menciond anteriormente.
Mientras que en la simulacién el caudal inyectado es
constante, en lo experimental los caudales fluctan en cada
caso.

Cabe mencionar que durante las caracterizaciones de los
dispositivos las bombas de jeringa utilizadas presentaron una
limitacion por presion, permitiendo evaluar de forma acotada
los chips.

VI. CONCLUSIONES

Se logré comprender el comportamiento de los dispositivos
disefiados y microfabricados anteriormente. Se determinaron
los rangos de caudal en los que se forman gotas en los chips
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Fig. 7. Grafico de comparacion de anchos de gota entre geometrias

con el equipamiento disponible. Estos fueron luego simulados
recreando las condiciones de entrada implementadas
experimentalmente. De estos analisis se pudieron obtener los
paradmetros de interés del sistema, logrando analizar el proceso
de formacion de gotas de los chips presentes en la plataforma.

Se observo que la frecuencia de goteo y el tamafio de la gota
aumenta con el caudal tanto en la caracterizacion y como en
la simulaciéon. Como se menciond anteriormente, esta
tendencia es menor en las caracterizaciones, lo que podria
deberse a las condiciones experimentales (propiedades de los
materiales y estructuras de los chips, caudal) con respecto a lo
simulado. A su vez, se observé una relacion entre los rangos
de frecuencia y tamafo de cada dispositivo.

Se plantea como trabajo a futuro optimizar el proceso de
microfabricacion para replicar con mayor precision el disefio
planteado. En cuanto a la caracterizacion, se propone utilizar
bombas de jeringa a presion constante y evaluar los
dispositivos variando también el caudal de fase continua. Por
ultimo, se espera realizar una mayor cantidad de simulaciones
para obtener mas puntos de comparacion.
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Abstract— This work focuses on the design, optimization,
and application of an automated continuous flow
microanalyzer for the colorimetric monitoring of cobalt in
hydrometallurgical processes to obtain zinc.

Keywords—cobalt, microsystem,
production, Flow Injection Analysis

hydrometallurgical Zn

1. INTRODUCTION

Zinc is a nonferrous metal with interesting properties like
excellent malleability, and abrasive and anti-corrosion
resistance. For all this reasons, zinc has been widely
employed in automotive, construction and shipping
industries. However, zinc seldom exists in its elemental form
in nature. It normally appears in combination with other
metals such as copper, cadmium and lead in zinc ores. The
production of zinc thus involves extraction of high-grade
(99.995% purity) metallic zinc from these raw minerals
using the zinc hydrometallurgical process. It is composed by
different stages in which the monitoring at real time of the
concentration of different metallic ions, usually present as
impurities in the process solutions, is required. This
analytical control allows optimizing the yield of the Zn
hydrometallurgical process and the purity of the final
product.

In this work, an automatic continuous-flow colorimetric
analytical microsystem has been designed and optimized to
monitor the concentration of cobalt present in zinc
hydrometallurgical plants during the process of purification.

1I. EXPERIMENTAL

A. Colorimetric reaction

3-Hydroxy-4-nitroso-2,7-naphthalenedisulfonic acid
disodium salt (NRS) is a colorimetric reagent used to detect
the presence of cobalt in solution [1]. Cobalt ions react with
NRS to form an orange complex. The commonly used
protocol consists of mixing the sample containing the metal
in solution with NRS and sodium acetate solutions.
Subsequently, the mixture is brought to boil and, upon
cooling, nitric acid is added to reduce the pH of the solution
to pH 3. These conditions favor the preferential formation of
the Co-NRS complex and its stability over time, thus
avoiding interferences from other metals present in the
sample such as cadmium, copper or zinc [2] to complex. The
maximum absorbance of the complex is at 540 nm.

Julian Alonso-Chamarro
Group of Sensors and Biosensors,
Universitat Autonoma de Barcelona,
Bellaterra, Spain
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B. Developed microanalyzer and experimental setup.

Fig 1. shows the experimental setup used. The system
includes a multicommutation equipment with 2 solenoid
microvalves to automate the calibration and sample analysis,
and a microfluidic platform integrating mixing
microstructures, and the detection cell for the colorimetric
determination. NRS dissolved in sodium acetate buffer was
used as selective colorimetric reagent. The interfering effect
of other metals such as cadmium, copper and zinc were
eliminated modulating the reaction conditions (order of
addition of reagents, reaction time, and medium
acidification).

The microanalyzer was fabricated using Cyclic Olefin
Copolymer (COC) as substrate as described elsewhere [3].

The microfluidic system was assembled using three-way
solenoid microvalves (161T031, NResearch), a peristaltic
pump (Minipuls 3, Gilson), and Tygon (i.d. 1.2 mm) and
Teflon (id. 0.8 mm, Tecnyfluor) tubing. The automatic
sequences of actuation were managed using a flow controller
unit (Flow Test, Biotray).

The miniaturized and customized optical detection
module was composed of a 540 nm LED (Kingbright) and a
photodiode (Hamamatsu S1337-66BR).

HNO,
NRS + NaAc
PP
w
»
| 1
Sample _ =~ i/
\B
Co standard
v
H,0 !

Fig. 1. Schematic diagram of the experimental setup where: Vy: 3-way
microvalves; PP: Peristaltic pump; F: Flow controller unit
(Flowtest); D: Detector; W: waste outlet; 1: LED at 540 nm; 2:
Flow cell; 3: Photodiode.

I1I. RESULTS AND DISCUSSION

A. Microsystem optimization

The configuration of the microanalyzer and the
colorimetric reaction were optimized taking into account
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different instrumental, hydrodynamic and chemical variables.
Table I summarizes all the optimal options selected.

TABLE I. DIFFERENT OPTIMIZED VARIABLES

of zinc in real samples is very high, the working range of the
analyzer would be 0.2 — 1.5 instead of 0.2 — 3 mg L™ Co®".

TABLE II. REAL SAMPLES ANALYSIS

Optimized parameter Range evaluated Optimum Sampl [Co™ laadea [CA**Taaacd[CU* Taaaedl Z0** Tagaed [CO*Ttouna | %
1% Sample - (mgL') |(mgL')| (mgL™h|(mgL")| (mgL™) | rec.
Reagents mixing order Different combinations 2" NRS + NaAc ! 0.3 3 3 3 03 99
3 HNO, 2 06 3 3 3 0.6 95
: 3 1.5 3 3 3 15 99
Reactlon(izr;lperature 20— 60 20 " 30 3 3 3 30 98
Analysis time (min) 1-60 3 5 03 ! 06 300 03 99
6 0.6 1 0.6 300 0.6 96
Wavelength (nm) 400 — 700 540 7 s 1 06 300 s 8
[NRS] (%W/V) 05-15 0.5 8 30 1 06 300 29 98
Injection volume (xL) 86 — 1300 867 9 03 1 0.6 600 03 96
10 0.6 1 0.6 600 0.6 96
(ill(xlnriitle) 330850 600 11 1.5 1 0.6 600 15 100
Microvalve minimum 12 30 1 0.6 600 30 98
multi'commutation 250 — 2000 500 13 03 1 06 1500 03 99
time (ms) 14 06 1 06 | 1500 06 95
The characterization and optimization of the colorimetric iz ;(5) i g’: izgg ;g 23
reaction was performed by conventional UV-Vis : : :
spectrophotometer. We evaluated how the order of addition 17 0.3 ! 06 3000 03 i
of the reagents influences the absorbance spectrum and what 18 0.6 ! 0.6 3000 06 94
is the effect of the main interferents. From these studies, we 19 15 1 06 3000 15 99
obtained the optimal values of reagent mixing order, 20 30 L 06 3000 25 84
temperature and measurement wavelength. The rest of the 21 03 1 06 6000 03 104
variables were optimized with the miniaturized continuous- 22 06 1 06 6000 0.6 93
flow System. 23 1.5 1 0.6 6000 15 103
24 30 1 0.6 6000 24 80
B. Analytical features 25 03 i 06 | 150000 | 03 | 111
One calibration curve is shown in Fig. 2 with 26 0.6 1 0.6 150000 0.5 89
Absorbance = (7-1075+3-107%) + (1.30- 1073 £ 2- 27 15 1 06 | 150000 17 111
107%) - [Co(II)]. The working range was set from 0.2 to 3 28 30 1 0.6 | 150000 23 76

mg L™ Co*" for this application. The LoD was 0.07 mg L
Co” and the analysis time was less than 3 min.

00045 °%
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Fig. 2. Signal recording and calibration curve of cobalt standard solutions
per triplicate.

C. Samples analysis

Different synthetic samples were prepared considering
the expected concentrations of both the analyte and the
interfering metals present in the real samples. Each of them
was analyzed only once. Recovery percentages were around
100% in all cases except in samples with very high zinc
concentrations and cobalt concentrations above 1.5 mg L™
(samples 24 and 28). As the expected range of concentrations

IV. CONCLUSIONS

An automated analytical microsystem has been
developed, using the FIA technique, to colorimetrically
monitor the concentration of cobalt at different stages of the
hydrometallurgical zinc refining process. The miniaturization
of the analyzer simplifies its automation, allowing
autonomous operation for the calibration and in situ analysis
of samples, with low reagent consumption and the wastes
generation. The analytical features are good to determine
cobalt within the working range required.
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Resumen— Se presenta el desarrollo de un microanalizador
modular para el monitoreo de ion de cobre (II) en procesos
industriales hidrometalirgicos. El microanalizador esta
integrado por un conjunto de diferentes modulos, siendo cada
moédulo responsable de la realizacion de una etapa del
procedimiento analitico. Para el control y optimizaciéon en
tiempo real de los procesos industriales implicados, el
microanalizador automatiza todo el acondicionamiento de las
muestras, la medida analitica y la adquisicion y procesamiento
de las seiiales y su transformacion en informacion quimica. La
determinacion del ion cobre (II) se realiza mediante un
reactivo especifico de cobre que en presencia de este da lugar a
un producto que medimos colorimétricamente. Asi mismo, el
microanalizador realiza una calibracién automatica mediante
la medida sucesiva de patrones preparados por medio de la
dilucion por multiconmutacion de una disolucién stock del
analito. El rango de trabajo del microanalizador abarca de 0.1-
7 ppm de cobre. Dado que la concentracion de cobre en la
etapa del proceso hidrometalirgico estudiada (Decobrizado del
lixiviado) parte de concentraciones al rededor a 500 mg/L y
debe salir con concentraciones en torno a 200 mg/L se ha
implementado una etapa adicional en el microsistema para
realizar una diluciéon 1:100 de la muestra. El microsistema,
completamente automatizado, permite analizar cobre en el
rango de trabajo requerido.

Palabras clave—microanalizador modular,
acondicionamiento, adaptaciones y decobrizado.

cobre (1D),

1. INTRODUCCION

El control y optimizacion de los procesos metalurgicos
industriales requiere de un monitoreo continuo de los
parametros quimicos considerados clave. El monitoreo del
ion cobre (II) en diferentes etapas del proceso
hidrometalurgico del Zinc es de gran importancia para
optimizar el proceso, maximizando la cantidad y pureza del
zinc obtenido, minimizando los tiempos de operacion y
evitando contingencias medioambientales [1]. Para conseguir
este objetivo se requiere que cada una de las etapas del
proceso estén equipadas con sistemas de control capaces de
suministrar la informacion necesaria. En este sentido, es
necesario contar con una instrumentacion analitica sencilla,
autébnoma, automatica, miniaturizada, de bajo costo de
fabricacion y mantenimiento con un bajo consumo de
reactivos y poca generacion de residuos.
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Las etapas iniciales del proceso hidrometaliirgico de
obtencion de Zinc exigen la reduccion de la concentracion
del contenido de diferentes especies interferentes en el
electrolito de proceso. Para su eliminacion se requiere la
medicion continua y constante de la concentracion del i6n
Cu (II) en el electrolito del proceso ya que esa informacion
permite optimizar la adicion de los reactivos secuestrantes,
determinar los tiempos de residencia en los reactores y el
funcionamiento de estos. Las técnicas por excelencia para la
determinacion rutinaria pero discreta de las concentraciones
de i6n Cu (II) estan basadas en Espectroscopia Absorcion
Atomica (AAS) o Espectrometria de Masa Inducido con
Plasma (ICP) [2] y Fluorescencia de Rayos X [1]. El
presente trabajo tiene como objetivo el desarrollo de un
prototipo de microanalizador quimico de bajo costo de
fabricacion, operacion y mantenimiento capaz de
monitorizar, de forma automatica, autonoma y continua, que
proporcione la concentracion del ion cobre (II) en un tiempo
menor al requerido por el laboratorio analitico del area de
decobrizado del proceso de purificacion de Zinc que utiliza
las técnicas convencionales.

La integracion modular de los diferentes elementos del
microanalizador hacen que el proceso de fabricacion sea mas
sencillo y su funcionamiento mas versatil. El modularidad
permite adaptar con rapidez tanto las condiciones
operacionales como las caracteristicas analiticas del
instrumento en funcion de la composicion de la muestra
durante el monitoreo en diferentes puntos de la planta.

Para las medidas de absorcion molecular, la
optoelectronica actual permite el uso de componentes opticos
robustos y miniaturizados como un LED y un fotodetector.

Para la construccion del microanalizador, el uso de
tecnologia de fabricacion multicapa sobre sustrato
polimérico, permite disefiar estructuras microfluidicas

tridimensionales donde se integran las operaciones unitarias
del  procedimiento  analitico (Modulo  plataforma
microfluidica). El modulo de multiconmutaciéon del
microanalizador, es el encargado de la preparacion de las
disoluciones estandar para la calibracion, de introducir las
muestras y su adaptacion en funcién de las condiciones
operacionales requeridas. Utiliza para ello actuadores de
gestion de fluidos (microvalvulas solenoides, bombas, etc.).
El modulo de control electronico desarrollado y su software
asociado, basado en un Sistema Programable en Chip
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(Programable System on Chip, PSoC), hace posible el
control de los elementos actuadores, la adquisicion y
procesamiento de los datos generados; y la reconfiguracion
automatica de los parametros operacionales  del
microanalizador.

Como primer prototipo se disefid y desarrolld un
microanalizador automatico para Cu (II) cuyas caracteristicas
operacionales estaban enfocadas en monitorizar el impacto
ambiental del proceso de extraccion de aguas acidas en
minas subterraneas de cobre [3] (MFIACu V1).
Posteriormente, el microanalizador se reconfiguro para
adaptarlo a la monitorizacion de cobre y otros metales
(trabajo en la UAB) en la etapa de purificacion del lixiviado
en el proceso de hidrometalirgico de obtencion de Zinc.

II. METODOLOGIA

La determinacion del ion cobre (II) se realiza mediante
deteccion colorimétrica. Todos los reactivos empleados para
la adaptacion del modulo quimico en este trabajo fueron de
grado analitico. El acetato de sodio (C:H3:NaO2),
hidrocloruro de hidroxilamina (NH,OH - HCI), Sal disodica
del 4cido batocuproindisulfonico (Batocuproina disulfonico
acido (BCDS)), 2-Cloroacetamida (CICH.CONH,), acido
nitrico (HNO3) y la disolucion stock de cobre para ICP se
adquirieron de Sigma Aldrich. La solucién stock de Cu (1)
(7 mg/l); la disolucion de reactivo que contiene bufer de
acetato 0.1M, hidroxilamina, BCDS, y 2-Cloroacetamida
(ajustado a pH 4); y la disolucion de HNO; (0.1 M) se
prepararon en agua MilliQ.

El moédulo de microfluidica se construyd utilizando
copolimero de olefina ciclica (COC)(TOPAS). El moédulo de
deteccion Optica miniaturizado estd compuesto por un lector
optico compacto fabricado en polimetilmetacrilato (PMMA)
(Ferplast), con alojamiento integrado para un LED de 470
nm (Roithner Lasertechnik BSB-433- B505), y un fotodiodo
(Hamamatsu S1337-66BR). El médulo fluidico se ensamblo
utilizando microvalvulas solenoides de tres vias (NResearch
161T031), una bomba peristaltica (Ismatec), tubos de tygon
(d.i 1.14 mm) y PTFE (d.i. 0.8 mm, Tecnyfluor). El modulo
de dilucion estd constituido por una bomba jeringa NE500
(New Era Pump Systems), jeringa de plastico de 20ml
(Plastipak BD), agitador magnético Microstirrer (VELP),
bomba peristaltica NKP-DC-S10B (Kamoer) y un
contenedor de polipropileno estéril inerte 50 ml (Protect).

El médulo de control electronico se construyd sobre una
placa de circuito impreso disefiada internamente y construida
por Shenzhen JLC Electronics Ltd. El médulo de control
electronico es un chip PSoC 5 CY8C5868AXI-LP035
(Cypress Semiconductor). El moédulo del software fue
desarrollado utilizando el lenguaje de programacion C+.

III. RESULTADOS

Los microanalizadores tienen una estructura base
modular que estaria compuesta en todos los casos por los
modulos de: electrénica, software, deteccion, microfluidica,
pretratamiento de muestra y quimica. En la Tabla 1 podemos
observar la lista de los modulos integrados en los prototipos
de microanalizador para cobre instalado en la mina de
Milpillas (MFIACu V1) asi como el disefiado para la
monitorizacion del proceso de decobrizado en la Planta de
Zinc de Torreén (MFIACu V2).

El primero fue optimizado para la monitorizaciéon de
cobre en efluentes de mina en el rango entre 0.5-10 ppm. El
camino Optico de la celda de deteccion fue de 1 mm. El
segundo de los microanalizadores toma como base el
MFIACu V1 introduciendo las modificaciones necesarias
para que se cubran las condiciones operativas requeridas en
relacion al rango de concentracion de cobre y matriz de las
muestras del proceso de purificacion. Entre las adaptaciones
introducidas destaca la integracion de un nuevo moédulo de
dilucion.

TABLA 1.- Descripcion esquematica de los modulos que componen los
microanalizadores para la determinacion de Cobre

Moédulos

MFIACu V1
(Efluentes Mina

MFIACu V2

(Obtencion de Zinc,

Milpillas)

Decobrizado)

Electronica ES-MFIACu ES-MFIACu
Software SW-MFIACu SW-MFIACu
Deteccién: Optica ODS-MFIACu ODS-MFIACu
(A =500 nm) (A =470 nm)
Microfluidica MFLS-MFIACu MFLS-MFIACu
Quimica CHS-MFIACu CHS-MFIACu
Pretratamiento No Aplica DS-MFIACu

muestra: Dilucion”

200-500

"Nuevo modulo. Modulos con adaptacion en color café y modulos con redisefio en color azul.

La aplicacion del microanalizador MFIACu V1 en las
nuevas condiciones operacionales y tipo de muestra implico
su adaptacion al nuevo rango de concentraciones de cobre a
analizar (200-500 mg/L). Para ello se modifico el
procedimiento de calibracion a partir de un unico patrén y el
procesamiento de la recta de calibracion generada para la
obtencion, por interpolacion, de la concentracion de cobre en
las muestras. Se incorpora también un modulo adicional
conectado en linea con el microanalizador donde la muestra
se diluye automaticamente (figura 1). El médulo de dilucion
incorpora diferentes valvulas solenoides, una bomba de
jeringa y una camara de mezcla. El control de todos los
elementos de gestion fluidica del nuevo moédulo de dilucion,
asi como la adecuacion del proceso de calibraciéon hace
necesaria la implementacion de un nuevo moédulo de
software de control que incorpore las tareas adicionales
introducidas.

Considerando la composicion de la muestra de proceso a
analizar se opt6 también por el redisefio del modulo quimico.
Se prepar6 una solucion buffer 0.1M de Acido
Acético/Acetato (pH 4) que incorpora BCDS (1 mM) como
reactivo  colorimétrico, hidroxilamina (60 mM) 'y
cloroacetamida (26 mM) para minimizar interferencias de
otros metales y limitar el crecimiento microbiano en la
disolucion. Utilizando esta disolucion de reactivo, la longitud
de onda optima de 470 nm, por lo que en el modulo de
deteccion Optica sélo se sustituydé el LED de 500 nm
utilizado en el MFIACu V1 por otro de 470 nm.

En lo relativo al modulo microfluidico, se cambid el
diseflo geométrico de los canales de entrada a la plataforma
fluidica, se disefid un mezclador con lineas rectas para evitar
acumulacién de la muestra y en la celda de deteccion se
conserva el camino 6ptico de Imm.



El médulo de dilucion incorpora diferentes elementos
(actuadores) importantes como la bomba jeringa y el sistema
de mezclado. La bomba jeringa realiza la limpieza del
sistema de mezclado, asi como la diluciéon 1:100 de la
muestra real para su posterior analisis. La limpieza del
modulo entre muestras se realiza por triplicado con agua
MilliQ que es introducida en el modulo por la bomba de
jeringa mediante aspiracion/dosificacion utilizando valvulas
solenoides. Para evacuar la muestra diluida y la disolucion de
lavado de la camara de dilucién se utiliza una bomba
peristaltica. Este modulo es imprescindible para adecuar la
concentracion de la muestra al rango de trabajo del
microanalizador.

La introduccion del nuevo modulo de dilucion conectado
al modulo microfluidico obliga a una ligera modificacion de
las condiciones operacionales de este Ultimo. Se deben
reducir tanto el tiempo del calibrado por multiconmutacion y
como el de muestreo por lo que el caudal del microsistema se
fij6 en 1400uL/min.

La figura la muestra el diagrama del sistema utilizado
anteriormente; y las  modificaciones  operacionales
introducidas y el resultado del redisefio de los modulos se
presentan de manera grafica en el diagrama de la figura 1b.

a)

Buffer Peristaltic
NRS . Pump

Stock Sample HNO;
Cul*1=7 ppm

Electronic Control
Module

Photodiode

b)

Bomba
Peristaltica

, 2 =7 ppm Wno,
Médulo Electrénico de
Control

e e

Desperdido  Muestra

Médulo de
Dilucién

Bomade Agitador

Puga  Magnético  Inyeccion

Fig. l1a Diagrama de sistema de microanalizador de cobre utilizado en
Prototipo para efluente de agua de mina Milpillas.

Fig 1b. Diagrama de prototipo de microanalizador para area de
decobrizado en planta de refinacion de Zinc

Los datos experimentales obtenidos en las pruebas
preliminares realizadas con el MFIACu2, optimizado para la
monitorizacion de Cu (II) de la etapa de decobrizado del
proceso de refinacion hidrometaliirgica de Zn, se muestran
en las figuras 2a 'y 2b.
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Fig 2a. Calibrado con solucion estandar de Cu (II) a una concentracion
de 7 mg/L y muestreo en el laboratorio.

Fig 2b. Recta de la curva de calibracion del microanalizador de cobre
obteniendo la ecuacion de la recta: y = 0.007545x -0.0015 y una
linealidad de R?=0.9983

En la Figura 2a, se puede observar el calibrado por cuatro
puntos realizado por multiconmunacion, partiendo de una
solucion estandar de cobre (II) de 7mg/L. Asi mismo cuatro
inyecciones de dos muestras diferentes, provenientes del
modulo de dilucion. En la figura 2b muestra la recta de la
curva de calibracion realizada obtiene la ecuacion de la
recata como Abs= 0.00745Cu?" - 0.0015

IV. CONCLUSIONES

El microsistema sistema analitico propuesto para la
determinacion de Cu (II) permite la monitorizacion continua
de este parametro de forma automatica y auténoma a pie de
proceso. Las modificaciones introducidas tanto en la
configuracion fluidica como en la deteccion o en la quimica
con respecto al microanalizador MFIACu V1 permiten el
muestreo, acondicionamiento y determinacion automatica del
in Cu (II) en la etapa de decobrizado del proceso de
obtencién de zinc. De esta manera, el departamento de
control y supervision podra obtener informacion del proceso
con una mayor frecuencia que la conseguida con los analisis
actuales de laboratorio. Esta informacion permitira controlar
tanto la dosificacion de reactivos como los tiempos de
residencia de la solucién de lixiviacion en los reactores
durante el proceso de decobrizado.

Temp (°C)



El disefio y fabricacion de microanalizadores utilizando
una estrategia de integracion modular de elementos permiten
una facil adecuacion operacional de los dispositivos a las
condiciones de cada proceso y/o aplicacion en estudio. Dada
la singularidad, tanto de los procesos a monitorizar como de
la composicion de las muestras implicadas, las tecnologias de
fabricacion elegidas permiten un prototipado rapido a bajo
coste de pequeias series de instrumentos versatiles,
automaticos, autonomos y de reducido tamafio y consumo de
reactivos y energia. Cabe mencionar que el prototipo de
microanalizador aun se encuentra en la etapa de validacion
con muestras reales de proceso en condiciones de
laboratorio. El paso siguiente sera su instalacion en la planta
Zinc ene Torredn de la empresa Pefioles
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Abstract— This work focuses on the design, optimization,
and application of an automated continuous flow
microanalyzer, integrating an ion exchange microcolumn, for
the colorimetric monitoring of cadmium in hydrometallurgical
processes to obtain zinc.

Keywords— cadmium, microsystem, hydrometallurgical Zn
production, Flow Injection Analysis, ion exchange microcolumn

1. INTRODUCTION

Zinc is a nonferrous metal with interesting properties like
excellent malleability, and abrasive and anti-corrosion
resistance. For all these reasons, zinc has been widely
employed in automotive, construction and shipping
industries. However, zinc seldom exists in its elemental form
in nature. It normally appears in combination with other
metals such as copper, cadmium and lead in zinc ores. The
production of zinc thus involves extraction of high-grade
(99.995% purity) metallic zinc from these raw minerals
using the zinc hydrometallurgical process. It is composed by
different stages in which the monitoring at real time of the
concentration of different metallic ions, usually present as
impurities in the process solutions, is required. This
analytical control allows optimizing the yield of the Zn
hydrometallurgical process and the purity of the final product

[1].

In this work, an automatic continuous-flow colorimetric
analytical microsystem, integrating a separation step to
maximize selectivity, has been designed and optimized to
monitor the concentration of cadmium present in zinc
hydrometallurgical plants during the process of purification.

1I. EXPERIMENTAL

A. Colorimetric reaction

Cadion is one of the most common colorimetric reagents
to determine cadmium. Cadmium ions react with the reagent
to form a violet complex, which is dissolved in a micellar
solution of nonionic surfactant Triton X-100. Triton X-100
helps to solubilize it, since otherwise Cadion and Cd** would
not form any complex. The maximum absorbance of the
complex formed occurs at 477nm. So that Cu®* does not
interfere with the analysis, potassium sodium tartrate is used
as a masking agent.

B. Developed microanalyzer and experimental setup

Fig 1. shows the experimental setup used. The system
includes a multicommutation equipment with 2 solenoid
microvalves to automate the calibration and sample analysis,
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an ion exchange microcolumn and a microfluidic platform
which integrates mixing microstructures, and the detection
cell for the colorimetric determination. Cadion was used as
selective colorimetric reagent. The microcolumn fabricated
with ceramic material using LTCC technology [2], was
packed with an anion exchange resin (AG 1-X8, Bio-Rad),
which is able to selectively retain Cd** and Cu®" in the
presence of iodide as [CdI4]2’ and [CuI4]2’. Thus, the other
potentially interfering metals present at a very high
concentration in sample solution like Zn**, are discarded.
The interfering effect of copper was eliminated adding
potassium sodium tartrate as masking agent in the citrate
buffer.

¥
V.
Cadion J\ ?

¥
Buffer
PP

Sample

HNO, —(| )

Vv, ‘ F
-

Cd standard

KI

Fig. 1. Schematic diagram of the experimental setup where: Vy: 3-way
microvalves; PP: Peristaltic pump; C: TIon exchange
microcolumn; F: Flow controller unit (Flow test); D: Detector;
W: Waste outlet; 1: LED at 467 nm; 2: Flow cell; 3:
Photodiode.

The microanalyzer was fabricated using Cyclic Olefin
Copolymer (COC) as substrate as described elsewhere [3].

The microfluidic system was assembled using three-way
solenoid microvalves (161T031, NResearch), a peristaltic
pump (Minipuls 3, Gilson), and Tygon (id. 1.2 mm) and
Teflon (i.d. 0.8 mm, Tecnyfluor) tubing. The automatic
sequences of actuation were managed using a flow controller
unit (Flow Test, Biotray).

The miniaturized and customized optical detection
module was composed of a 467 nm LED (MP000438LED
Multicomp Pro) and a photodiode (S1337-66BR
Hamamatsu).
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III. RESULTS AND DISCUSSION

A. Microanalyzer optimization

Table I shows the optimal values selected for each

instrumental, hydrodynamic, and chemical variables
evaluated.
TABLE 1. DIFFERENT OPTIMIZED VARIABLES
Optimized parameter Range evaluated Optimum
Minimum
multicommutation 100 — 1000 500
time (ms)
Cadion concentration 0.001 —0.02 0012
(% volume)
Masking agent
concentration (mM) 0-880 838
Injection volume
(mL) 14-50 50
Flow rate
(L min™) 500 — 1500 550
Cleaning time 100 — 1200 200
between samples (s)

B. Analytical features

One calibration curve is shown in Fig. 2 with A =
496107+ 6-10*[Cd*"] + 4-10™+ 6-10™* with a r* of 0.9999.
The working range was set from 0.09 to 2 mg L™ Cd** for
this application. The LoD was 0.02 mg L' Cd*. The
analysis time was less than 20 min including the retention
and elution time inside the microcolumn, the colorimetric
detection step and the cleaning time between samples.
Nevertheless, by further optimization of the all the required
steps, the analysis time per sample can be reduced to less
than 10 minutes.
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Fig. 2. Signal recording and calibration curve of cadmium.

C. Samples analysis

In this first evaluation stage, synthetic samples of Cd**
with different concentrations of Cu* and Zn2+, which can be
the main interfering metals due to reagent selectivity and
high concentration issues respectively, were analyzed. The
objective was to verify the proper function of the ion
exchange microcolumn for cadmium separation and explore
the limits of the masking agent for cooper elimination. The
expected concentrations of each metal in real samples
depends on the stage of the process but, generally in the

cadmium removal stage they range between 0 - 2 mg L™ for
Cd*, 0 - 0.6 mg L for Cu® and up to 150 g L for Zn**.
Thus, all samples were prepared with 2 mg L' Cd** and a
combination of different concentrations of Cu** and Zn**.
Table II shows the results obtained. % recovery results for
Cd* allow to state that it can be measured in the presence of
copper as long as the sum of both metals is less than 5 mg L
' This is mainly due to the finite absorption capacity of the
ion exchange column since the masking agent allow the
selectively determination of Cd** in [Cu®*])/[Cd**] ratios up
to 100. However, since the expected concentration of Cd**
and Cu™ in samples at this stage of the Zn
hydrometallurgical process is at most 2 and 0.6 mg L
respectively, the microcolumn absorption capacity limitation
will not be a problem. Regarding Zn>* ion, it is not an
interfering ion, even at high concentrations, because it is
separated before the colorimetric determination. As many
other metal ions different from cadmium and copper, zinc
ion is not retained by the ion exchange resin.

TABLE II. Synthetic samples analysis

Sample [Cd2+]ac'liied [C“2+]at?§led [an+]m3;ied [Cdz+]ﬁ:|lmd cd*
(mg L) (mg L) (mgL”) [ (mgL”’) | % rec.

1 2 0 0 20 100

2 2 0.6 0 20 101

3 2 25 0 19 97

4 2 25 0 1.8 89

5 2 50 0 1.7 83

6 2 0 500 2.1 104

7 2 0.6 500 20 102

Iv. CONCLUSIONS

A fully automated analytical microsystem, integrating an
ion exchange microcolumn, has been developed to
colorimetrically monitor the concentration of cadmium at
different stages of the hydrometallurgical zinc refining
process. The miniaturization of the analyzer simplifies its
automation, allowing autonomous operation for the
calibration and in situ analysis of samples. The analytical
features demonstrate the potential to determine cadmium
within the working range required in the presence of
interfering ions such as copper and zinc, which can be
present in the sample matrix. Further optimization will be
carried out to reduce analysis time.
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Abstract— In this work we present a novel automated
point-of-care (POC) analyser for the potentiometric
determination of ammonium ion in whole blood, composed by
a detection, a fluid management, and a data acquisition and
communication modules.
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I INTRODUCTION

High levels of NH," in blood constitute a condition
known as hyperammonemia, which is the main pathological
trait of some inborn errors of metabolism (IEM). They are
characterized by the impairment of the ammonium
elimination due to the mutation of some enzymes [1].
Consequently, NH," increases over the healthy levels, which
reach up to 50 pmol L™ in adults and children and up to 100
pmol L™ in newborns. Concentrations higher than 200 pmol
L' constitute severe hyperammonemic states which may lead
to poor neurological outcomes and permanent brain damage
[2].  Even higher concentrations are related to
hyperammonemic comma and death. Besides IEM, there are
other non-congenital conditions that may cause
hyperammonemia, either due to a decreased detoxification as
in cirrhosis and hepatic failure, or due to an increased
production of the molecule as in the use of some drugs or in
bacterial overgrowth [3,4]. In order to avoid severe
affectations to the neurological system it is imperative to
detect and treat hyperammonemic episodes in a reliable and
fast manner.

Nowadays, sophisticated, expensive and large equipment
is used for the analysis of blood NH," in reference hospitals,
based on enzymatic spectrophotometric analytical methods
[5]- They require expert personal to obtain plasma, as whole
blood is not a suitable sample, and this procedure takes at
least 15 minutes. In addition, NH," quickly increases in
blood samples. For all these reasons, more portable
equipment that allows the analysis of whole blood is required
to permit its implementation at the bedside of the patients for
point-of-care (POC) analysis.

This work focuses on the design, optimization, and
validation of a fully automated continuous flow analyser,
composed by a detection module, a fluid management

module and a data acquisition and communication module.
The POC system was installed in the laboratory of the
Hospital Sant Joan de Déu (HSJD, Esplugues de Llobregat)
for its validation under continuous use for a period of two
months, analyzing 283 blood samples in parallel with the
reference method.

1L EXPERIMENTAL

A. POC design

The analytical system is composed by three different
modules (Fig. 1): fluid management, detection, and data
acquisition and communication.

Fluid Data acquisition

-——v management | Detection module an(li ) ——’{ PC
communication

module
module

POC

Fig. 1. Schematic representation of the three modules that constitute the POC
analytical system.

The detection module consists of three different
microfluidic modular units: 1) a micromixer where the
samples mixes with NaOH solution to transform NH," into
volatile NH3, 2) a gas-diffusion unit that contains a PVDF
and protective membranes and 3) the sensing unit that
contains the NH," ISE and a screen-printed Ag/AgCl
electrode. All of them were fabricated using Cyclic Olefin
Copolymer (COC) as substrate as described elsewhere [6].

The fluid management module contains all the elements
that are responsible for fluid handling, such as pump,
microvalves and software that controls these elements.

The data acquisition and communication module is
composed by the potentiometer and the software that
transfers the data via Bluetooth and that processes this data
and displays the result on the display.

Experimental setup is shown in Fig. 2.
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0.001 M HEPES
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Control

H0

Fig. 2 Schematic representation of the automated experimental setup, with the

fluid management module (blue), detection module (green) and the data
acquisition and communication module (orange). 1) reference electrode,
2) indicator electrode, T) bubble trap, V) 3-way injection valve, P)
peristaltic pump, M) micromixer, G) gas-diffusion unit, PC) computer,
W) waste.

I1II. RESULTS AND DISCUSSION

A. System optimization

The hydrodynamic parameters used for this POC system
was a flow rate of 650 uL min™ and a time of injection of 20
s, which corresponds to an injection volume of 215 pL.

The configuration of the gas-diffusion unit was optimized
in order to extend the lifetime of the hydrophobic gas-
diffusion membrane. With this same objective, a protective
hydrophilic membrane of polycarbonate was introduced to
prevent the damage of the gas-diffusion membrane due to
red and white blood cells, platelets and lipophilic compounds
present in blood.

The analytical system was designed in order to be able to
carry out all the necessary steps for a complete analytical
process in an automated manner; the personal is only needed
in order to place and retire the sample tube and the cleaning
solution. For this reason the required electronics and
software were design and fabricated and different fluidic
sequences were programmed.

B. Analytical features of the POC system

One calibration curve obtained with the proposed
analyser is shown (Fig. 3) with E = 57.8 - log [NH, ] + 273,
obtained by a single analysis of two concentrations, 50 uM
and 100 pM. This calibration curve is later corrected using
the analysis of the same control solution of the reference
method, generating a new calibration curve of the same
slope but different Y-intercept: E = 57.8 - log [NH,'] + 267.

Non-corrected calibration curve:
60 E=57.8"log [NH4*] +273.1 N
Corrected calibration curve: L7

E =57.8 - log [NH4"] + 266.8 Pid

E (mV)
8

2 ® Non-corrected calibration curve
0 1 o Corrected calibration curve
4 Control solution

—4:.2 —4‘.0 —5.8 -:;.6 -3.4
log [NH, ] (M)

Fig. 3. Non-corrected (black) and corrected (white) calibration curve
obtained with the POC system using NH," standard solutions of
50 uM and 100 uM obtained by multicommutation dilution. The
analysis of the control solution appears as grey triangle.

The corresponding limit of detection (LD) for this corrected
calibration curve was 24 pM.

The repeatability was evaluated by 8 consecutive analysis
of a blood sample and 10 consecutive analysis of the control
solution, obtaining RSD values of 5 % and 3 %, respectively.

C. Validation with blood samples

The developed POC system was installed in the
laboratory of the HSJD for a two-month evaluation under
continuous use. During this period 238 blood samples were
analysed in parallel with the developed potentiometric
system and the reference method consisted of an automated
spectrophotometric procedure carried out by an Architect
¢i8200 automated analyser (ABBOT, Park, Illinois, EEUU).
The POC system provided very good results without
significant differences with the reference method as it can be
seen in Fig. 4 were the passing-bablok regression obtained
was E = 1-log(NH,") + 2 and the interval of confidence (95%
confidence) was —0.9 to +1.0 for the slope and —5 to +6 for
the Y-intercept. Additionally, the agreement of both
analytical methods is also supported by the paired t-test (teue
=1.87: teap = 198, teale < ttab)~

600

400

200

[NH,*] (UM) - reference

0 200 400 600
[NH,"] (M) - ISE

Fig. 4. Passing-Bablok regression (dashed line) with the IC (95%)
indicated in blue. N = 238.

Iv. CONCLUSIONS

A novel automated point-of-care (POC) analyser for the
potentiometric determination of ammonium ion in whole
blood has been designed, manufactured, optimized and
validated using real blood samples. Results show a good
correlation between the developed potentiometric analytical
system and the reference method currently used by the
HSJD. Therefore, this POC system constitutes a promising
candidate for the determination of healthy and pathological
levels of NH," in blood samples aimed at the monitoring of
diseases characterized by hyperammonemia episodes.
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Abstract— This work focuses on the design, optimization,
and application of a continuous flow miniaturized analytical
device with potentiometric  detection integrating a
pervaporation stage for the analysis of ammonium in real
industrial wastewater samples.
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L INTRODUCTION

It is important to protect surface water quality as it affects
natural aquatic ecosystems as well as the potential use of
water for human consumption and in industrial applications.
To follow government regulations, different water quality
indicators must be determined and monitored. One of these is
ammonium ion. Its presence at higher concentrations than
the natural level is an important indicator of faecal pollution.
Ammonia can enter the aquatic environment through direct
means such as municipal and industrial wastewater, and
indirect means such as nitrogen fixation, air deposition, and
runoff from agricultural lands. A minimum concentration of
0.5 mg L' NH," is established for drinking water because
taste and odor problems as well as a decrease in the
disinfection efficiency during the potabilization process will
be expected if treated water contains concentrations higher
than this level.vin industrial wastewaters, concentration
levels between 10 and 6000 mg L™ NH, can be found [1].

There are commercial analytical systems based on
potentiometric ammonia sensors that can monitor ammonium
with high selectivity thanks to the use of gas-diffusion
membranes and the strategy of converting ammonium into
ammonia gas through basification. This allows only
ammonia to pass through this gas-diffusion membrane, thus
preventing the rest of the sample matrix from reaching the
potentiometric sensor. However, the complex matrix of
wastewater can block the pores of the diffusion membrane,
shortening the lifetime of analytical systems that use this
strategy.

This work focuses on the design, optimization, and
application of a modular analytical potentiometric device that
integrates a pervaporation module to the analysis of
ammonium in real wastewater samples. In this way, contact
of the sample matrix with the diffusion membrane is
avoided, improving analytical microsystem lifetime.

1L EXPERIMENTAL

A. Pervaporation as sample pretreatment strategy

Pervaporation is a separation method that involves the
liquid-vapor phase change of the analyte. This technique is
based on using a module that contains a donor channel, an air
gap chamber and an acceptor channel (Fig.1). A gaseous
diffusion membrane will be placed between the air gap
chamber and the acceptor channel that will only allow gas to
pass through. The pervaporation procedure consists of 4
main steps which are: 1) the ammonium conversion to
ammonia gas inside the donor channel, 2) its (transfer)
diffusion to the air gap chamber, 3) its diffusion through the
gas-diffusion membrane and finally its conversion again to
ammonium ion inside the acceptor channel.

¥ {

‘ ‘ Acceptor
channel
NH; g+ H >NH®  Buffer Gas-diffusion
A . arne
“r.NH; ) Air gap
Sample

—
NH,* + OH" -> NH,

Fig. 1. Schematic representation of a pervaporation module.

B. Developed microanalyzer and experimental setup

Fig 2. show the experimental setup used. The analytical
microsystem developed is formed by three modules:
micromixing, pervaporation and detection. All of them were
fabricated using Cyclic Olefin Copolymer (COC) as
substrate as described elsewhere [2].

KCl
HEPES— & Waste \ / Ind
5 y
NaOH— 5 P ; /
=]
/4l B0
%
Sample/ - 5 . Waste
o
Standard Waste > il

Fig. 2 Schematic diagram of the experimental setup where: V) six-way injection
valve; M) micromixer; P) pervaporation module; Ref) reference electrode;

Ind) indicator electrode.

The indicator and reference electrodes, an ammonium all-
solid-state selective electrode based on nonactin ionophore
and a screen-printed Ag/AgCl electrode, respectively, were
integrated in the detection module.
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I11. RESULTS AND DISCUSSION

A. Microanalyzer optimization

The configuration of the pervaporation module was
optimized considering different structural parameters.
Subsequently, the flow rate and injection volume were also
optimized. Table I summarize all the optimum options
selected.

TABLE I. DIFFERENT OPTIMIZED VARIABLES

Optimized Range .
parameter evaluated Optimum
Channels shape Linear, meander, spiral Linear
Wettability Surfactant use in
modification of the solutions or Cellulose
donor channel cellulose as channel bed
Air chamber height 04-12 08
(mm)
Injection volume (uL) 225-1000 750
Flow rate
(WL min™) 200 — 600 400

To verify that each variable studied allow maintaining a
balance between the donor channel and the air chamber
without the channel liquid flooding it, a fluorescein solution
was used to inspect the process. Fig 3 show the appearance
of the optimized pervaporation module working correctly,
visualizing how each solution flows through each channel
without overflowing, keeping the air gap chamber empty.

Acceptor channel

Donor channel

Air chgmber

Fig. 3. Image of the pervaporation module working properly using
fluorescein and UV light to visualize the liquids inside the
microchannels.

B. Analytical features

One calibration curve obtained with the proposed
microanalyzer is shown (Fig. 4) with E(mV) = 59 =l
log[NH, T+ 300 £3; r* = 0.9996. The working range was set
from 0.5 to 100 mg L™ NH," for this application, although
the sensor can measure up to 1000 mg L™ NH,". The LoD
was 0.1 mg L™ NH," and the analysis time was 8 min

Repeatability studies were carried out through 10
consecutive injections of 3 standard solutions of 0.5, 10 and
100 mg L™ NH,". RSD lower than 4 % were found.

Reproducibility was also evaluated throughout more than
2 months with different calibrations obtaining RSD values
lower than 5% for the slope and the y-intercept.

C. Samples analysis

Spiked real wastewater samples with biomass provided
by Evonik Industries company (Granollers, Spain) were

100

180 100 mg L*

50 A

Peak height (mV)
g

-5.0 -4.5 40 -3.5 -3.0 -25 -2.0
logINH4*|

Potential (mV)
[=}

1mglL?
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-100

0 2000 4000 6000 8000
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Fig. 4. Signal recording and calibration curve of ammonium per triplicate.

analyzed in triplicate. Table II show the results obtained. The
recovery percentages were between 71 and 106 %.

TABLE II. REAL SAMPLES ANALYSIS

Sample [NI({I:IQ"E'_’{S"‘"‘" [I\I(E:;]i’:’f?i)"“ % rec.
1 0.5 0.53 £0.04 105
2 1 1.0£0.2 101
3 10 10£2 102
4 6 43+0.7 71
5 10 9.4+0.8 94
6 15 15+1 103
7 1 0.94 £0.07 94
8 2 2.140.1 106
9 5 5+£2 98

Iv. CONCLUSIONS
A pervaporation module has been designed,

manufactured, optimized and characterized for its use in an
analytical microsystem to monitor ammonium in
wastewaters with a highly complex matrix. Once the
pervaporation module is integrated with the mixing and
detection modules, the analytical response features obtained
are excellent for the proposed application. This statement is
confirmed by the good results obtained from the analysis of
spiked real samples.
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Abstract— Silver nanoparticles (AgNPs) are utilized to
enhance device sensitivity by integrating them into polymers or
carbon-based materials, creating nanocomposites with synergistic
properties for detecting environmental changes. This study
investigates the adsorption kinetics of AgNPs in multilayered
layer-by-layer (LbL) structures, focusing on the impact of AgNPs
concentration on film formation and their use as sensing units in
an impedimetric microfluidic e-tongue. Absorption kinetic studies
are crucial for optimizing AgNPs adsorption and distribution
within LbL structures, influencing future applications. By
systematically varying the AgNP concentration in identical LbL
architectures, we demonstrate their effectiveness in distinguishing
food enhancers having umami taste profiles. Our microfluidic
approach consistently achieves robust sample separation,
highlighting the importance of precise parameter control for
enhanced sensor performance across diverse analytical
applications.

Keywords— e-tongue; metal nanoparticles; layer-
bylayer films; impedance measurements; microfluidics;
multisensor array

I. INTRODUCTION

Nanoparticles (NPs) hold significant promise in addressing
diverse societal needs, particularly in the realm of
developments analyzing complex liquids, environmental
monitoring [1,2], precision agriculture [3-5], and disease
detection [6]. Their usage stems from effects exhibited by
localized surface plasmon resonance (LSPR) [7],
surfaceenhanced Raman spectroscopy (SERS) [8], electron
transduction [9], and catalytic activity [10,11], which find
application in diverse fields such early cancer detection [12—
14] and electronic tongues (e-tongues) [15-19]. E-tongues
comprise an array of non-selective sensing units that
collectively respond to various components, effectively
generating a fingerprint of the analyzed sample [20]. They
have proven successful in identifying and discriminating basic
tastes [21-23], assessing beverages [24,25], wines [26,27],
milk [28,29], coffees [30,31], beers, among others. These
devices are particularly interesting in scenarios where human
assessment is impractical, such as continuous monitoring of
industrial processes and analysis of hazardous or unpleasant
samples, including drugs, viruses, bacteria, toxins , and
pollutants .

The layer-by-layer (LbL) assembly is particularly interesting
for nanoscience as they share the same interacting forces and
length scales, enabling a controlled formation of molecular

assemblies in distinct molecular architectures, with molecular
level thickness control. It has already been exploited in
impedimetric e-tongues with the LbL deposition of films
having distinct electrical characteristics onto interdigitated
electrodes (IDE) . In summary, the electric response of the
sensing units is influenced by the analytes where they are
immersed, which can be easily detected in impedance
measurements. Hensel et al. [58] employed a distinct
approach by integrating physically synthesized AgNPs as
sensing units in another impedimetric e-tongue setup,
successfully distinguishing basic tastes and food enhancers
having an umami taste profile. Our methodology shares
similarities with the approach proposed by Hensel et al., for
comparison purposes as their AgNPs are synthesized in the
gas phase, with precise control over size and deposition onto
a polymeric matrix. Here, we investigated the adsorption
kinetics of chemically synthesized AgNPs, and their insertion
in a polymeric matrix via the LbL assembly by controlling the
NPs concentration and spatial distribution in the
nanocomposites formed. We systematically studied the time
required to optimize the adsorption of AgNPs in LbL
assemblies, enabling the fabrication of distinct sensing units
using the same polymer matrix. The LbL films are deposited
onto electrodes linearly displayed in a microfluidic channel,
with dynamic data acquisition as the liquids pass through the
sensing units. We easily distinguished basic tastes and
samples having an umami taste. With that, we emphasize the
critical importance of fine-tuning the fabrication parameters
of nanostructures applied as sensing units in sensor
applications.

II. MATERIALS AND METHODS

A. Chemical synthesis of silver nanoparticles

AgNPs are chemically synthesized following the method
outlined by Lee and Meisel [60]. In brief, 9 mg of silver nitrate
(AgNO3) is dissolved in 50 mL of ultrapure water with
stirring and simultaneously heated to boiling on a hot plate.
Upon reaching boiling point, 5 mL of 1% sodium citrate
(Na3C6H507) is introduced into the solution. It is noteworthy
that sodium citrate serves as both a reduction and stabilizing
agent [60]. Following the addition of sodium citrate (initially
colorless), the solution gradually transitions from yellow to
green-ocre, indicating the formation of silver nanoparticles.
Subsequently, the solution is stirred for 20 minutes before
being allowed to cool to room temperature.
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B. Layer-by-layer technique and deposition parameters

The LbL technique allows the spontaneous adsorption of
molecules with precise thickness control during the film
assembly. Here, poly(allylamine hydrochloride) (PAH) is the
positive olyelectrolyte, while poly(sodium 4styrenesulfonate)
(PSS) and AgNPs are the negative polyelectrolytes. Initially,
a drop of PAH solution is applied onto the electrode surface
for 8 minutes, followed by removal using a syringe and
thoroughly washed with ultrapure water to eliminate loosely
bound material. The surface is then dried for 10 minutes and
the process is repeated for the opposite polyelectrolyte. This
cycle is repeated until the desired number of deposited
bilayers; (PAH/PSS)15 denotes an LbL film composed of 15
deposited bilayers. Our sensor array comprises: i) a bare
interdigitated electrode (IDE1), ii) an IDE covered with
(PAH/PSS)15 bilayers (IDE2), iii) an IDE covered with
(PAH/PSS)15 followed 100 by (PAH/AgNPs)15 (IDE3), and
iv) an IDE similar to IDE3 but with AgNPs ten times more
concentrated, resulting in (IDE4).

C. Zeta potential

The surface charge characteristics from the AgNPs are
assessed through the Zeta potential measurement, indicative
of the electrical charge present within the nanoparticle’s
surrounding bilayer. It is conducted utilizing a Malvern
ZSZen 3600 particle-size zeta Potential Analyzer. The AgNPs
solution is appropriately diluted at a 1:200 ratio in DI water,
and subsequently loaded into capillary cells featuring gold
electrodes for examination. Measurements are performed in
triplicate, and the acquired data are processed using the
Zetasizer Software program (Malvern, UK).

D. Adsorption kinetics

The LbL adsorption kinetics of materials onto a solid
substrate [62,63] is a crucial step, not always carried out,
establishing the optimal adsorption time of the electrolytes on
a substrate to achieve a uniform LbL coating. Briefly, AgNPs
can electrostatically interact with an oppositely charged
material (PAH). By keeping a fixed immersion time in PAH at
8 min, the adsorption kinetics can be obtained for varying
immersion times in the AgNPs solution, as described
elsewhere . After each immersion, the quartz plates are
allowed to air dry for 15 minutes, resulting in a multilayered
LbL structure. UV-Vis absorption spectroscopy is employed
at each deposition step, confirming the material adsorption by
the characteristic AgNP absorption band at 420 nm.

E. Microfluidic e-tongue setup

Briefly, as described in a previous publication , the
microfluidic e-tongue setup consists of four IDEs linearly
arranged on a gold-plated printed circuit board. Positioned
along a single icrochannel, these IDEs facilitate the
propulsion of the analyte using a syringe pump. The
integration and automation of this e-tongue device streamline
data acquisition, reducing potential errors associated with
manual operations and minimizing user contact with the
analyte during data collection. A multiplexer switches data
acquisition between IDEs during measurements performed in
triplicate for statistical validation. Impedance data is acquired
in a Solartron 1260A impedance analyzer within 1Hz - 10
MHz frequency, with an AC signal set at 25 mV, and a flow
rate of 15 mL/h inside the microchannel. Following triplicate
acquisitions for each analyte, the microchannel and IDEs are
thoroughly washed with 10 mL of deionized water at
moderate flow. This cleansing process not only maintains
measurement integrity but also assesses any variations in

sensor impedance post-analyte interaction, thereby mitigating
cross-contamination between samples.

F. Data analysis

The impedance data obtained from the e-tongue are analyzed
by Principal Component Analysis (PCA) , a statistical method
that facilitates the identification of patterns and structures in
raw data, unveiling relationships between variables and
offering valuable insights for sample differentiation. In the
context of e-tongue data, the PCA score plot typically shows
clusters grouping similar samples. The k-means method is
employed to determine these clusters, with their quality
assessed by the silhouette coefficient (SC). Introduced by
Kaufman and Rousseeuw , the silhouette coefficient serves as
a quality index for clustering. SC values ranging from 1.00 to
0.71 indicate a very robust cluster structure, SC between 0.70
to

0.51 reflects a reasonably well-structured cluster, SC
between

0.50 to 0.26 indicates a weak cluster structure, and SC <

0.25 suggests no discernible cluster structures. We use the
open-source software Orange for data analysis and
visualization.

II1. RESULTS AND DISCUSSION

A. Synthesis of NPs

AgNPs exhibit a distinctive characteristic: the presence of a
light extinction peak within 400 — 670 nm wavelength range.
This peak arises from the plasmonic collective oscillation of
electrons in phase with the incident radiation. Noble elements
such as silver demonstrate d-d transition bands that lead to a
shift in the plasmonic frequency to the visible part of the
spectrum, giving a specific color to the NPs. The Lee and
Meisel synthesis employing sodium citrate reduction typically
yields nanoparticles with diameters ranging from 50 nm to
100 nm, featuring an absorption peak at 420 nm [70] that is
observed in the UV-Vis absorption spectroscopy
measurements, as shown in Figure la). In our case, the
cohesion between layers in the LbL deposition is primarily
driven by electrostatic forces. As we want to intercalate
AgNPs layer with PAH, we have to be careful as the cationic
or anionic behavior can be influenced by the pH. In our study,
pH is fixed to 6.8 in the as-prepared AgNP solution. It is
noteworthy to mention that altering the pH of the AgNPs
solution resulted in the degradation of the AgNPs. At pH 6.8
the Zeta potential is — 24.56 mV, a specific condition selected
to optimize the AgNPs stability, thus facilitating their
intercalation in the LbL films. B. Silver NP adsorption kinetics

The UV-Vis absorption spectra following the deposition of
each layer of AgNPs are depicted in Figure 2a), with an
observed slight increase in the absorbance maximum between
400 and 500 nm after the deposition. Notably, a more
pronounced peak appears at 486 nm, indicating a shift
compared to the colloidal spectrum, which may be attributed
to the agglomeration of AgNPs on the film surface, a
phenomenon also observed in the TEM analysis (see Figure
1b). Figure 2b) presents the absorbance at 420 nm for each
deposited bilayer as a function of the immersion time in the
AgNPs solution. A change in the adsorption regime is
observed at ~ 940 s (~ 15 min.) of immersion, indicating the
optimal time for forming an AgNP monolayer on the quartz
plate. In Figure 2¢) we can clearly see the LbL absorbance for
a 15 min. immersion, with the absorbance at 420 nm
exhibiting a linear increase at each deposited bilayer. It



indicates that the same amount of material is deposited on the
surface at each deposition step during the LbL assembly .

C. E-tongue characterization

The e-tongue applied to discern basic flavors yields a SC =
0.96, stating a robust cluster structure and excellent
discrimination among different tastants. The high SC value
suggests a successful differentiation between the basic flavors
with a high degree of confidence. Furthermore, there are no
signs of cross-contamination and the sensor also displayed no
change in performance after a year of usage. The sensor ability
to maintain consistent performance over a year without any
special care demonstrates its reliability and durability. This is
essential for practical applications where sensors may be
deployed for extended periods without frequent maintenance
or calibration. Figure 3a) illustrates the score plot of PC1 vs.
PC2, capturing a total variance of 96.5%, with PCI carrying
91.2% of the information and PC2 describing 5.3%. The e-
tongue exhibits excellent performance in distinguishing
samples having the umami flavor, achieving a robust SC of
0.96. Comparing this SC value with that obtained by Hensel
et al. [that used physically synthesized Ag nanoparticles,
demonstrates that this setup outperforms theirs in
discriminating umami flavors. PC1 may visually suggest
inadequate separation of the last five analytes; however, the
projection of the data on PCI facilitates the discrimination
between L-glutamic acid and a commercially acquired food
enhancer, while PC2 enables a complete discrimination of the
latter. It’s important to note that the SC is calculated based on
the number of principal components (PCs) used in the PCA to
reconstruct the original data. To further discriminate among
the six food enhancers, we can also explore the score plot of
PC2 vs. PC3, shown in Figure 3b). It clearly distinguishes
between different samples, providing additional insight into
the discrimination capabilities of the etongue. Our e-tongue is
formed by sensing units varying the density of chemically
synthesized AgNPs within LbL layers, and the e-tongues
detailed by Mercante et al and Hensel et al are the closest to
compare. The former employs AuNPs stabilized with PAH in
layered LbL films, albeit without adjusting NP density as we
have made. Additionally, their application focused on a
distinct analyte, milk. In contrast, Hensel et al modulated LbL
films by varying the AgNPs density, conducted umami
measurements, and utilized SC analysis, facilitating a more
pragmatic comparison.
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Figure 1. (a) UV-Vis absorption spectrum of AgNPs after the
absorption of each layer on quartz slides. The two arrows
indicate the growth of peaks at 420 and 486 nm. (b) NP
absorbance at a wavelength of 420 nm, as a function of the
total adsorption time for each bilayer. (c) Absorbance for a
deposition using a 15 min. immersion time in the AgNPs
solution.

Our device and Hensel’s easily detect and distinguish food
enhancers using a microfluidic e-tongue setup. Therefore,
our current approach indicates a long-term usage of an e-
tongue setup, and the LbL assembly expands
compositional possibilities to form the sensing units.
Concerning works found in the literature proposing the
detection of umami, the comparison with our results is not
straightforward as, overall, the sensors for umami can use
specific or non-specific detection. To achieve high
sensitivity and selectivity, some works present a certain
degree of complexity for the complexation of compounds
in the selective detection.
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Figure 2. PCA score plots of the e-tongue used here to
different umami samples across the entire frequency range.

IV. CONCLUSIONS

We explored here the incorporation of AgNPs into an LbL
assemblies used as sensing units in a microfluidic e-tongue
setup. Our results indicated absence of cross-contamination
and long-termstability, proven to be robust and suitable for
diverse real-world applications, offering reliable and
consistent performance over a year. Our methodology of
directly incorporating AgNP layers within a simple LbL
structure offers a unique strategy with significant potential for
expanding compositional possibilities in sensor applications.
We emphasize also the importance of precise parameter
control in the sensing units formation in impedimetric e-
tongues.
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Abstract — Epithelial cells are crucial for the function of
tissues and organs, defending against pathogens, enabling
nutrient absorption, and maintaining homeostasis. The
complex interactions between epithelial cells and the
extracellular matrix (ECM) underpin epithelial physiology,
while disruptions in these interactions contribute to numerous
diseases, including bacterial infections and autoimmune
disorders. Traditional in vitro methods to study these barriers
fail to replicate the full complexity of the in vivo environment,
limiting our understanding of cellular processes and our
ability to dynamically monitor epithelial function. To address
these limitations, we have aimed to develop innovative
biosensors that permit simultaneous Electrochemical
Impedance Spectroscopy (ECIS) and microscopic observation
of epithelial cell interactions with their environment under
biomimetic conditions.

In this work, we fabricated Indium Tin Oxide (ITO)
microelectrodes ~ with  excellent transparency and
characterized them through ECIS and cyclic voltammetry,
demonstrating high sensitivity. We also developed an aligner
to precisely integrate the microelectrodes with
polydimethylsiloxane (PDMS) microfluidic devices, creating
biomimetic conditions for epithelial culture. We optimized
channel functionalization with ECM proteins and assessed the
adhesion of Madin-Darby Canine Kidney (MDCK) cells, a
model cell line for epithelium studies. Our ongoing work
focuses on optimizing experimental conditions for direct
monitoring of cell-to-ECM and cell-to-cell interactions using
ECIS. This research presents a novel approach for studying
the molecular basis of epithelial pathologies by enabling
multiparametric monitoring of epithelial cell interactions.

Keywords— Epithelial barrier integrity, microfabrication,
microfluidics, electrochemistry, sensors, soft lithography, cell
culture.

I. INTRODUCTION

The epithelial barrier is fundamental to human health,
serving as a critical frontline in the body's defense against
environmental threats, pathogens, and the maintenance of
homeostasis [1]. Epithelial cells, regulate the passage of
substances between the internal and external media, playing
a pivotal role in protecting tissues from infection and injury
[2]. However, when these tight junctions are compromised,
it can lead to increased permeability and the onset of various
diseases, including inflammatory bowel disease, celiac
disease, and other conditions that disrupt the body's delicate
balance [3].
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Traditional methods for studying epithelial barriers
often lack the dynamism and complexity of the in vivo
environment, limiting the understanding of barrier
physiology and pathology. Addressing this gap, we
introduce a novel approach employing an electrochemical
microfluidic sensor capable of mimicking the epithelial
microenvironment. These sensors are integrated with
microfluidic devices for establishing precise conditions to
closely replicate the epithelial natural setting, like constant
nutrient supply and waste removal by the bloodstream,
lumen flow and vessel architecture. Through the application
of electrochemical impedance spectroscopy (EIS), our
sensor could provide real-time, quantitative assessments of
epithelial processes in response physiological and
pathological processes.

II. BIOSENSOR FABRICATION AND CHARACTERIZATION
A. ITO microelectrode fabrication

ECIS is a non-invasive technique that allows monitoring
cell processes, particularly the adhesion of cells to a
substrate or the formation of cell-cell junctions [4]. ECIS
relies on the use of electrodes on which cells could interact,
adhere and grow. Moreover, transparent electrodes allow
simultaneous implementation of microscopic observation
providing multiparametric information of cell behavior.

Our group has strong experience in the design and
fabrication of Indium Tin Oxide (ITO) transparent
electrodes on glass surfaces to study cell interactions [5]. In
order to obtain a biosensor for studying epithelial cells using
ECIS we designed new ITO microelectrodes capable of
reporting information from an epithelial monolayer and
fabricated them in the clean room facilities.

Utilizing positive photolithography, our team has
engineered interdigitated ITO microelectrodes (IDEs).
Different designs were created by adjusting the width,
spacing, and active area of the IDEs. These variants are
being employed for optimizing the sensor's performance
and sensitivity [6]. To characterize the electrode, Scanning
Electron Microscopy (SEM) was applied (Figure 1). Image
characterization showed an excellent resolution of
electrode fabrication process providing adequate substrates
for ECIS.
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Fig. 1. Scanning Electron Microscopy (SEM) image of interdigitated
microelectrode fabricated by positive photolithography. Finger width 20
pum, gap between electrodes 30 pm.

B. Coupling of ITO microelectrodes to microfluidic
devices

To create a biomimetic sensor, we decided to integrate
ITO microelectrodes  with  microfluidic  devices.
Microfluidics allows the creation of miniature channels for
the precise manipulation of nanoliter volumes of fluid. We
employed polydimethylsiloxane (PDMS) due to its low
price, good biocompatibility and permeability to gases, high
transparency and low fluorescent background and created
microchannels that could be coupled with our ITO
microelectrodes design. We aimed to combine ITO
microelectrodes with PDMS microfluidic devices to
develop platforms where cellular interactions can be
accurately monitored under controlled experimental
conditions. Given that both the microelectrodes and the
microfluidic channels operate on the micrometer scale, an
affordable, compact and portable aligner was developed to
ensure precise alignment of ITO substrates with PDMS
microfluidic chips [7]. This aligner (Fig. 2) is critical for the
successful integration of these two components, facilitating
the layered assembly required in microfabrication
processes. The aligner was created following the open
hardware philosophy, plans and instructions for its
replication are available for other groups working in
microfluidics interested in it.

A) e B)

Fig. 2. In panel A, the image shows the exploded view of the aligner. The
number indicate the constituting pieces: 1. Holding arm. 2. Arm support.
3. Stage adapter. 4. Base. 5. X/Y/0-stage. 6. Z-stage. In panel B, the image
shows a render of the assembled aligner.

Figure 3 presents a micrograph of the PDMS
microfluidic chip precisely aligned and placed on top of the
interdigitated ITO electrode. This image exemplifies the
successful coupling of microfluidic channels with the
electrodes, showcasing the seamless interface between the
microfluidic channels and the underlying electrode
structure. The careful alignment ensures optimal contact for

electrochemical measurements while maintaining the
integrity of the fluidic pathways for precise sample delivery
and manipulation.

i

I “_‘
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Fig. 3. Micrograph of the assembled microfluidic device with
incorporated IDE. The image was obtained by bright field microscopy.

C. Cell culture in microfluidic chip

Following the successful integration of ITO
microelectrodes with PDMS microfluidic devices, the next
essential step is establishing cell cultures conditions inside
these microfluidic devices. This setup allows for the
maintenance of stable and homogenous culture conditions,
which are critical for the growth and development of a
healthy cell monolayer. Moreover, the transparency and
biocompatibility of both ITO electrodes and PDMS chips
ensure that cells can be monitored in real time using both
ECIS and microscopic observation, without adversely
affecting cell viability or function.

The cultivation of cells in the microfluidic chips utilizes
the precise fluidic control offered by the PDMS
microchannels allowing constant nutrient supply and waste
removal. However, parameters such as surface treatment,
coating with EM proteins, cell density, flow conditions, and
bubble prevention in the channel are key aspects that we
are currently optimizing. We employed Madin-Darby
Canine Kidney (MDCK) cells, a model epithelial cell line,
for these studies (Fig. 4). MDCK cells are known for their
ability to form tight junctions, making them an excellent
model for studying epithelial barrier function.

For the cell culture within the microfluidic channels, an
essential step involved the functionalization of the channels
with a fibronectin solution at a concentration of 20 pg/ml.
This process entailed filling the channels with the
fibronectin solution and allowing it to sit undisturbed
overnight to ensure adequate coating of the surface. The
following day, we introduced a cell suspension at a density
of 3x10° cells/ml into the channels using a pressure-driven
flow of 300 mbar. This specific pressure setting of 300
mbar was necessary to prevent the cells from decanting;
without it, a lower concentration of cells would reach the
channel, compromising the uniformity and integrity of the
cell layer. After the cell infusion, the flow was halted to
facilitate cell adhesion and spreading. After a period of 3
hours, to further promote cell attachment and the formation
of a confluent monolayer, the flow was resumed at a
continuous rate of 1 ul/min and maintained overnight. This
meticulous procedure facilitated the formation of a robust



and uniform epithelial monolayer within a timeframe of 16
hours.

Fig. 4. Micrograph of MDCK monolayer on the microfluidic channel.
The image was obtained by bright field microscopy.

D. Electrochemical characterization of biosensors

For the electrochemical characterization of our
biosensors, we have conducted cyclic voltammetry
measurements using the redox probe ferrocenemethanol
(FcMeOH) at a 1 mM concentration in PBS buffer (pH 7.5
at 25°C), as shown in Figure 5. These measurements
demonstrate the typical behavior of microelectrodes and
confirm the successful integration of the interdigitated
microelectrode design within the microfluidic channels.
The observed electrochemical responses are indicative of
the efficient electrode surface area and the effective
diffusion of redox species within the microchannels,
validating  the functional performance of our
microelectrodes in a fluidic environment.

FcMeOH 1mM
3x10-8+

2x10-8

1x10-8+

Current (A)

-0.4 -0.2 0.0 0.2 0.4
Potential (V)

Fig. 5. Cyclic voltammetry performed on the ITO interdigitated
microelectrode inside the microfluidic channel when the solution with
FcMeOH 1 mM was injected.

III. FUTURE WORK

Currently, we are expanding our research to include
ECIS as a tool to monitor cell adhesion and the formation
of a monolayer of MDCK cells within the microfluidic
device. Following the establishment of a stable monolayer,
we are assaying different microelectrodes designs to find

the one with the best performance. Then, we plan to
perform a calcium switch experiment by adding
ethylenediaminetetraacetic acid (EDTA) to the media. This
procedure is expected to disrupt the tight junctions between
the cells, simulating a compromise in the epithelial barrier's
integrity. The ability of our microfluidic device to detect
such changes through impedance measurements would
provide a powerful platform for studying epithelial barrier
functions and their role in various physiological and
pathological processes, such the presence of bacterial
toxins that disrupt epithelial barriers, the epithelial defense
against cancer or the integration of implants. This part of
our research is in progress, and we anticipate that the results
will further demonstrate the versatility and applicability of
our microfluidic system for advanced biological and
electrochemical studies.
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Abstract — In this work we present an optofluidic system to
produce droplets with size measurements done in line by optical
fiber connected perpendicularly to the system. The system has
been applied to obtain sodium alginate microcapsules by
gelation process. Sodium Alginate is a polysaccharide widely
used in the food industry to encapsulate flavors and vitamins.
The Biotechnology area also has interest in this type of
microcapsule to conduct cells in different studies. In this way,
we present a low-cost device to obtain droplets with controlled
sizes, measured by optical fiber in the moment of droplets
formation. Optical fiber offers a non-invasive method of
measurement in line. In this system it was possible to obtain
droplets with sizes varying from 320 up to 900 pm and the
results were comparable to microscope images.

Keywords—optofluidic, droplets, sodium alginate, optical fiber
sensor

1. INTRODUCTION

Microfluidic devices have been widely used to
obtain droplets with a very high chemical and physical
control [1-2]. When droplets are processed in microfluidic
devices, they offer advantages such as small sizes with high
homogeneity, economy of reagents and low costs compared
to bulk systems [3-5]. In this way, real time measurements
are a key factor in conduct decisions that could improve the
material processed in these devices. Characteristics such as
sizes, morphologies, frequency of production are pursued in
different studies [6-7]. To measure these characteristics
different methods have been applied involving electrical,
optical and RF/Microwave sensors [8-9]. Among these
methods, optical sensors offer a noninvasive way to obtain
some parameters such droplet sizes, concentration, velocity,
and frequency of droplets production [10-11].

Sodium Alginate is a polymer of acidic sugar
residues, being a polysaccharide with chemical and physical
characteristics useful for biotechnological applications [12-
14]. The characteristics such as sustainable natural material,
non-toxicity, excellent biocompatibility, biodegradability,
and easy way to chemical functionalization have been
attracted research in applied this biopolymer [15-16]. Na-
Alginate in a contact to polyvalent ions such as Mg?*and Ca**
produce a type of gel in a crosslinking process called ionic
gelation [17]. This gel could be performed as capsules, beads,
thin films, nanoparticles, and nanofibers [18]. Alginate
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capsules have been applied to encapsulate flavors, vitamins,
and drugs in Pharmaceutical and Food Industries because of
their porosity characteristic favoring a controlled release [19].
Besides, Na-Alginate also has been applied to encapsulate
cells or even to produce 3D matrix for cell cultures in
Biotechnology area. As nanofilms, Na-alginate has been used
as electrochemical biosensor in strategies on immobilizing
biomolecules.

In this way, this project has the purpose of obtaining
Na-Alginate capsules with controllable sizes and in the
future, implement cells encapsulation. The first step in this
process is the obtention of Na-alginate droplets and perform
the ionic gelation outside the microsystem. Our system is
composed of an acrylic microfluidic device to obtain droplets
and perform the droplet size measurement in line, using an
optical fiber coupled perpendicularly on the chip (see Fig.1).
The light signal is captured by a photodiode and translated by
an Arduino control and software routine. By varying the
concentration of Na-alginate solutions and flow rates we
intend to produce different size capsules. These capsules will
be applied to immobilize cells or nanoparticles in the future.

lonic Gelation
Oil
\

— v
\ A

\ e

CalclumiChlande Sodium Alginate Solution

Figl. Na-Alginate droplets in a microfluidic system

II. EXPERIMENTAL PROCEDURE

A. Device fabrication

A T-junction microfluidic device was fabricated to
produce droplets. The main channel has 500 um the side
channel has 250 um of width, and it was utilized an acrylic
sheet of 300 um-thick. The geometry was patterned using a
CO; CNC laser router (Nagano, NCRL6040). A 2mm- thick
acrylic cover sheet with inlet and outlet holes and a bottom
sheet were connected to the channels using double side tape.
A cylindrical holder for the optical fiber was also installed
and connected to the system. Metallic connectors were glued
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with epoxy resin to couple the plastic tubing to syringe pumps
(New Era, NE-1000). The complete system is shown in Fig.2
(a).

B. Optical Set Up

The optical set up was composed by a laser diode to
introduce light at 632.8 nm on the chip by optical fiber with
a core diameter of 8.2 pm (SMF-28). The optical fiber was
positioned perpendicular to the microfluidic device, and on
the bottom chip it was connected a photodiode to detect the
light signal and measure the droplets sizes. An Arduino
control was implemented to analyze the response from
photodiode. A zoom image from optical fiber area on the
device is shown in Fig. 1b.

C. Fluid Phases and Droplet Sizes Measurements

Our first experiments were implemented using sunflower
oil (Bunge Alimentos, Brazil) with 4 % of surfactant
polyglycerol polyricinoleate (PGPR) and deionized water as
fluid phases. On sequence, we utilized soybean oil as
continuous phase and sodium alginate (Na-Alginate, Sigma
Aldrich) with a concentration of 0.5 w/w in water to observe
the formation of alginate microcapsules. The solidification of
the core droplets was obtained with calcium chloride (CaCla,
Dinamica Co.) solution in a 4% of concentration in water.
The continuous flow rate varied from 6 up to 45 mL/h and the
dispersed flow rate was maintained in 3 mL/h. The droplet
sizes were also measured using a microscope coupled to a
camera and the photos obtained were analyzed by ImageJ to
compare the droplet sizes with optical measurements.

(2)

Fig.2 Experimental Set Up: (a) Optofluidic set up for droplets
production and measurements and (b) optical fiber and
photodiode region in zoom.

III. RESULTS AND DISCUSSIONS

A. Optical in line measurements

On sequence, it is presented the first alginate droplets
measurements obained with the top fiber device. On each
graph we can observe the patterns obtained as the droplets
cross the optical path, corresponding to the valleys on the
curves. In the Fig 3 (a) it is presented the optical signal for a
rate between dispersed flow and continuous flow of 1:2. In
this situation we observed a droplet with a plug formate. In
(b) the relation between phases was 1:5, in (c) 1:8 and in (d)
1:11. As expected, when the continuous flow increases it is
possible to observe a reduction in the width indicating the
reduction of the droplets sizes, and also it is possible to
observe na increasing in droplets frequency production. We
observed some instabilities on the measurements and droplets
with polidispersity. For low fluid flows it was not possible to
observe the formation of small droplets, probably because of
Na-Alginate concentration in water. Ajustments in Na-
Alginate and Surfactant concentrations must be executed to
improve the droplets formation.

B. Droplets

In Fig. 4 it is shown the Na-alginate droplets formed
without the gelation process. The images correspond to the
relation between phases presented before on the graphs. After
gelation process in CaCl; solution the capsule formed should
be small. This reduction will be evaluated further. It is
possible to observe droplets with sizes varying from 400 up
to 1000 pm. The biggest droplets it was obtained in rate of
1:2 with a size of 930 um (Fig. 4(a)), and as the rate between
phases became bigger the droplets sizes became smaller, and
it was possible to observe the obtention of satellite droplets
with sizes of 100 pm. In this condition, the droplet did not
have a round shaoe, and it is more considered like a plug
inside the main channel. On other conditions, we have
droplets with sizes as 570, 400 and 350 um, respectively
Fig.4 (b), (c) e (d).

C. Comparisson between measurements

In Table 1 it is described the droplets size measurements
obtained by the two methods, with optical fiber (Dopt) and
with microscope (Dmic). The droplet diameter with optical
fiber were obtained by getting the full width at half maximum
on the peak, and calculated the diameter by informations of
fluid flow rate and channels geometry. It is indicated the total
flow rate Qtotal (dispersed plus continuous phase), the
Velocity based on total flow rate and the relation between
phases (Qd:Qc). In the microscope measurement it was used
a standard microscope ruler. The results showed a difference
around 12%. Some reasons for this difference can be
discussed, as operational errors and instabilities during
droplets formation. Besides, it is possible that have occurred
some droplets coalescence in the case of microscope
measurements.
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Fig.3 Optical measurements indicating the transmitted light over the time
for different ratios between phases (dispersed and continuous,
respectively): (a)1:2, (b) 1:5, (¢) 1:8 and d) 1:11. The dispersed phase was
mantained fixed in 3 ml/h.

300um

Fig. 4 Microscope images for different ratios between phases:
(a) 1:2, (b) 1:5, (c) 1:8 and (d) 1:11. We have droplets with
sizes of 1053, 570, 400 and 350 um, respectively.
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IV. CONCLUSIONS

We fabricated in acrylic substrate an optofluidic
system to obtain droplets and measure their sizes in the
moment of formation. This system was applied to produce
sodium alginate droplets, with different values of flow rates.
The results showed that the system was able to measure the
droplets, and we obtain sizes varying from 350 up to 900 um.
Some adjustments in the sample concentrations must be made
to improve the results. Also, the Sodium Alginate gelation in
Calcium Chloride solutions to produce microcapsules, that
have a rigid shape compared to droplets. In the future, these
droplets will be used to encapsulate cells and nanoparticles.
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El departamento de micro y nanotecnologia cuenta con un
area limpia en la cual se desarrollan tareas relacionadas con
disefio, fabricacion y caracterizacion de micro dispositivos
tanto para desarrollos de proyectos propios como para
proyectos de nuestra institucion, instituciones cientificas
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privadas. En ese marco se busca desarrollar lineas de
investigacion referentes a sensores que utilizan técnicas de
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adentrarse en los fundamentos de los microfluidos, sus ventajas
y sus amplias aplicaciones y presentar las lineas de
investigacion que se desarrollan en el departamento de micro y
nanotecnologia.
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I. INTRODUCCION

La microfluidica es la ciencia y tecnologia de manipular
fluidos a una escala pequeia [1]. En los ultimos afios ha
surgido como una herramienta poderosa en varios campos,
desde la biologia y la quimica hasta la ingenieria y la
medicina. Este campo aprovecha principios de fisica,
quimica, ingenieria y biologia para disefiar sistemas que
pueden manejar volumenes pequeiios de fluidos con alta
precision.

A. Ventajas de la Microfluidica

1. Miniaturizacion: Al reducir el tamafio de los sistemas,
la microfluidica ofrece volimenes de muestra reducidos,
tiempos de reaccion mas rapidos y una mayor sensibilidad.

2. Alto Rendimiento: Los dispositivos microfluidicos
permiten el procesamiento paralelo de multiples muestras
simultaneamente, mejorando la eficiencia y el rendimiento.

3. Integracion: Varias funciones, como mezcla,
separacion y deteccion, pueden integrarse en un solo chip
microfluidico, optimizando los fluyjos de trabajo
experimentales.

4. Automatizacion: Los sistemas microfluidicos pueden
ser automatizados, minimizando la intervencién manual y
reduciendo el error humano.

Guido Berlin
Departamento de Micro y
Nanotecnologia-CNEA-CAC
Instituto de Nanociencia y
Nanotecnologia (INN)
Buenos Aires, Argentina

5. Rentabilidad: La miniaturizacion reduce el consumo de
reactivos y la generacion de residuos, haciendo que los
microfluidos sean una solucion rentable para muchas
aplicaciones.

B. Aplicaciones de la Microfluidica

Diagnostico Biomédico: Los dispositivos microfluidicos
se utilizan para diagnosticos en el punto de atencion,
permitiendo la deteccion rapida y precisa de enfermedades y
patdgenos.

Descubrimiento de Medicamentos: La microfluidica
facilita el cribado de alto rendimiento de candidatos a
farmacos, acelerando el proceso de descubrimiento de
medicamentos.

Quimica Analitica: Los sistemas microfluidicos se
emplean para separaciones cromatograficas,
preconcentracion de muestras y analisis quimico con una
sensibilidad mejorada.

Ingenieria de Tejidos: La microfluidica juega un papel
crucial en la creacion de construcciones de tejidos complejos
al controlar precisamente el microambiente para el cultivo
celular.

Monitoreo Ambiental: Los sensores microfluidicos se
utilizan para la deteccion in situ de contaminantes, patdgenos
y contaminantes en el aire y el agua.

En definitiva, la microfluidica representa un cambio de
paradigma en la manipulacion de fluidos, ofreciendo un
control y eficiencia incomparables en diversas aplicaciones.
A medida que este campo continia evolucionando, su
impacto en la ciencia, la tecnologia y la atencion médica esta
destinado a expandirse, impulsando la innovaciéon y el
descubrimiento.

II. PROYECTOS

Un chip de microfluidica se puede describir como un
dispositivo que permite procesar o visualizar una pequefia
cantidad de liquido. El chip suele ser transparente y su
tamafio suele ser de unos pocos centimetros. Los chips de
microfluidos tienen microcanales internos atin mas finos que
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un cabello, estan estan conectados al exterior mediante
orificios en el chip llamados puertos de entrada/salida. Los
chips de microfluidos estan hechos de termoplasticos como
acrilico, vidrio, silicona o un caucho de silicona transparente
llamado PDMS. En el departamento principalmente
trabajamos con dispositivos de PDMS-vidrio.

A. Magsens

El trabajo presentado se enmarca en un proyecto amplio,
cuyo objetivo es el diseflo, fabricacion y validacion de un
lab-on-a-chip basado en el control de micro y nano particulas
magnéticas  funcionalizadas para la  deteccion de
biomoléculas por medio de sensores magnéticos [2-5].

La idea es diseflar y fabricar un dispositivo capaz de
transportar de  manera  controlada  nanoparticulas
superparamagnéticas (SPNP). Para ello se estan realizando
estudios tedricos y numéricos de la generacién de campo
magnético en el chip y de su interaccion con las particulas, la
construccion del sistema simulado y su fabricacion y
caracterizacion experimental.

Fig. 1. Caracterizacion experimental de un sistema de transporte de
nanoparticulas magnéticas para su integracion a un biosensor.

La Fig. 1 muestra un primer dispositivo que permite el
transporte controlado de SPNPs y también un disefio
multicapa preliminar de uno de los sensores magnéticos.

En la Fig. 2 se aprecian detalles de microfabricacion del
dispositivo.

Fig. 2. Medicion obtenida por perfilometria optica

Este es un trabajo que comprende la colaboracion de
varios grupos de trabajo dentro de CNEA, que van desde la
deteccion de campos magnéticos hasta el transporte de
particulas magnéticas a través de microcanales.

B. dispositivos para la generacion de microgotas

El objetivo del proyecto es el disefio, simulacion,
fabricacion y caracterizaciéon de dispositivos para la
generacion pasiva de microgotas mediante dispositivos
generados a partir de PDMS - vidrio, el cual se fabrica a
través de un molde de fotoresina generado por técnicas de

Vo)
co

fotolitografia. En los wltimos afios la generacion controlada
de microgotas ha experimentado un enorme crecimiento,
como asi también sus aplicaciones [6-10]. En ese contexto
se estudia como afecta a los diferentes parametros la
presencia de obstaculos en un canal en forma de T. Se han
hecho simulaciones y se han contrastado con experimentos
lograndose un muy buen acuerdo.

A
Py

Fig. 3. Fabricacion de dispositivo microfluidico PDMS-vidrio

Fig. 4. Proceso de formacion de gotas

Fig. 5. Formacion de gotas (canal en T)

Fig. 6. Formacion de microgotas con obstruccion de canal T

C. Ficeltar

Segtin la Organizacion Mundial de la Salud, el cancer es la
principal causa de muerte en el mundo. Durante el afio 2020
se contabilizaron mas de 19 millones de nuevos casos y casi
10 millones de muertes por culpa de esta patologia, lo que
representa un sexto de las defunciones de dicho afio. La
deteccion temprana de esta enfermedad mejora la respuesta
al tratamiento, incrementa la probabilidad de supervivencia,
disminuye la morbilidad y reduce los costos asociados a la
terapia.

El proyecto FiCelTAr, Filtro de Células Tumorales
Argentino, del Departamento Micro y Nanotecnologia
(CNEA), propone el desarrollo de un dispositivo basado en
una membrana microporosa para la deteccion temprana del
cancer mediante el filtrado de una muestra de sangre
periférica. El prototipo cuenta con una membrana metalica
microfabricada por electroplating por medio de un molde
fotolitografico. Esta es soportada por mordazas de aleacion



de aluminio con o-rings de caucho sintético. Dicho prototipo
busca probar el funcionamiento mecéanico, pero los
materiales de su construccion no son adecuados para la
aplicacion final, que involucra la interaccion con sistemas
bioldgicos, se esta trabajando en una segunda generacion
que cumpla con los requisitos mencionados.

©

Fig. 7. Planos y prototipo del Ficeltar
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Abstract— Microfluidics represents a promising tool for the
manipulation of fluids at the micrometer scale. The objective of
this study is to evaluate the efficacy of 3D-printed microfluidic
devices, particularly those incorporating spacers within their
channels, for the generation and detection of droplets utilizing a
contactless conductivity detector (C*D). This approach aims to
enhance the precision and reliability of detection outcomes,
while reducing the potential for errors commonly associated
with traditional microfluidic techniques.
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1 INTRODUCTION

Microfluidics is an emerging interdisciplinary field that
studies the manipulation of fluids in micrometer channels.
This approach has revolutionized areas such as chemical
and biological analysis by enabling the miniaturization of
systems, reducing the volume of samples and reagents, and
facilitating the integration of high-precision sensors into
devices known as microchips [1]. Notable applications
include the separation and analysis of molecules, isolation
of single cells, and assessment of cellular responses,
underscoring their potential in diagnostics and cell biology
studies [2].

Microchip fabrication by 3D printing has emerged as a
promising alternative due to its accessibility, versatility and
ability to produce customized devices at low cost [3]. This
technology has enabled the development of microchips
with diverse geometries, including those designed for the
generation of droplets, fundamental in drug encapsulation
and delivery studies [4].

In this study, we report the use of a 3D printed droplet
microchip to evaluate the frequency of droplet formation
and their respective peaks and their detection by a
contactless conductivity detector (C*D). We explored
microchips with and without spacers, observing how these
configurations influence the signal amplitude, in addition
we seek to avoid the possibility of the passage of two drops
passing at the same time through the sensor electrode
obtaining erroneous signals. We hypothesize that the
inclusion of spacers improves the uniformity and accuracy
of the signal, thus optimizing detection in advanced
analytical applications.

II. MATERIAL AND METHODS

A. Materials

The following materials were used for this study: KCI
(Sigma Aldrich, St. Louis, MO, USA), Span® 80 (Sigma
Aldrich), mineral oil (EWE, Saladillo, Buenos Aires,
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Argentina), and poly(lactic acid) (PLA) filament supplied by
Printalot (Monte Grande, Buenos Aires, Argentina).
Tempered glass syringes of 5 mL (Somimaco, Buenos Aires,
Argentina) were used for the continuous phase and disposable
syringes of 1 mL (Bremen Tools Argentina SA, Buenos
Aires, Argentina) for the dispersed phase.

B. 3D printed microfluidic device fabrication

The microfluidic devices were fabricated using a 3D printer
based on fused deposition modeling (FDM), following a
protocol previously established by Duarte et al. [5]. The
device design included two microchannels, one for the
continuous phase and one for the dispersed phase, both with
dimensions of 700 um wide and 700 um deep. The design
was based on a T-junction configuration, where channel I was
intended for the dispersed phase and channel II for the
continuous phase. In addition, configurations with additional
spacers were explored, incorporating a third channel 700 pm
wide that was connected to the main channel for continuous
phase (Fig.1). This approach sought to optimize precision and
uniformity in droplet generation.

C. Droplet generation

For the generation of droplets, a 33.5 mM KCI solution
was prepared and injected into channel I, using a syringe as
the source of the dispersed phase. In parallel, a mixture of
mineral oil and 1% Span® 80 was introduced into channel II,
acting as a continuous phase. Injections of both phases were
performed simultaneously using syringe pumps (NE-300,
New Era Pump Systems, USA and KdScientific, 101-CE,
Holliston, MA, USA) operating at controlled flow rates of 5
puL min-1 for the dispersed phase and 10 pL min-1 for the
continuous phase. The selected flow rates ensured stable
droplet formation and were adjusted to maximize the
reproducibility of the experiment, and it was verified with an
electron magnifier that none of the droplets passed through
any electrode at the same time.

D. Contactless Conductivity Detection (C*D)

The size of the droplets was monitored in real time using
a C*D, based on the electronic principles described by
Pinheiro et al [6]. The system employed a high-frequency
sine wave with an amplitude of 7 Vpp, generated by a
function generator (Standford Research Systems model
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DS340). The induced current signal was captured by a
receiving electrode, converted to voltage, rectified and
amplified before being digitized using an A/D interface
(National Instruments model NI-USB-6009). The frequency
of the sine wave was optimized at 400 kHz to obtain the best
analytical response in droplet detection, and the resulting
signal was monitored and analyzed through software
developed in LabVIEW™,

E. Data analysis

Data analysis focused on the correlation between the
frequency of droplet formation and the amplitude of the
detected signal, using statistical tools to evaluate the accuracy
and reproducibility of the system.

a) Channel I

Channel 1T

b) Channel I

2

Qil Spacer Channel IT

Fig. 1. Scheme showing the configuration of the microfluidic devices
(a) without and (b) with spacer.

III. RESULTS

The frequency of droplet passage directly affects the
response of the C*D and thus its sensitivity. To evaluate the
influence of the microfluidic device design on droplet
detection, signal amplitude and noise level were measured at
a frequency of 400 kHz, keeping the voltage amplitude
constant at 7 Vpp. Different values of signal-to-noise ratio
(SNR), signal amplitude, percentage error and frequency of
the recorded peaks were obtained for each type of device
(Table 1).

The results show that the inclusion of a spacer in the
microfluidic device significantly improves the signal
amplitude, with a lower percentage error, compared to
devices without a spacer (Fig. 2). In addition, it was observed
that, at lower droplet frequencies, the signal is optimal,
suggesting better detection of droplets under these
conditions.

TABLE L. ANALYTICAL PARAMETERS OBTAINED WITH THE
MICROFLUIDIC DEVICE TESTED IN THIS STUDY.

Analytical parameters
Microchip Signal Droplet
amplitude RSD (%) SNR frequency
(mV) (Hz)
T-junction 48+0.9 20.1 7.4 0288

T-junction + 700
um channel
width spacer

45.0+2.0 4.4 69.7 0.059
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Fig. 2. Contactless conductivity measurements for droplet monitoring for the
different microchips designed. Flow rate of continuous phase at 10 pL min’!
and of dispersed phase 5 uL min'. Detection conditions: 400 kHz and 7 Vpp.
a) T-junction b) T-junction + 700 pm channel width spacer

IV. DISCUSSION

The designed microfluidic device injects an oil phase into
channel 1 and a 33.5 mM KCl solution into channel 2, thereby
generating droplets that are monitored in real time by the C*D
sensor. The results demonstrate that the incorporation of 700
um spacers into the continuous phase channels markedly
enhances the signal amplitude (45+2 mV) in comparison to
the channel devoid of a spacer (4.8+0.9 mV). Moreover, the
inclusion of spacers significantly reduces the error to 4.44%.
The SNR exhibited a notable enhancement with the
incorporation of spacers, attaining values of 69.76 for the 700
um channels in comparison to 7.44 in the channel devoid of
spacers. However, the frequency of droplet passage
demonstrated a decline with the introduction of spacers.

The findings indicate that 3D-printed microfluidic devices
with spacers enhance the precision of droplet detection and
affect the frequency of droplet passage. This technology
offers significant promise for the advancement of



sophisticated diagnostic systems and presents novel avenues
for research in microfluidics and bioanalysis.

V. CONCLUSION

The results obtained suggest that the implementation of
spacers on microfluidic chips improves the efficiency of the
C*D for droplet detection. The higher signal amplitude and
lower error rate observed with the use of spacers confirm the
initial hypothesis that these components optimize device
performance. This study opens new opportunities for the use
of C*D detection in more complex applications, such as real-
time monitoring of controlled drug release and
pharmacokinetic studies, areas where precision in the
detection of droplet size is crucial. In summary, the results
confirm that the implementation of spacers on microchips
improves the sensitivity and accuracy of the droplet detection
system. These findings have important implications for the
development of advanced microfluidic systems and suggest
that future research should focus on optimizing materials and
designs for specific applications.
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Abstract— This study introduces a novel photoelectrochemical
(PEC) immunosensor using plasmonic nanomaterials to enhance
the detection of C-reactive protein (CRP), an inflammation
biomarker. The immunosensor employed disposable electrodes
decorated with gold nanostars (AuNSs) and antibodies, enabling
specific CRP detection via photocurrent generation at a fixed
potential. The biointerfaces' chemical, PEC, morphological, and
structural characterization and the detection assay's analytical
performance assessment were achieved using microscopic,
spectroscopic, chemical, and electrochemical techniques.
Characterization showcased high sensitivity in detecting CRP
within a linear range of 25 to 800 pg/mL and a limit of detection
(LOD) of 13 pg/mL. The biosensor offered the potential for rapid,
differential CRP detection, aiding in the early diagnosis of
inflammatory diseases and improving patient care.
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L

Photoelectrochemical (PEC) biosensors are advancing
rapidly as analytical tools for quantifying (bio)analytes in
samples. PEC biosensors utilize light and photoactive
materials to induce charge carriers, participating in redox
reactions at the electrode/solution interface [1]. The PEC
technique effectively isolates the excitation source (light)
from the detection signal (current), substantially minimizing
unwanted background noise and resulting in higher sensitivity
for bioanalysis compared to conventional methods [2].
However, a limitation arises from the instability of
biomolecules under high-energy ultraviolet light stimulation.
Integrating plasmonic photoactive nanomaterials excited by
near-infrared radiation is a promising strategy to address this
issue. They enhance energy conversion efficiency, facilitate
charge transfer processes, and minimize biomolecule
photodamage, thereby improving the effectiveness of PEC
detection. This work reports on a PEC platform using
disposable electrodes decorated with nanostructured
plasmonic materials to enhance photocurrent signals for
detecting C-reactive protein (CRP), a key inflammation
biomarker [3], as shown in Figure I. The proposed
biointerface featuring gold nanostars (AuNSs) and antibodies
employed soft bioconjugation strategies [4]. While
characterization involved microscopic, spectroscopic,
chemical, and electrochemical techniques, selective CRP
detection used chronoamperometry. This effort is a step
toward developing versatile, specific, and sensitive PEC
biosensors for clinical diagnosis, particularly biomarker
monitoring, with potential applications in low-cost, energy-
based point-of-care devices [5].

INTRODUCTION

II. MATERIALS AND METHODS

The synthesis of gold nanoparticles was carried out using the
conventional Turkevich method [6]. AuNSs were synthesized
through a chemical reduction of gold chloride with ascorbic
acid (AA) in the presence of silver nitrate and the previously
synthesized gold nanoparticles. Characterization of the

AuNSs included X-ray diffraction (XRD), transmission
electron microscopy (TEM), ultraviolet and visible (UV-Vis)
spectroscopy, dynamic light scattering (DLS), and
electrophoretic light scattering (ELS). The PEC behavior of
the biosensing interface involved treating screen-printed
carbon electrodes (SPCEs, Metrohm DropSens ref. DRP-
110/Oviedo-Spain) by oxidation to generate carboxylic acid
groups, followed by modification with AuNSs.

Chronoamperometric
CRP-containing measurement

sample

765 nm

Photocurrent

Nanostructured
bio-interface

73R e )
) S =)
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Figure 1. Schematic illustration of the modification of SPCE with
AuNSs/anti-CRP to detect CRP by chronoamperometry in a PBS 1X pH 7.4
solution containing 10 mM of ascorbic acid under 765 nm illumination.

The PEC experiments were conducted using a UV LED Spot
Curing System and a potentiostat/galvanostat, optimizing
various parameters to achieve the best photocurrent signal.
The immunosensor architecture was developed by
establishing a biofunctional interface with AuNSs and anti-
CRP antibodies. The functionalization of anti-CRP was
optimized to determine the best time and concentration.
Characterization of the biosensing interface included diffuse
reflectance UV-vis spectroscopy (UV-vis DRS), Raman
spectroscopy, field emission scanning electron microscopy
(FE-SEM), atomic force microscopy (AFM), cyclic
voltammetry (CV), and electrochemical impedance
spectroscopy (EIS). The analytical performance of the
immunosensor for detecting CRP was assessed, determining
the linear range, sensitivity, specificity, selectivity,
reproducibility,  repeatability, and  stability. = The
immunosensor's performance was tested in the presence of
other related proteins to evaluate its specificity and selectivity.
Stability was assessed through repeated measurements and
long-term testing over several days.

III. RESULTS

A label-free nano-immunosensor based on AuNSs/SPCE
nanobiocomposite was developed for the PEC detection of
CRP. AuNSs were synthesized using the seed-assisted growth
methodology. The nanoparticles (NPs) and the modified
electrodes were characterized through UV-vis spectroscopy,
TEM, XRD, DLS, ELS, UV-vis DRS, Raman, FE-SEM,
AFM, CV and EIS. The detection of CRP involved monitoring
changes in the charge of the redox probe at the
electrode/solution interface using the PEC-based device to
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evidence the anti-CRPs decorated nanostructured platform-
CRP affinity reaction. The PEC transduction principle
employed in this immunosensing assay utilized the localized
surface plasmon resonance (LSPR) effect of AuNSs to
enhance the photoelectric conversion efficiency of the
electrode surface. Under 765 nm excitation light, the carbon
surface generated electron-hole pairs, which were further
amplified by the LSPR effect of the AuNSs, resulting in a
substantial increase in the photocurrent response. AA served
as a hole scavenger in this PEC immunosensing strategy.
When the carbon surface, decorated with AuNSs, was
irradiated with the 765 nm light source, photoinduced
electrons were generated. These electrons were transferred to
the electrode, while the photoinduced holes were scavenged
by AA, leading to the generation of a photocurrent.
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Figure 2. (A) Chronoamperometric signals of the label-free
photoelectrochemical nano-immunosensor toward different concentrations of
CRP. (B) Immunosensor specificity and selectivity when detecting 400 (a)
and 25 pg/mL (b) of CRP, 400 pg/mL PCT, TNF-o, IL-1p, IL-6, IL-8, IL-10,
IL-18, and 100 pg/mL glucose. * Indicates significant differences with p <
0.05 for all interferents and negative control.

The plasmonic PEC biosensing platform demonstrated
simplicity, specificity, and selectivity in detecting CRP within
a linear range of 25 to 800 pg/mL (Figure 24), with a limit of
detection (LOD) of 13 pg/mL. Moreover, the platform
exhibited high specificity and selectivity in the presence of
inflammatory biomarkers such as procalcitonin (PCT), tumor
necrosis factor alpha (TNF-a), glucose, interleukin-13 (IL-

1B), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-10
(IL-10), and interleukin-18 (IL-18), as shown in Figure 2B.
Additionally, the PEC platform demonstrated acceptable
stability over time, with insignificant variations in the signal
over 10 days. These clinically significant results underscore
the device's high sensitivity for monitoring slight variations in
CRP concentration.

IV. CONCLUSION

The developed biosensor, utilizing plasmonic NPs from a
PEC-based device, exhibited exceptional analytical
performance and helped monitor CRP concentrations of
clinical relevance, underscoring their potential for simple,
rapid, and differential CRP detection. This approach supports
early inflammatory disease detection, facilitates treatment
evaluation, and enhances patient care, potentially reducing
treatment costs and comprehensive medical care needs.
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Abstract— This study presents the development of a portable
biosensing device designed for early and accurate disease
identification through the quantification of various biomarkers.
The device combines magnetic actuation and electrochemical
biosensing within a battery-operated portable reader, offering a
versatile and agnostic platform capable of quantifying a wide
range of biomarkers. This adaptability allows the device to meet
emerging diagnostic challenges. The method significantly
reduces the time to results, enabling the detection of target
biomarkers at low concentration ranges using a simplified
analytical procedure for the end-user. This biosensing test is
particularly valuable in low-resource settings, where access to
gold-standard laboratory tests is limited, and in high-income
countries, where it can substantially reduce turnaround times
and costs. The proof of concept is validated in this study for a
pathogenic bacterium, demonstrated in both immunosensing
and genosensing formats.

Keywords— In vitro diagnostics (IVD), biosensing devices,
biomarker quantification, magnetic actuation, electrochemical
bi lized medicine.

sing, per

L INTRODUCTION

The recent pandemic of a communicable disease that
spread across international borders globally in a matter of days
highlighted the need for in vitro diagnostic (IVD) solutions
able to provide prompt diagnosis and help implement security
and prevention measures to interrupt the transmission chain.
IVD also plays an important role not only in reducing disease
burden by interrupting the transmission of communicable
infectious agents but also in preventing the development of
long-term complications in non-communicable diseases.
Currently, and more than ever, these tests are a major research
field of growing interest among researchers worldwide.

Beside the impact in good health and wellbeing, the
global in vitro diagnostics (IVD) market was valued at USD
81.3 billion in 2020 and is expected to reach USD 124.6
billion by 2027, growing at a CAGR of 6.3% from 2020 to
2027 [1]. This growth is being driven by the increasing
demand for point-of-care IVD devices. The pandemic has
significantly increased awareness of the importance of disease
diagnosis, while rising disposable income levels are further

fueling market growth. Consequently, there is a strong focus
on research aimed at developing IVDs for use at the point of
care. These innovations enable rapid screening of patients who
require treatment, moving away from the traditional reliance
on standard clinical diagnostics performed by highly qualified
personnel in centralized laboratories.

For over two decades, the World Health Organization
(WHO) has coined the term ‘ASSURED’ (Affordable,
Sensitive, Specific, User-friendly, Rapid and Robust,
Equipment-free, and Deliverable to end-users) to refer to the
ideal characteristics of a diagnostic test for resource-limited
settings [2]. Although the original ‘assured’ features remain
relevant, with the emergence of digital technology and m-
health, future diagnostics should incorporate these elements to
create diagnostic platforms that can provide real-time disease
control strategies, enhance the efficiency of health care
systems, and ultimately improve patient outcomes.

Accordingly, it has been recently revised to include two
additional criteria as ‘REASSURED’, including Real-time
connectivity and Ease of specimen collection, to design future
devices [3]. Although technology has progressed enough to
create diagnostic tests that meet these criteria, the challenge
remains in developing a ‘Reassured’ test, comparable in
analytical performance to the most accurate laboratory tests
based on benchtop equipment.

‘Reassured’ tests must have low complexity without any
lost in diagnostic accuracy in a format which can be either
used in low resource settings where high-quality gold-
standard laboratory tests are not available, and in high-income
countries to dramatically improve turnaround times for results
to reduce costs [4]. The complexity of a test includes the need
for user interpretation, the level of training necessary, the
number of manual manipulations, the number of user
intervention steps required, and the instrumentation
requirement [5]. The FDA defines the characteristics that a
simple diagnostic test should ideally have [6]. These features
have been recently updated [7]. Low complexity for a test
includes the end-user interpretation and level of training
required, or the number of manual manipulations and
intervention steps. In general, the analytical performance and
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the quality of the result improve as the complexity for a
diagnostic test remarkably increases from lateral flow (LFA),
enzyme immunoassay (ELISA) and nucleic acid-
amplification test (PCR). Unfortunately, the total assay time
and the need for complex bench-top instrumentation which
requires laboratory facilities and costly maintenance, also
increase.

Three key cross-cutting technological challenges have
been identified as bottlenecks in ‘Reassured IVD tests’:

(i) the detection of challenging targets, such as low-
concentration and high-complexity molecules like nucleic
acids (DNA, RNA, miRNA);

(i1) the isolation of these targets from complex specimens;
and,

(iii) the development of instrumentation suitable for low-
resource settings.

Among these three technological challenges, the detection
of nucleic acids stands out as particularly difficult, as
highlighted by the FDA [7].

During the recent pandemic, PCR [8] emerged as the state-
of-the-art and dominant diagnostic test for infectious diseases
[9], despite the rapid development of alternative technologies
that argue nucleic acid amplification is not always necessary.
Surprisingly, this quantitative technique has also been
implemented for screening purposes, providing a simple
YES/NO binary result, even though the turnaround time can
range from hours to days. This demonstrates that nucleic acid
amplification, despite its technical complexity and high costs,
remains the optimal methodology for screening many
pathogens, offering the best balance between maximum
sensitivity and practical feasibility. This is a major issue for
many diseases that are common in low-resource settings,
where the lack of simple and easy-to-use nucleic acid
diagnostic tests is a major barrier to timely treatment.

One of the main challenges to making these tests more
widely available in low-resource settings is to avoid
thermocyclers, which need infrastructure including reliable
power supply. In order to solve this barrier, one approach is
focused on putting PCR at the point-of-need, by designing a
diagnostic kit that includes a hand-held PCR device operated
by either batteries or solar energy [5], that can potentially be
used to screen for communicable diseases that normally
require PCR as a gold standard.

The second technological challenge, the isolation of
targets from complex specimens, involves the use of direct,
unprocessed samples such as capillary blood (fingerstick),
venous whole blood, nasal swabs, throat swabs, or urine.

To overcome this challenge, solid-phase separation
techniques, such as magnetic particles (MPs), can be
employed. These particles bind to the targets of interest,
allowing them to be concentrated before testing. This
approach not only preconcentrates biomarkers from complex
samples but also removes interfering matrices, thereby
enhancing the sensitivity and specificity of IVDs. Since the
early reports on magnetic separation technology [10],
magnetic particles have been recognized as a powerful and
versatile preconcentration tool in a wide range of analytical
and biotechnology applications.

This technology has been widely incorporated for
researchers worldwide in classical methods in biomolecular

tools and in benchtop instrumentation. Beside the amazing
properties of MPs, the main drawback is that magnetic
separation is usually performed in less than 1 mL of sample,
due to i) the high cost of biological-modified MPs and ii) the
issues related with the magnetic actuation of large volume of
samples.

Regarding the third technological challenge related to
instrumentation requirements [ 7], no electronic or mechanical
maintenance beyond simple tasks, such as changing a battery
or power cord, are amenable with low resource settings.

These features are compatible with biosensors based on
electrochemical transducers. In recent years, electrochemical
biosensors have gained popularity for their sensitivity, rapid
analysis, and cost-efficiency. This sensitivity is particularly
valuable for precise testing and early disease diagnosis, as it
allows for the detection of low concentrations of
biomolecules. Moreover, real-time connectivity can be easily
achieved with this kind of device. However, despite extensive
research in the field, only a few examples of these biosensors
are currently available on the market, with the most popular
being those based on enzymatic reactions, such as glucose
biosensors. These devices allow untreated capillary blood
(fingerstick) to be directly processed without the need for
washing steps to remove excess reagents.

Although enzymatic biosensors are widely used and
popular, significant improvements are still needed to achieve
analytical simplification in immunosensors and DNA
biosensors. This remains a major bottleneck and may limit
their accessibility for end users in the developing world.

This study presents the development of an innovative
biosensing device that effectively addresses the three key
challenges in diagnostic testing. By combining magnetic
actuation with electrochemical biosensing, the device can
detect targets in complex specimens without compromising
analytical performance or test accuracy. It offers a more
efficient and cost-effective solution compared to traditional
methods, with the flexibility to adapt to emerging challenges
with minimal technological adjustments. The IVD platform is
designed for versatile use, proving valuable in low-resource
settings where high-quality gold-standard laboratory tests are
unavailable, as well as in high-income countries to enhance
turnaround times and reduce healthcare costs.

II.  EXPERIMENTAL SECTION

A. Instrumentation

The platform to perform RDTs (Rapid Diagnostic test)
composed by two components, as outlined in Fig 1 (and the
procedure describes in PCT/EP2022/071078 ‘Device for
Assay System, System and Method’)

e Disposable cartridge, including i) the sample holder
containing all the reagents lyophilizate, including
modified-magnetic particles with the bioreceptor, to
preconcentrate the biomarker presents in the sample,
and the HRP-labelling reagent, in which the reaction
takes place in 15 min ii) the cartridge containing the
microfluidic and the electrode and in which the
magnetic actuation is performed, while the excess of
sample and reagents are removed by capillarity.



o Digital reader, including the external magnet and the
interface between the cartridge and the digital reader
itself which allows the quantitative electrochemical
readout (cathodic current obtained by applying a
predetermined potential) in less than one minute,
reporting the levels of biomarker in concentration
units. Data may be collected directly from the display
of the digital reader and sent by Bluetooth to the App.
Accordingly, any potential target specifically attached
to a magnetic particle and labelled with HRP in the
sample holder, can be potentially quantified with this
approach.

Fig. 1. Panel A. Biosensing device platoform described in
PCT/EP2022/071078 The figure shows the two components: i) Disposable
cartridge and ii) Digital reader for the readout, including the external magnet.
Data may be collected directly from the display of the digital reader and sent
by Bluetooth to an App. Panel B. Laboratory proof of concept, containing a
cartridge for the magnetic actuation. The cartridge is connected to a portable
commercial bipotentiostat (DropSens, Spain). In the proof of concept, the
electrochemical readout is performed in a laptop computer operated, under
the DropView 2.2 software, in which the portable bipotentiostat is connected
by an USB port.

B. Validation of the biosensing device at laboratory
conditions

The biosensing device (cartridge and reader) is agnostic
and can quantify a wide selection of biomarkers (Figure 2),
regardless of their type, in a straightforward process for the
end user. The specific reaction is performed in a sample
holder, in a one-step incubation, in which the sample is added
to the lyophilizate reagents (the magnetic particles and the
conjugate). This process will be assessed using a wide range
of biomarkers of different nature. In this instance, the
pathogenic bacteria Mycobacterium sp is taken as a model, in
immunosing and genosensing approach.
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Fig. 2. Molecular strategies integrated in the core of the technology,
showing the molecular detail for the specific reactions performed on the
sample holder, involving magnetic particle reaction and HRP labelling, and
the electrochemical readout on the IVD platform, which is common for all
kind of targets, regardless of their nature.

III.  RESULTS AND DISCUSSION

A. Electrochemical magneto immunosensing for the
quantification of Mycobacteria

One of the main objectives of this study is to achieve
analytical simplification, aimed at minimizing user
intervention while maintaining analytical performance. This
work is also focused on detecting M. fortuitum through an
amperometric readout using a user-friendly handheld
electrochemical device with an integrated internal
potentiostat. The disposable cartridge encompasses both the
microfluidic system and the electrode, enabling magnetic
actuation and efficient removal of excess samples and
reagents. Notably, the same solution serves a dual role in both
washing and catalyzing the reaction through the HRP enzyme
(referred to as the cartridge solution). As a result, the need for
using multiple buffers is eliminated, streamlining the process
and reducing time, making it simpler for the end-user.
Additionally, the cartridge design allows for the use of a small
solution volume, up to 300 pL.

Fig. 3, Panel A shows the calibration plot from 0 to
2.2x10° CFU mL™! for the detection of the M. fortuitum in
hemodialysis water with the electrochemical immunosensor.
The data was fitted with a non-linear regression (Sigmoidal
4PL, GraphPad Prism Software v 10.0.1, R? = 0.9987) and the
limit of detection (LOD) were calculated, resulting in a value
0f 4.3x10° CFU mL!, by processing 0.1 mL of sample.

A25

25+
-y B
Y 2 z 20-&»
é 15 E 15
s
L2 10 2 10
3 8
£ -
S s S s
0 °
T T T T 1 . ;
0 2 4 6 8 5 10 15 20 25 30

Logyo (M. fortuitum CFU mL™") time (s)

Fig. 3. Panel A. Calibration plot for the for the electrochemical biosensing
of M. fortuitum from 0 to 2.2x10° CFU mL™' with the magneto-actuated
electrochemical immunosensor in water samples (R?= 0.9987). (n = 3). Panel
B. Raw data obtained from the amperometric measurements, performed at
applied potential =—0.150 V (vs. Ag/AgCl). The current value at the steady
current (30 s) was used for the calibration plot.

To further improve the LODs, this work introduces a new
approach  that combines filtration  with  direct
immunomagnetic separation (IMS), enabling the processing
of larger sample volumes (up to 100 mL) by retaining and
isolating bacteria on the filters for subsequent IMS, as outlined
in Figure 4.

Selecting the appropriate filter material is crucial to ensure
a swift filtration workflow, a good removing of the bacteria
retained in the filters by the magnetic particles, while
minimizing nonspecific adsorption of all the reagents
(including the enzymatic conjugate) during the one-step
incubation on the filters. The biosensor integrating the novel
preconcentration method in a one-step incubation (by filtering
100mL of sample), and further electrochemical
immunosensor, shows LODs as low as 5 CFU mL™" [11].
Compared with the electrochemical biosensor without the
integration of the preconcentration method, an impressive 10
fold improvement was achieved.
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Fig. 4. Schematic representation of A) filtration, B) immunomagnetic
separation of the bacteria retained in the filters and labelling in one-step,
followed by C) electrochemical readout for the detection of M. fortuitum in
hemodialysis water performed in a cartridge and handheld device. In Panel
B, experimental details are presented, showing how the filter is positioned
on the Eppendorf tube for inmunomagnetic separation. The photos in Panel
B were captured in 1-second frame sequences.

B. FElectrochemical magneto genosensing for the
quantification of Mycobacteria

To study the analytical performance of the electrochemical
magneto-genosensor for the detection of mycobacteria, a
calibration plot with attenuated samples of M. bovis BCG-
Pasteur strain at different concentrations ranging from 0 to 2.6
x 107 were analyzed. To enhance sensitivity, this study
focused on the genetic amplification of the bacterial genome
on magnetic particles [ 12]. The initial exploration involved the
double-tagging PCR method developed in our labs [12,13,14].
The results for the detection of the amplicons obtained after
the double-tagging PCR with each set of primers 156710
(blue), and gyrB (red) were shown in Figure 4, Panel A and B,
respectively.
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Fig. 5. Calibration plot for the electrochemical magneto-genosensing and
gel electrophoresis of the amplicons obtained by the primers coding for
IS6110 (blue and A) and gyrB (red and B) by processing M. bovis BCG-
Pasteur at different concentrations ranging from 0 to 2.6 x 10’ CFU mL™".
The error bars show the standard deviation for n=3.

The electrophoresis gel image shows the results for the
detection of the IS6/10 and gyrB genes across various
concentrations of the M. bovis BCG-Pasteur strain. In both
panels A (IS6110) and B (gyrB), a unique clear band are
observed at the expected MW corresponding to different
bacterial concentrations, ranging from 2.6 x 107 down to 2
CFU. The negative controls (indicated as C-1) show no signal,
ensuring that there was no non-specific amplification or
primer dimer formation. The intensity of the bands decreases

as the bacterial concentration decreases, which is consistent
with the expected results. Notably, the visual LOD appears to
be at 10* CFU, as this is the lowest concentration where
distinct bands are still visible for both genes. The raw data
from the amperometric measurements, which correlate with
these results, is detailed in Figure 4 (inset panels). The data
were analyzed using a nonlinear regression, the four-
parameter logistic curve (Sigmoidal 4-PL, GraphPad Prism
Software, v.8.0) with values of R’= 0.9909 and R?= 0.9815,
employing the 1S6110 and gyrB amplicons, respectively. The
LOD was calculated for each calibration curve by processing
of the negative controls (n=20) leading a promising LODs as
low as 117 CFU mL™! for gyrB gene, and 518 CFU mL™! for
1S6110.

IV. CONCLUDING REMARKS

The innovative aspects of the device presented in this
study integrate key components aimed at achieving
simplification and portability while maintaining outstanding
analytical performance. The method offers a robust
preconcentration strategy using magnetic particles, facilitating
the efficient capture and concentration of targets. This
approach significantly enhances the detection capabilities,
especially in complex matrices. The user-friendly cartridge
design minimizes user intervention, improving ease of use and
reproducibility, which is critical for consistent results in
diverse settings. The study also highlights the successful
integration of both immunosensing and genosensing
approaches into the platform. Additionally, the handheld
electrochemical readout, powered by batteries, enables on-site
and point-of-care testing, marking a significant advancement
in electrochemical biosensing applications. This portability is
especially beneficial in low-resource settings where
traditional laboratory infrastructure may be lacking.

ACKNOWLEDGMENT

This research was funded by the Ministry of Science,
Innovation and Universities, Spain (Projects PID2019-
106625RB-100/AEI/10.13039/501100011033 and PID2022-
1364530B-100) and from Generalitat de Catalunya (2017-
SGR-220, 2021SGR-00124).

REFERENCES

Global In Vitro Diagnostics Market - Forecasts from 2022 to 2027
(14/01/23) Retrieve from
https://www.researchandmarkets.com/reports/5576462/global-in-
vitro-diagnostics-market-forecasts#product--toc.

[1]

[2] Mabey D et al, 2004. Nat Rev Microbiol 2:231-40

[3] Land KJ et al, 2019. Nat Microbiol 4, 46-54.

[4] Smith S et al, 2018. RSC Adv 8, 34012-34.

[5] LaBarre P etal, 2011. PLoS ONE 6:¢19738.

[6] Food and Drug Administration, 2008. Clinical Laboratory
Improvement Amendments of 1988 (CLIA) Waiver Applications for
Manufacturers of In Vitro Diagnostic Devices.

[7]1 Food and Drug Administration, 2020. Recommendations for Clinical
Laboratory Improvement Amendments of 1988 (CLIA) issued on
January 30, 2008.

[8] Mullis K et al, 1987. Methods Enzymol 155:335-50.

[9] Millat-Martinez P et al, 2021. Lancet Infect Dis 21: 629-36.

[10] Rembaum A. et al, 1982. J Immunol Methods 52:341-51.

[11] Mesas Gomez, M. at al, 2024. Sensors and Actuators B: Chemical 403:

135211.
[12] Lermo A et al, 2007. Biosens Bioelectron 22:2010-17.
[13] Lermo A et al, 2008. Biosens Bioelectron 23,1805-11.
[14] Brasil PR et al, 2009. Anal Chem 81, 1332-39.



resentations and Po

ters

Trafic light-based point-of-care test for the rapid
stratification of fever syndromes

Melania Mesas Gomez
Grup of Sensors and Biosensors
Universitat Autonoma de Barcelona
Bellaterra, Spain
0000-0002-3297-1077

Merceé Marti
Institut de Biotecnologia i de Biomedicina
Universitat Autonoma de Barcelona
Bellaterra, Spain
0000-0002-1846-0043

Quique Bassat
IsGlobal, Hospital Clinic
Universitat de Barcelona

Barcelona, Spain
0000-0003-0875-7596

Abstract— Recent evidence highlights the significance of
STREM-1 and Ang-2 as quantitative biomarkers for assessing
disease severity, treatment response, and outcomes in various
conditions, including malaria, pneumonia, COVID-19, among
others fever syndromes. Elevated sTREM-1 levels have shown
strong correlations with disease severity, multiple organ
dysfunction, and mortality. To aid in risk stratification, patients
in this study were classified into three groups based on their
STREM-1 levels using the WHO-proposed traffic light color
system. A threshold value of 239 pg mL'represented the ‘green
light’, indicating low risk, while levels exceeding 629 pg mL"!
were designated as ‘red light’, signifying an urgent need for
admission. An intermediate ‘yellow light’ indicated further
monitoring. In this paper, we present a rapid test integrating
magnetic separation and electrochemical biosensing on a
portable device operated by batteries. Within less than one
minute, the digital reader provides quantitative readout of the
biomarker levels in pg mL", which is then displayed on the
device's screen and transmitted to the accompanying App via
Bluetooth. The device's performance in classifying sSTREM-1
levels is presented, demonstrating excellent readout results with
a short 15-minute incubation step and a swift 1-minute readout
process. This innovative point-of-care test holds great promise
for aiding clinicians in rapid risk stratification and timely
decision-making, potentially enhancing child survival outcomes
and improving patient management in a variety of fever
syndromes and specific diseases.

Keywords— Fever, infection, triage, clinical trial, rapid
screening test, hand-held reader, sSTREM-1, Ang2

I.  INTRODUCTION

The number of child deaths is rapidly decreasing
worldwide, from over 17 million annual deaths in the 1970’s
to around 5.2 million in 2019 [1]. However, such impressive
progress needs to be nuanced, as significant differences
according to geographical regions remain. Child mortality
reductions have been comparatively modest in low- and
middle- income countries, which now account for up to 99%
of all child deaths [2,3], a striking reminder of the many
inequities that impair global health. In this context, infectious
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diseases remain a leading cause of death among children under
the age of 5, particularly in Sub-Saharan Africa and Southern
Asia, accounting for nearly 2/3 of all global child deaths (5 %)
[4]. Currently, the most common infectious causes of child
mortality are pneumonia (15 % of all under 5 deaths),
diarrheal diseases (8.3 %), malaria (5 %), neonatal sepsis (7
%), meningitis (2 %), and measles (2 %), all of which are
readily preventable (through vaccines or other preventive
measures), or curable (with antibiotics or antimalarials).
Indeed, most infectious diseases are not fatal if they are
recognized early in the course of illness and rapidly treated
once detected by the health system. However, the ongoing
failure to effectively manage infections in low-income
settings continues to result in the death of a child every 10
seconds [2]. The cardinal signal of most infectious diseases is
fever, one of the most common symptoms that lead people to
seek health care and hospital admission, with > 1 billion
annual episodes globally. When triaging sick patients, and
beyond assessing clinical severity, efforts have traditionally
focused on identifying the underlying pathogen (etiological
diagnosis), to better target therapeutic interventions. In low-
income countries, where therapeutic resources are limited, this
"focus on the pathogen" has been driven by the necessity to
identify the most lethal infections, such as bacterial infections
and malaria, that are most likely to respond to specific
treatments including antibiotics and antimalarials. Indeed,
target product profiles have been developed for this purpose
[5]. Moreover, and in the context of the global problem of
antibiotic overuse, pathogen-based diagnostic approaches do
not reduce antibiotic prescription and may even increase their
inappropriate use [6].

The host response plays a crucial role in determining both
the onset and outcome of severe infections. A growing body
of evidence indicates that life-threatening infections share
common pathways in the host response, where the function
and integrity of the endothelium are compromised
(microvascular dysfunction), ultimately leading to end-organ
dysfunction and death [7]. The endothelium is the largest
interconnected organ in the human body, linking all vital
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organs. Endothelial cell activation and subsequent loss of
integrity is a common pathway of injury induced by multiple
life-threatening infections such as malaria, pneumonia
(including COVID-19), toxic shock, dengue, sepsis, among
many others [8]. Thus, these dysregulated host responses to
infection, which trigger microvascular injury regardless of the
infection's cause (i.e., pathogen-agnostic mechanisms of
disease) [8], appear to be a common phenomenon linking
various diseases. Strong evidence suggests that measuring
mediators of these pathways at the initial clinical presentation
(as levels of sTREM-1 or Ang-2) can reliably identify
individuals at risk of severe and fatal infections. Thus, the
breakthrough is to use the host immune and endothelial
activation as an ‘in-vivo biosensor’ to guide triage and
management decisions, with more accuracy than previously
used approaches. The novelty lies here in the possibility to
connect diagnosis and treatment through the same biological
pathway, to both anticipate outcome and guide management
decisions, bypassing inefficiencies in current triaging
practices.

These markers have already been integrated into a 'near
patient' 1-hour multiplex diagnostic platform (Ella™) [9],
demonstrating clear potential for early identification of at-risk
sick children who are most likely to benefit from intensive
care, antimicrobials, and potentially novel therapeutic agents.
However, this approach is costly and requires significant
laboratory infrastructure, making it unsuitable for many low-
resource settings. To overcome these challenges, triaging aids
must specifically address all these critical gaps.

We propose the use of a point-of-care (PoC) biosensor for
detecting 'severity biomarkers' of endothelial and immune
activation as a risk-stratification strategy. By quantifying
these prognostic biomarkers, this biosensor could effectively
risk-stratify fever syndromes from all causes, accurately
identifying patients with severe illness or those at risk of
progressing to life-threatening conditions. This approach
could significantly enhance fever management globally,
leading to a substantial reduction in mortality, disability, and
healthcare costs (Figure 1).
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Fig. 1. Conceptual framework for a Rapid Triage Test to risk-stratify sick
children.

II.  EXPERIMENTAL SECTION

A. Instrumentation

The RDT platform (and the procedure describes in
PCT/EP2022/071078 ‘Device for Assay System, System and
Method’) is composed by two components: A) Disposable
cartridge, including i) the sample holder containing antibody-
modified magnetic particles and labelled-antibody which
binds the biomarker (STREM-1) in 15 minutes, and ii) the

cartridge containing the microfluidic and the screen-printed
electrode and in which the magnetic actuation is performed,
while the excess of sample and reagents are removed by
capillarity, as disclaimed in PCT/EP2022/071078. B) Digital
reader: including the external magnet and the interface
between the cartridge and the digital reader itself which allows
the electrochemical readout in less than one minute. The
output of the device provides a traffic light-based system for
risk stratification. The quantitative data may be collected
directly from the display of the digital reader and sent by
Bluetooth to the App.

B. Antibodies

Various commercial reagents targeting the STREM-1 has
been selected and experimentally tested. The TREM1 Mouse
anti-Human (Clone 193015, R&D Systems™) is a
monoclonal antibody specific for human sSTREM-1, and it was
employed as the capture antibody to immobilize STREM-1
from samples onto magnetic particles. A Recombinant Rabbit
Monoclonal Anti-TREM1 (Abcam) served as a detection
antibody, with its specificity and different species origin
offering the advantage of preventing cross-reactivity.
Additionally, a Human TREM-1 Antibody, Polyclonal Goat
IgG (R&D Systems™), could serve as either a capture or
detection antibody in a sandwich ELISA format. Moreover, a
Human TREM-1 Biotinylated Antibody, Polyclonal Goat IgG
(R&D Systems™), was used due to the typical pairing of
biotinylated antibodies with streptavidin-HRP for the
detection of captured antigens.

III. RESULTS AND DISCUSSION

A. Immobilization of commercial antibodies on magnetic
carriers

Antibodies were covalently immobilized onto the surface
of Dynabeads® M450 tosylactivated magnetic particles
(MPs) in a procedure designed improve the antibody-antigen
interactions, as shown in Figure 2.
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Fig. 2. Study of the efficiency for the covalent immobilization of antibodies
on tosylactivated magnetic particles. The figure presents the results for the
successful covalent immobilization of mouse monoclonal and goat
polyclonal antibodies against TREM-1 onto Dynabeads® M450 magnetic
particles. The graphs display the non-linear fitting (sigmoidal, 4PL model)
of antibody concentration versus absorbance at 450 nm, with R-squared
values 0f 0.9961 and 0.9950 for mouse and goat antibodies, respectively. The
high coupling efficiencies (99.7% for mouse 1gG and 99.8% for goat I1gG)
demonstrate the efficacy of the immobilization process under the optimized
conditions of pH 8.5 at 37 °C, with the specific interactions resulting in
stable, covalently attached antibodies on the particle surface, ready for
subsequent applications. N=3.

The tosyl groups on the MPs, due to their electrophilic
nature, can form stable covalent bonds with nucleophilic



amine groups present on antibodies. These amine groups are
typically located on the lysine residues alongside the antibody
structure. The immobilization process is optimized by
conducting the reaction in a basic environment (pH 8.5) using
a boric acid buffer and allowing the reaction to proceed at
37°C, commonly overnight, to maximize binding efficiency.
The remaining antibodies were quantitatively analyzed
through non-linear regression using a 4 Parameter Logistic
(4PL) model, yielding sigmoidal curves that represent the
binding affinity and saturation of the antibodies on the MPs.
The absorbance was measured at 450 nm, with the mouse
monoclonal IgG and goat polyclonal IgG showing nearly
complete coupling efficiencies of 99.7% and 99.8%,
respectively. These high efficiencies indicate that almost all
the antibodies were successfully bound to the MPs,
confirming the effectiveness of the immobilization procedure.

B. Design of the assay format

The rational design of a immunoassays is critical for
enhancing diagnostic accuracy and sensitivity. Combining
monoclonal, polyclonal, and recombinant antibodies broadens
the spectrum of epitope recognition, markedly improving the
assay sensitivity and the probability of detecting antigens,
even those present at minimal concentrations, as is the case of
TREM-1 target. Such an approach is crucial when dealing
with low-abundance biomarkers, where signal amplification
becomes essential. The integration of the biotin-streptavidin
system, especially when using polyHRP, escalates the signal
manifold, a key factor for the assay lower limit of detection.
The versatility provided by these formats enables assays to be
tailored for a specific sensitivity, specificity, and efficiency.
Thus, the strategic selection of antibody formats and
conjugation methods allows for the crafting of highly
adaptable ELISA platforms, accommodating a wide range of
diagnostic requirements for the point-of-care design.

Figure 3 illustrates different formats of commercial
reagents employed in the magneto-ELISA platform, using a
combination of antibodies for capturing and detecting the
target proteins.
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Fig. 3. Different formats evaluated for the detection of TREM-1 using
commercial reagents in the magneto-ELISA platform.
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These different formats enable the development of a
robust, sensitive, and specific assay for the detection of
STREM-1, crucial for the proposed point-of-care test
performance. The use of these commercial reagents and
formats suggests a sandwich ELISA-type approach on a
magneto-ELISA platform, aiming for high-throughput and
accurate detection of biomarkers in various sample types.
Among the different formats outlined in Figure 3, the one
showing superior analytical performance, as illustrated by the
Figure 4, employs a combination of anti-TREM1 antibodies

and streptavidin-polyHRP (streptavidin  conjugated to
polymeric horseradish peroxidase) for the detection of
STREM-1. In this optimized assay, recombinant anti-TREM1
rabbit monoclonal antibodies are used as capture antibodies,
providing high specificity due to their monoclonal nature. The
detection is conducted using goat polyclonal antibodies
biotinylated to interact with the streptavidin-polyHRP,
enhancing the signal due to the multiple HRP enzymes on
each streptavidin molecule. This allows for a robust
amplification of the signal, facilitating the detection of lower
antigen concentrations. The optimized conditions for the
magneto-ELISA assay, involve the use of a recombinant anti-
TREMI rabbit monoclonal antibody for capturing STREM-1
proteins at a concentration of 10° magnetic particles (MPs) per
assay. For the detection of captured proteins, a biotinylated
anti-TREM1 goat polyclonal antibody is used at 0.2 pg per
assay. The signal is then amplified by streptavidin-polyHRP,
which is used at an amount of 2 ng per assay, indicating a
highly sensitive assay configuration that maximizes signal
output while minimizing reagent use.

C. Optimization of the point of care device

The reduction of time and simplification of the analytical
procedure in diagnostic assays are critical features in the
development of PoC testing platforms. The significance of
these improvements lies in their direct impact on patient care
and workflow efficiency in healthcare settings:

-Rapid decision-making: shorter assay times facilitate
quicker clinical decision-making, which is crucial in acute and
emergency care settings. faster results enable prompt initiation
of appropriate treatments, potentially leading to improved
patient outcomes.

- Increased throughput: simplifying and accelerating the
testing process allows for a greater number of samples to be
processed within the same timeframe, thereby increasing the
throughput of diagnostic laboratories.

-Accessibility: simplified assays that can be conducted
rapidly are more accessible to smaller clinics or resource-
limited settings where complex equipment and specialized
personnel may not be available.

- Quick turnaround times for test results can improve
patient experience and compliance, particularly for outpatient
procedures or in community health programs.

Beside the optimization of reagent concentration, selection
of reagents and formats, in this study, three different assay
timings were compared: "60-60-30," "15-30," and "15-10,"
which represent the incubation times in minutes for various
steps in the immunoassay process.

In conclusion, the "15-10" format would be expected to
provide a substantial increase in efficiency, making it a
favorable option for PoC applications. It suggests that the
necessary interactions between antibodies and antigens, along
with the subsequent signal development, can occur effectively
in a significantly reduced timeframe. Implementing such
optimized protocols in clinical settings can transform patient
care by providing timely diagnoses and enabling immediate
clinical response, which is critical for conditions requiring
urgent intervention.
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Fig. 4. Comparative analysis of optimized assay conditions in magneto-
ELISA and PoC platforms. This figure illustrates the optimized conditions
for the detection of soluble triggering receptor expressed on myeloid cells 1
(STREM-1) using both magneto-ELISA and PoC platforms. The assay
employs anti-TREMI-biotin goat polyclonal antibodies for detection and
anti-TREMI1 rabbit recombinant antibodies for capturing sTREM-1,
combined with streptavidin-polyHRP for signal amplification. The "15-10"
designation indicates the reduced incubation periods (in minutes) for each
step, significantly decreasing overall assay time while maintaining high
analytical performance. The upper graphs show ELISA absorbance results
across a log range of STREM-1 protein concentrations, while the lower
graphs display corresponding PoC electrochemical detection, with current
measured in microamperes (LA). The robust increase in signal with higher
antigen concentrations validates the efficacy of the optimized "15-10" assay
for quick and sensitive sSTREM-1 detection, able to detect the concentration
of clinical interest. N=3

D. Evaluation on different matrix

Figure 5 describes an experimental validation of a
diagnostic assay performed before the optimization phase,
where various biological matrices—PBS (phosphate-buffered
saline), serum, plasma, and whole blood—were tested to
assess the assay's performance. A standard addition, often
referred to as ‘spiking’, was used to evaluate the assay's ability
to detect recombinant soluble TREM-1 (sTREM) across these
different sample types. In this context, ‘spiked’ refers to the
intentional addition of a known quantity of recombinant
STREM-1 to the biological samples to create a controlled
increase in analyte concentration. This approach is often used
to simulate the presence of the analyte in real-world samples
and to validate the sensitivity and accuracy of the assay. The
performance is quantified by measuring the cathodic current
(in microamperes, nA) which is directly related to the
concentration of the detected analyte.
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Fig. 5. Pre-optimization validation of sSTREM detection assay in biological
matrices. This figure shows the results of a diagnostic test ability to detect
varying concentrations of spiked recombinant sSTREM-1 in different
biological matrices: PBS, serum, plasma, and whole blood. The bar graph
illustrates the cathodic current response, measured in microamperes (nA),
corresponding to the assay's performance at each sSTREM-1 concentration
level. Notably, the assay demonstrates a robust ability to identify sSTREM-1
with excellent performance across all matrices, including the complex matrix
of whole blood. N=3.

IV. CONCLUDING REMARKS

In this study, we have demonstrated the potential of a
novel PoC platform based on electrochemical biosensing for

the rapid and sensitive detection of sSTREM-1, key biomarkers
associated with severe infections and disease outcomes. The
platform enables swift risk stratification, providing crucial
information in low-resource settings. The traffic light-based
system and Bluetooth-enabled digital reader facilitate easy
interpretation and immediate decision-making, which is
critical in clinical settings. The results highlight the efficiency
of the antibody immobilization process on magnetic particles,
ensuring high coupling efficiencies for both mouse and goat
antibodies, confirming the efficacy of the immobilization
procedure. Furthermore, the strategic selection and
combination of antibodies in different formats have
demonstrated superior analytical performance, especially
using a sandwich immunoassay. This approach ensures high
throughput and accurate detection of sSTREM-1, even in low-
concentration samples. Future studies will focus on
integrating the current 15-10 min assay steps into a single 15-
minute procedure by producing custom monoclonal
antibodies modified with polyHRP, which are not
commercially available. This advancement aims to streamline
the process, further reducing the assay time while maintaining
high sensitivity and specificity. Additionally, further research
will include the study of Ang-2 alongside sTREM-1,
exploring the potential for multiplexing these two biomarkers.
This approach could provide a more comprehensive risk
stratification tool, enhancing the diagnostic capabilities of the
point-of-care device in detecting severe infections and guiding
timely clinical interventions.By providing clinicians with
quick and reliable stratification data, this platform can
significantly improve patient outcomes, especially for
conditions requiring urgent intervention.
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Laccase electrochemical biosensor based on carbon
nanotubes modified with diazonium salt
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Abstract—We develop an enzymatic biosensor for
phenolic compounds based on the immobilization of the
enzyme Laccase on glassy carbon electrodes modified with
single-walled carbon nanotubes functionalized with
diazonium salt. The biosensor allowed for obtaining fast,
stable, and sensitive electroanalytical responses to various
polyphenolic compounds and was successfully employed in
the determination of the total content of polyphenolic
compounds in lemon verbena extract.

Keywords: Laccase, carbon nanotubes, diazonium salt
polyphenols, electrochemical biosensor.

L INTRODUCTION

In recent decades, nanobiotechnological developments
have been focused on the design of biosensors to achieve
devices with a better analytical performance by exploiting
the synergistic properties of hybrid nanomaterials (HNM),
obtained by combining nanomaterials, functionalizing
agents (organic groups or molecules, ligands, polymers,
etc.) and biomolecules (enzymes, lectins, antibodies, DNA,
etc.). In this sense, the application of carbon nanotubes
(CNT) in electrochemical biosensors has made it possible
to significantly reduce the detection limits and improve the
sensitivity of these devices due to their high response
amplification capacity, their electro-catalytic properties
and high area/volume ratio [1]. Adequate surface
functionalization allows altering the =-conjugated
interactions between the nanotubes, thus overcoming their
tendency to agglomerate, improving their compatibility
with the solvent, and allowing the incorporation of
functional groups for anchoring biomolecules. Covalent
modification of CNTs includes functionalization of the
side walls, edges, ends, and defects. One of the most
important methods for modifying the walls of CNTs is the
coupling of diazonium salts (DS). This strategy allows for
achieving materials with an adequate degree of
functionalization and consequently greater dispersibility in
solvents compatible with biomolecules [2].

In this work, we develop an enzymatic biosensor to
quantify phenolic compounds based on the immobilization
of the enzyme Laccase on glassy carbon electrodes (GCE)
modified with single-walled carbon nanotubes (SWCNT)
functionalized with DS. Laccase is a benzene diol oxido-
reductase belonging to the polyphenol oxidase family of
enzymes and is capable of oxidizing a variety of substrates
(phenols and their derivatives, dyes, ketones, amines, and
anions such as phosphate and ascorbate), in presence of
molecular oxygen as an electron acceptor, producing water
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as the final product of the reaction. These characteristics
have led to the development of biosensors for use in the
food industry, for example in the detection of polyphenols
in fruit juices, wine, and tea, and to detect fungal
contamination in grape musts [3]. Due to the wide range of
substrates that it can oxidize, it has also been used in
contaminated water source treatment and in monitoring
pesticides and hormones [4]. A disadvantage of this protein
is its instability in solution. Consequently, its application
requires optimizing the immobilization on the transducer
materials and evaluating their stability over time. The
biosensor we propose allowed for obtaining fast, stable, and
sensitive electroanalytical responses to diverse polyphenolic
compounds and was successfully employed in the
amperometric determination of the total content of
polyphenols in lemon verbena extract (LVE).

II. MATERIALS AND METHODS

A. Reactives

SWCNT of chirality (7, 6) containing more than 77% of
nanotubes with (0.7 to 1.1) nm of diameter (704121-16), 4-
aminobenzoic  acid  (pBA), anhydrous N, N-
dimethylformamide (DMF), acetonitrile and isopentyl nitrite,
Laccase from Trametes versicolor (oxygen oxidoreductase,
EC 1.10.3.2), N-hydroxysuccinimide and N-etil-N'-(3-
dimetilaminopropil) carbodiimide hydrochloride were from
Sigma-Aldrich. All reactives were of analytical degree. All
solutions were prepared with ultrapure water (18 MQ cm).

B. Functionalization of SWCNT

SWCNT were functionalized with the DS obtained from the
4-aminobenzoic acid (p-BA), as shown in scheme 1. Briefly,
200.7 mg de SWCNT (16.725 mmol) were dispersed in 50
mL of DMF in an ultrasonic bath (Heischer model UP400S)
for 1 h and then with an ultrasonic probe (VCX 130W probe
from Sonics and Materials with a 6 mm diameter titanium
alloy micro-tip) for 30 min using cycles of 30 s with
amplitude of 60% in an ice bath. Then 2.7455 g (20.02
mmol) of p-BA were dissolved in 50 mL of deoxygenated
DMF and added to the dispersion of SWCNT under N, flow.
To produce the DS, 2 mL of isopentyl nitrite were added and
the reaction was allowed to proceed for 17 h at 60 °C under
stirring. The reaction product was exhaustively washed with
DMF and dimethy] ether, filtered under vacuum and dried in
an oven to constant weight. The product obtained is named
SWCNTs-pBA. This nanomaterial was characterized using
different  techniques, as described below. From
thermogravimetry analysis, a loss of mass of 23 % was
determined that corresponds to the amount of organic
material attached to the nanotubes (not shown).
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Scheme 1: SWCNT functionalization reaction.

C. Equipment

Spectrophotometric determinations were carried out with a
Shimadzu UV-2600 spectrophotometer and a 0.1 cm
optical path quartz cuvette. Raman spectra were obtained
with a Horiba Jobin Yvon Model HR 800 UV Raman
microscope with laser of 632.8 nm and 514.5 nm of
wavelength. 100X or 50X objective lens were used to
focus the laser beam and collect the scattered Raman
signal. The power of the laser used to analyze the solid
samples and GCE/SWCNT-pBA was 0.33 and 0.12 mW,
respectively at A=632.8 nm, and 0.09 and 0.04 mV at
A=514.5 nm, respectively. The acquisition time was 5
seconds for an average of 5 spectra per sample. These
conditions were selected to avoid inducing heating damage
of the samples. FTIR spectra were recorded with a Thermo
Scientific Nicolet iN10 infrared Microscope between 400
and 4000 cm™' (64 scans, 4 cm™' resolution); Zeta potential
was measured using a Zsizer SZ-100Z, provided with a
semiconductor laser excitation solid-state (532 nm, 10
mW) and using the laser-Doppler velocimetry technique.
Cyclic voltammetry (CV) and chronoamperometry (CA)
were performed with an Autolab PGSTATI28N and a
Teq4 potentiostat, respectively. A GCE of 3 mm diameter
(CHI104, CH Instruments), a Pt wire, and an Ag/AgCl, 3M
NaCl electrode (RE-5B, BAS) was used as working,
counter and reference electrode, respectively [5]. All
reported potentials are referred to this reference electrode.
All the experiments were performed at room temperature.

D. Obtention of SWCNT-pBA dispersion

0.50 mg of SWCNTs-pBA were dispersed in 1 milliliter of
a mixture of ethanol/water 50/50 % V/V by sonication with
the ultrasonic probe for 20 min, followed by
ultracentrifugation at 15000 rpm to decant impurities and
agglomerated nanotubes. The effectiveness of the method
and the colloidal stability over time were evaluated by
measuring the absorbance at 254 nm of 1/10 dilutions of the
supernatant. The colloidal dispersion was stable for at least
60 days after preparation (not shown).

E. Surface modification

GCE were cleaned by polishing with alumina powder 0.05
um for 2 min, followed by sonication in deionized water for
30 s. The electrodes were electrochemically treated
applying fifteen consecutive cycles of potential between -
0.30 V and 0.80 V at 0.100 Vs in 0.10 M, pH 7.0
phosphate buffer (PBS). The electrodes were then modified
by drop coating with 10 pL of the SWCNT-pBA dispersion
and the solvent was allowed to evaporate at 60 °C for 20
min. The electrode is named GCE/SWCNT-pBA.

F. Preparation of lemon verbena extracts

The extracts were obtained from 1.0 g of dry leaves in 10
mL of ultrapure water, heating at 80 °C for 25 minutes. The
extracts were filtered with an acetate filter of 0.22 pm. The

total contain of polyphenols (TCP) was determined by the
Folin-Ciocalteu (FC) method [6]. Calibration curve was
obtained by mixing a volume of a stock solution of 3,4,5-
trihydroxybenzoic acid gallate (gallic acid, GA) with 0.25
mL of FC reactive and water. The final volume was adjusted
to 5.0 mL with ultrapure water to obtain standard
concentrations between 1.0 — 20.0 mg/L. After 8 min, 1.7
mL of Na,COs 7.5 % P/V was added, the reaction was
allowed to proceed for 30 min at room temperature and the
absorbance was measured at 765 nm. The same procedure
was performed using 25uL of LVE instead of GA.

G. Chronoamperometrical measurements and statistical
analysis of the response

CA experiments were carried out under convective
conditions, achieved by magnetic stirring. The transient
current was allowed to decay to a steady state value before
the addition of a given amount of the polyphenol and the
subsequent generated current was monitored as a function of
time, calibration curves were thus obtained. The sensitivity,
S, of the biosensor was determined from the slope of the
fitting line of the linear portion of the calibration curve. The
detection (LOD) and quantification (LOQ) limit were
calculated as 3.3x SD/S or 10xSD/S, respectively, where SD
is the standard deviation of the background current. The
response of the biosensor towards catechol (CAT),
hydroquinone (HQ), resorcinol (RES), GA, and bisphenol A
(BPA) was analyzed. The potential for the CA experiments
was selected for each substrate according to their
electrochemical response evaluated from CV at the working
pH (pH =5.0), being 0.200 V, 0.050 V, 0.100 V for CAT,
HQ, RES, respectively and 0.000 V for GA and BPA.

III. RESULTS AND DISCUSSION

A. Abbreviations and Acronyms

Hybrid nanomaterials (HNM), carbon nanotubes (CNT),
diazonium salts (DS), lemon verbena extract (LVE), 4-
aminobenzoic acid (p-BA), glassy carbon electrodes (GCE),
N-hydroxysuccinimide (NHS) and N-etil-N'-(3-
dimetilaminopropil) carbodiimide (EDC), single-walled
carbon nanotubes pristine (SWCNT) and SWCNT modified
with p-BA DS (SWCNT-pBA), cyclic voltammetry (CV),
chronoamperometry (CA), total contain of polyphenols
(TCP), Folin-Ciocalteu (FC), gallic acid (GA), catechol
(CAT), hydroquinone (HQ), resorcinol (RES), GA and
bisphenol A (BPA), gallic acid equivalent (GAE), detection
limit (LOD) and quantification limit (LOQ), gallic acid
equivalent (GAE).

B. SWCNT-PBA characterization

Table 1 shows the ratio of D and G intensity bands (Ip/Ig)
of the Raman spectra of the nanomaterial, the values are the
average of 5 independent measures. Solid samples of pristine
and functionalized SWCNT as well as the spectra of
modified electrodes GCE/SWCNT-pBA were analyzed. The
functionalized nanomaterial shows a notorious increase of
Ip/lg compared to SWCNT, with values dependent on the
wavelength used, in agreement with previous reports [7].
Similar Ip/lg values are observed for the SWCNT-pBA
before and after ultrasonic treatment and deposition on GCE,



pointing that this energetic treatment does not produce
significant structural modifications in the nanomaterial.

TABLE I. RAMAN CHARACTERIZACION OF SWCNT-pBA

Material In/lc In/l
2=632.8 nm A=514.5 nm
SWCNT (0.0474+0.0006) |(0.0484+0.0006)
SWCNT-pBA (0.48+0.01) (0.68+0.03)
GCE/SWCNT-pBA (0.396+0.006) (0.69+0.02)

The nature of the functional groups incorporated into
the SWCNT was identified by XPS and FTIR spectroscopy.
Fig. 1A shows the XPS high-resolution spectra for Cis and
O1;. Some changes in the contributions of Cis are observed
after chemical modification of the nanotubes, the
contribution of C-O bond from alcohols, phenols, and
ethers increased 6.3% and appears a new contribution due
to the C=0 bond of the —COO" groups incorporated.
Additionally, the modified nanotubes present an increase
in the percentage of oxygen content (6.2 % for SWCNT
and 10.3 % for SWCNT-pBA), and a noticeable change in
the relative proportion of C-O and C=0O bonds in the O
spectra (plots ¢ and d).
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Fig. 1. A) High-resolution XPS spectra of Cy, (a and b), Oy, (¢ and d) of
SWCNT (a and c¢) and SWCNT-pBA (b and d). B) FTIR spectra of
SWCNT and SWCNT-pBA.

Fig. 1 B shows the FTIR spectra, SWCNT exhibits
only a broad band in the region of 3500 cm™' probably due
to adsorbed water or other impurities, in agreement with

the XPS results that showed the presence of O contributions.
The introduction of chemical functionalities leads to the
disruption of m—m interactions, producing more intense
bands than those detected in the spectra of the original
material. SWCNT-pBA shows peaks at 3332 cm™! and 1316
cm™! from vO-H and vC-O of the carboxylic acid groups,
3072 cm! from the aromatic vC-H, 2920 and 2850 cm™' of
asymmetric and symmetric vC-H sp? respectively, 1720 cm
! of vC=0 of carboxylic acid group, 1655 and 1525 and
1420 cm™ from aromatic vC-C bond overlapped with the
asymmetric and symmetric stretching vibration of
carboxylate group, a signal at 1370 cm™' from 50O-H. The
increase in the O content and the signals identified in the
FTIR spectra evidences the presence of carboxylic groups,
among other oxygenated functions, on the surface of the
nanomaterial. These functional groups provide the
nanotubes with pH-dependent surface charges that allow the
stable dispersion of the nanomaterial in the solvent used. In
this sense, the zeta potential increases from around 0V at pH
4 to -40 mV at pH 9 (not shown). The presence of the
functional groups was also analyzed by electrochemical
characterization of the SWCNT-pBA response (no shown).

C. Laccase immobilization

Lac can catalyze the oxidation of o-, m-, and p-benzenediols
and phenol to o-, m-, p-quinones or radical species in the
presence of molecular oxygen according to the reaction:

laccase

1
AHy +5 0, —— A+ Hy0

where AH, and A are reduced and oxidized states of phenol,
in this work CAT, HQ, RES, GA, and BPA. The product of
the enzyme oxidation is subsequently reduced at the
electrode working at the appropriate potentials [3]. The
advantage of this enzyme is that it does not require any
cofactor for the catalytic reaction, but it could be unstable
after immobilization, causing a decrease in the sensitivity of
the biosensor over time. Thus, the first step in the
construction of the enzymatic electrochemical biosensor was
to achieve adequate immobilization of the protein, which
would allow the connection between the electrode and the
substrates of the enzyme, maintaining its activity without
releasing it into the solution or producing significant
denaturation during its immobilization. We employed two
methods to select the best condition for the immobilization
of Lac on GCE/SWCT-pBA: 1) physisorption (phys) for 60
min from a Lac solution 2.0 mg/mL avoiding solvent
evaporation, and 2) covalent bonding (cov) by cross-linking
to activated carboxylic groups of the nanotubes. In the
second method, the activation was performed using 100 mM
equimolar solution of EDC and NHS for 20 min, followed
by Lac adsorption under the same conditions of method 1.
The response towards catechol of both biosensors was
compared and the variation in sensitivity with successive
uses and over storage time was evaluated. Fig. 2A shows a
CA response of catechol at GCE/SWCT-pBA/Lacpnys and
the corresponding calibration curve (inset) from whose
slope we determined the sensitivity of the electrode. Fig 2B
presents the variation of the biosensor’s sensitivity as a
function of storage time.
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Fig.2. A) CA response of GCE/SWCNT-pBA/Lacyys. Inset shows the
corresponding calibration plot. B) Variation of the sensitivity as a
function of the storage time for Lac physisorbed or covalently bonded to
GCE/SWCNT-pBA. Sensitivity was determined from calibration plots for
catechol at a potential of 0.200 V as average of two independent
measurements. Supporting electrolyte: acetate buffer 0.1 M pH 4.5.

The sensitivity value of recently prepared biosensor was
(13.840.2)puAmM™"! and (12.9£0.6) pAmM!' for Lac
physisorbed and covalently bonded, respectively. For both
methods, the bioelectrode response shows almost the same
decrease of their initial response after 11 days, (60+11) %
and (59+14) % for physisorption and covalently bonded
enzyme, respectively. Considering these results,
physisorption was selected for the following experiments
because requires less preparation time and reduces the
reagents needed. The biosensor response to the other
polyphenols was also evaluated in different supporting
electrolytes, and pH selecting the most appropriate one.
Table 2 shows the analytical parameters obtained for the
best conditions.

TABLE II. ANALYTICAL PARAMETERS OF THE BIOSENSOR

Substrate Sensitivity* Kw’ LOD/LQO
(A mM™) (M) )
CAT (17.8+0.7) (111+9) 0.6/2
HQ (7+1).10 (37+1) 0.2/0.5
RES (0.150+0.007) |(6.4+0.2).10° 140/400
GA (13.440.8) 180+2 1/3
BPA (4.0+0.4) ND 4/11

*Supporting electrolyte 0.10 M Britton-Robinson buffer pH=5.0

D. Bioelectrochemical determination of TCP in lemon
verbena extracts

TCP in LVE was determined by the standard addition
method. Fig. 3 shows the calibration curve, as average of 5
independent measures, obtained with GCE/SWCNT-
pBA/Lacynys. From the calibration curve a TCP = (12.9 +
0.6) mM, or (22+1) mM of gallic acid equivalent (GAE)
was determined. From FC method a TCP= (14.1+£0.7)mM
or (24+x1) mM GAE was determined. These results
evidence a good agreement between both methodologies.
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Fig. 3. Calibration plot of LVE quantification by standard addition of GA
acid. Eq;= 0.000 V. Supporting electrolyte: acetate buffer 0.1 M pH 5.0.

Iv. CONCLUSIONS

Single-walled carbon nanotubes were functionalized by
grafting with diazonium salt from 4-aminobenzoic acid. The
chemical groups at the surface of the nanomaterial provided
them with pH-dependent surface charges that allowed
obtaining reproducible and stable colloidal dispersion for
more than 60 days. The glassy carbon electrodes modified
with the nanomaterial were a suitable platform to
immobilize the laccase enzyme through physisorption. The
biosensors maintain 60% of their initial response even after
10 days. With the optimized design, the detection of
different polyphenols, that may be present in food samples,
was feasible. Additionally, the biosensor shows an
acceptable response to bisphenol A, a contaminant usually
found in wastewater. The enzymatic biosensor was
successfully validated for the detection of total contain of
polyphenol in lemon verbena extracts. These results suggest
this biosensor could be an alternative or complementary
method for the determination of antioxidants in beverages or
for polyphenols quantification in contaminated water.
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Coacervates, also known as molecular condensates are
peptide-based membraneless liquid-liquid phase separated
domains. As coacervates must maintain charge equilibration,
they are adept at sequestering and concentrating molecules
from solution. We have demonstrated that coacervates provide
a simple and biocompatible medium to improve nucleic acid
biosensors through sequestration; sequestration results in
increasing the local concentration within the coacervate. Using
positively charges polypeptides such as polyarginines along with
ATP as a counter ion we form coacervates capable of improving
FRET-based nucleotide biosensors. Within the coacervates the
limit of detection was lowered, the signal to noise was improved,
and the kinetics were faster. We also show that the order of
addition does not modify the improvement.

Keywords—Coacervate, Molecular
Biosensing, FRET

Condensate, DNA,

I. INTRODUCTION

Detecting RNA and DNA is crucial for identifying viral,
bacterial, and mycotic infections, with emerging potential in
biomarker applications for various human diseases[1].
Oligonucleotide based probes, such as fluorescent molecular
beacons (MBs), are popular for their ease of synthesis and
readout[2]. Hairpin (HP) form DNA probes, single stranded
(ss) DNA with a stem-loop secondary structure, are effective
in conjunction with Forster resonance energy transfer
(FRET)-based fluorescent readouts. MBs labeled with
fluorescent dyes show efficient donor-acceptor energy
transferr in the HP form, resulting in changes in fluorescent
emission ratios upon target binding and rearrangement of the
MB structure.

Peptide-based coacervates, also referred to as molecular
condensates, have gained attention as a biomaterial with
diverse applications, from biosensing to drug delivery[3].
These  liquid-liquid  phase-separated domains form
micrometer-scaled structures, creating a condensed phase rich
in biomolecules, separating from the original aqueous solution
but having no actual membrane[4]. Coacervates exhibit
varying degrees of supramolecular order within a mostly
disordered system[5]. The continuous aqueous environment
enables steady exchange between phases, crucial for
biosensing applications. Due to their charge equilibration,
modified hydrophobicity, and dielectric constant, coacervates
can sequester and concentrate molecules from the solution[6].

Simple peptide-derived coacervates have been shown to
recruit nucleotides into the condensed phase, resembling
proteins enlisting DNA or RNA within membraneless
compartments within cells[7].

By combining these two approaches, we recently
demonstrated that nucleotide based probes such as MBs
sequester, or colocalize, into the coacervates increasing local
concentrations[8].  This  resulted in  considerable
improvements in the limit of detection (LOD), as well as the
signal to noise. Furthermore, we observed an increase in
kinetics, the end-point of the sensing occurring on average 4.4
times faster[8]. The question arose ,whether this was due to
destabilization of the HP MB within the coacervates. To test
this hypothesis we inverted the order of addition, having either
the MB or the target already sequestered into the coacervate
and then adding the other component, and observed reaction
kinetics. In a aqueous buffer condition the order of addition
did not modify the kinetics nor the form of the signal. Yet in
the case of the coacervate system, the kinetics appeared to be
unmodified and the final signal are similar, but the spectral
changes are unique depending on the order of addition. This
implies that if destabilization of the HP form is occurring it is
very fast as well as that intake of the MB into the coacervate
strongly changes dye fluorescence.

II. MATERIALS AND METHODS

Peptides (polyarginine, Rg) were purchased with the
trifluoroacetic acid removed from Biosynthesis, while DNA
was purchased from IDT. All other reagents purchased from
Sigma Aldrich and used as is. The utilized buffer was 10 mM
Tris-HCI, 15 mM KCl, 0.5 mM MgCls, pH 7.6.

Coacervates were formed as detailed previously[5]. In
brief, stock solutions of the peptide, ATP, and DNA, along
with the buffer solution were prepared in deionized water. The
peptide was added to the buffer in an Eppendorf tube so that
400 uM would be the final concentration and then ATP was
added subsequently, at 750 pM final concentration, and mixed
through pipetting. The DNA, MB or target, was then added at
250 nM concentration and allowed to sequester for 20 minutes
at RT before the complementary strand was added.

Solution based fluorescence spectra were measured at 20
°C using a TECAN Spark plate reader exciting from above on
a 384-microwell plate. An excitation wavelength of 520 nm
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was used to excite the sample and the fluorescence emission
was measured from 540-725 nm with 5 nm steps when
collecting the entire spectra, or the Cy3 and Cy5 peaks were
followed at 570 and 670 nm, respectively.

Confocal fluorescence microscopy was performed as
reported previously[8]. Briefly, 20 ul of sample was imaged
onaLeica TCS SP8 STED 3X with a 60X objective lens (with
oil immersion). Excitation at 520 nm with the emission range
collected (540-740 nm) for total intensity.

FRET is the non-radiative energy transfer through dipole-
dipole coupling of an excited donor molecule to the ground
state of an acceptor molecule. FRET is efficient on the nm
scale and can be followed through changes in fluorescence
intensity, making it an optimal tool for determination of DNA
rearrangement. An in depth description of FRET is beyond the
scope of this manuscript but many excellent reviews are
available[9].

III. RESULTS

A. Biosensor improvement through utilization of
coacervates.

The chosen MB was a 24 nucleotide length ssDNA with
a Cy3 dye on the 3’ end as a FRET donor and a Cy5 dye on
the 5” end as a FRET acceptor. The sequence of the MB was
5Cy5/CTACTATTTTGATGAGATAGTAGA/3Cy3 with
the target strand we wished to detect a 16 nucleotide sSDNA,
TCTACTATCTCATCAA, complementary to the section in
bold in the MB. In the absence of target strand the MB would
fold into a HP shape (see Fig. 1) placing the Cy3 and Cy5 in
close proximity resulting in high FRET. Upon binding of the
target the MB took a more linear form, separating the dyes
and decreasing the FRET. The dsDNA form was determined
to have a melting temperature of 48 + 2 °C, indicating that
the binding of the target was generally irreversible at the 20
°C we worked at[8]. This was demonstrated in both an
aqueous buffer as well as in a solution containing the
coacervates.
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Fig. 1. Schematic and fluorescence emission spectra of MB in (A) HP form
and (B) ds DNA form.

Sequestration of nucleotides within coacervates has been
observed in cellulo, principally RNA was observed as it is
more prevalent in the cytosol[10]. While Liu et al where able
to demonstrate in vitro a 40000-fold increase in local
concentration of nucleotides into coacervates using a
polymer-oligopeptide hybrid to form the coacervate[6]. Our
own work quantified that more than 99.6% of the DNA was
found within our Ro-ATP coacervates using centrifugation
and microscopy (see Fig. 2)[8].

Fig. 2. Confocal fluorescence image showing the MB colocalized into the
coacervate interior. Excitation at 520 nm and emission collected from 540-
740 nm.

One could represent the coacervate as reducing the
solution volume by orders of magnitude, we estimate at least
100-fold, allowing the target and MB to interact at a greater
rate[8]. By following the change in Cy5/Cy3 emission ratio
we were able to demonstrate a 20-fold decrease in LOD of
our MB for target DNA by including coacervates in our
solution (see Fig. 3). It was also observed that the
colocalization of the organic dyes, Cy3 and Cy5, within the
coacervate increased their fluorescent quantum yield (QY)
due to the increased viscosity of the medium[11]. This in turn
results in an improved signal to noise as observed in the
uncertainties seen in Fig. 3.
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Fig. 3. Fluorescence emission ratio normalized to no target addition in
buffer (blue) and coacervate (green) conditions. Uncertainties arise from
triplicate experiments. The limit of detection was determined as 3 times the
standard deviation of a sample with no target addition.



B. Effect of order of addition.

Due to the strong charge distribution of the Ry
polypeptide (strong positive charge) and the DNA (negative
charge), it was expected that the biopolymers would interact.
In fact, in previous work from the lab, it was observed that if
the peptide concentration was insufficient to form the
coacervate it would complex the MB and deactivate its
functionality as a biosensor[8]. The hypothesis arose that the
coacervate could be destabilizing the HP structure of the MB.
To test this hypothesis we undertook an experiment in which
the order of addition of the MB and target was inverted to test
what appearance the fluorescence ratio had over the time
course of the experiment. We prepared samples that
contained either: buffer only or included coacervates in the
solution, and then either added the MB only, the target only,
or no DNA and then pipetted these into a 384-well plate. We
subsequently waited 20 minutes and then added the
complementary DNA (i.e. added target to the MB wells and
MB to the target wells) or the preformed dsDNA in the case
of the wells that had no previous DNA using a multipipetter
and began following the Cy5/Cy3 fluorescence ratio (see Fig.
4). For this experiment, the proportion of target to MB was
keptat 1:1.
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Fig. 4. Time trace of Cy5/Cy3 emission ratio where the DNA in the legend
is added at to. The complementary strand is already found in the solution. (A)
Buffer condition. (B) Coacervates. Uncertainties arise from duplicate
experiments.

As can be observed in Fig. 4A the effect of order addition
within buffer solution is null. In the case of the coacervates it
was observed that the kinetics of the reaction were, at least, 7
times faster (note the difference in the scale of the x-axis); it
is not readily apparent if the buffer conditions had reached
the end-point. Though within the coacervate condition it did
not appear as if the order of addition mattered, in as far as the
time required to reach an end-point, both reaching the end-
point at around 900 s. This suggests that if the coacervate is
destabilizing the HP form of the MB, this occurs quicker than
the diffusion kinetics of the DNA within the coacervate.

What is unique about the order of addition in coacervates
is that due to the changes in fluorescent QY of the dyes the
relative signal change is inverted when adding the target or
the MB. If the MB is already within the coacervate then the
addition of the target causes the Cy5/Cy3 ratio to decrease as
target diffuses into the coacervate and transforms it from the
HP to dsDNA form, consistent with a decrease in FRET
efficiency. If the target is within the coacervate and the MB
is added second, we actually observe an increase of the
Cy5/Cy3 ratio. This is counterintuitive since the FRET
efficiency of the system has gone down. What was
subsequently realized is that though the FRET decreased
from 96% to 32%, the increase of the dye QY's from 0.16 to
0.62 in the case of Cy3 and from 0.28 to 0.36 for Cy5, actually
outweighs the decrease in FRET.

IV. CONCLUSIONS

In summary, peptide based coacervates are an optimal way
to sequester nucleotides, including MBs. Through
sequestration, the local concentration is enhanced and the
LOD is improved. Coacervates provide additional benefits,
including an environment that enhances the fluorescence QY
of cyanine dyes located in their interior. This effect improves
the signal-to-noise of the bioassay, but does make it possible
that the observed signal may depend on the order of addition.
Making it paramount that a proper experimental design be
implemented and followed. We show in this work that the
end-result is not modified upon the order of addition, so if we
only look at the fluorescence ratio, for example at the 30 min
mark, than any approach is valid. Finally, in this manuscript
we show that if the enhanced kinetics are in part driven by the
destabilization of the HP form of the MB, this occurs on a
scale that is quicker than our experiment could detect, and
therefore the order of addition is not crucial to the kinetics
enhancement. We conclude that any HP destabilization occurs
faster than the diffusion time of the nucleotide into the
coacervates.
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Abstract— After the crisis generated by the COVID-19 pandemic, countries around the world, especially developing countries, are
seeking sovereignty over their health systems. Sovereignty can be achieved through research and technological development of new
and improved strategies for detecting, diagnosing, prognosis, and predicting the curse of established, current, or emerging diseases.
Biosensors can contribute to this need by providing detection tools that are highly sensitive, specific, and easy to implement at the
point of care. However, transitioning these technologies to society requires evaluation in different environments related to each
device's technological readiness level (TRL). This work reports on an electrochemical immunosensor for detecting SARS-CoV-2,
tested it in a relevant decentralized environment. For this purpose, an electrochemical immunosensor based on magnetic beads was
developed to detect the spike-ACE2 protein complex by enzymatic amplification and a redox reaction that could be measured in a
sensitive and specific way by chronoamperometry. This device was validated with 150 samples (101 samples from infected patients
and 49 from healthy individuals), demonstrating a high clinical performance with a clinical sensitivity of 96.04 % and a clinical
specificity of 87.75 %, correlated with polymerase chain reaction (RT-PCR) as the gold standard. Finally, its technological
applicability was demonstrated in a relevant decentralized environment by analyzing thirty previously validated samples, where
93.33 % of them did not show statistically significant differences with respect to the data from our laboratory. The grade o maturity
of the device achieved demonstrate the potential of biosensors for detecting infectious pathogens.

Keywords—Clinical validation, SARS-CoV>-2, spike protein, immunosensor, magnetic beads, electrochemical biosensor.
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purpose. These devices can take advantage of biorecognition
molecules' high affinity and nanomaterials' unique properties
for the rapid, specific, and highly sensitive detection of

I. INTRODUCTION

Emerging infectious diseases constitute a serious health

problem due to their rapid spread and their impact on patients,
who may respond differently to infection, leading to serious
infectious processes and sometimes even death [1][2]. Events
such as the COVID-19 pandemic have shown that there is still
a long way to go in addressing emerging infectious diseases.
Nanobiosensors emerge as promising detection tools for this

biomarkers at different molecular levels, offering a smart
solution to the limitations of conventional methods. [3][4].

The development of this type of device paves the way for the
sovereignty of the health systems of each country so that when
faced with another possible health emergency, they would not
depend on the technological production of other countries but
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would instead have the capacity to rapidly develop their own
diagnostic and prognostic tools with adequate analytical
services for the detection and screening of the population at
the point of care and in the shortest possible time.

In this work, we developed an electrochemical immunosensor
for detecting the SARS-CoV-2 Spike protein. The proof of
concept was first analytically characterized, showing high
performance. Subsequently, the device was clinically
validated under laboratory conditions by analyzing 150
samples, 101 samples from patients infected with COVID-19
and 49 healthy individuals, previously analyzed by RT-PCR
as a gold standard. Finally, it was validated in a relevant
environment, outside our laboratory, by analyzing thirty of the
previously validated samples and statistically comparing the
differences of the measurements in both environments.

II. METHODOLOGY

A. Materials

Dynabeads™ MyOne™ carboxylic acid (Ref. 65011) was
obtained from Thermo Fisher Scientific. SARS-CoV-2
(2019-nCoV) spike antibody, rabbit PAb (Ref. 40591-T62);
SARS-CoV-2 (2019-nCoV) spike S1-His recombinant
protein (Ref. 40591-VO8H) were obtained from Sino
Biological. N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) (Ref. E6383-5G), N-
hydroxysuccinimide (NHS) (Ref. 130672-5G) and 2-(N-
morpholino) ethanesulfonic acid sodium salt (MES), were
purchased from Sigma-Aldrich. Potassium hydrogen
phosphate (KoHPO,) and disodium hydrogen phosphate
(Na;HPO4) were acquired from PanReac AppliChem.
Potassium dihydrogen phosphate (KH»PO4), potassium
chloride (KCl), and sodium chloride (NaCl) were obtained
from J.T. Baker®. Sulphuric acid (H,SO4) was purchased
from Honeywell FlukaTM. Human ACE2 biotinylated
antibody (Ref. BAF933) was obtained from R&D systems.
Soluble TMB (Ref. 613544-100ML) was obtained from
Merck. Streptavidin-poly-HRP-80 (Ref. 65R-S105PHRP)
was obtained from Fitzgerald.

25 mM MES buffer pH 6.5 was used to activate carboxylic
groups and conjugate anti-spike antibodies. In addition, 0.15
M Phosphate-buftfered saline 1X pH 7.4 (PBS) was used to
conjugate the spike protein. ChemCruz
radioimmunoprecipitation lysis buffer (RIPA, Ref. sc-
24948), containing 1% phenylmethylsulphonyl fluoride
(PMSF), 1% sodium orthovanadate, and 2% protease
inhibitor cocktail, was used for lysing viral particles and
samples.

B. Immunosensor assembly

The immunosensor design consists of carboxylated
submicrometer magnetic beads decorated with a capture
antibody that pre-concentrates the spike protein from patient
samples and interacts with angiotensin-converting protein 2
(ACE2). A sandwich with a biotinylated anti-ACE2 signal
antibody interacts with the streptavidin-poly 80 (HRP)
enzyme complex. In the presence of hydrogen peroxide and a
mediator, this enzyme produces an electrochemical signal on
the surface of a screen-printed electrode that correlates with
changes in protein concentration, recorded on a portable
potentiostat by  chronoamperometry.  Electrochemical
measurements were performed using a three-electrode SPAUE

cell on a PalmSens4 potentiostat with PS Trace analysis
software [5].

C. Clinical validation

150 samples from people in Medellin, Antioquia, Colombia,
with COVID-19-related symptoms were collected between
November 2022 and May 2023 by nasopharyngeal swabs and
tracheal aspirates and analyzed by RT-PPCR, measuring the
viral load of the 2N and E genes of SARS-CoV-2. By this
technique, 101 of the samples were found to be positive and
49 negative. These samples were lysed with RIPA lysis buffer
and analyzed with the electrochemical immunosensor. This
work was endorsed for validation in human samples by the
bioethics committee of the University of Antioquia with
approval act N° 22-04-986 on June 15, 2022.
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Fig. 1. A) Immunosensor electrochemical response with increasing
concentrations of 0, 0.1, 0.3, 0.5, 0.8, and 1 mg/mL of the spike protein
amplified with streptavidin-HRP (poly) 80 and B) Corresponding calibration
curve (current absolute value).

D. Validation in a relevant environment

Of the 150 validated samples, 30 were selected (20 positive
and 10 negative) and analyzed with the immunosensor under
conditions outside the laboratory in a diagnostic center in
Medellin, Antioquia, Colombia, and the measured signals
were compared with the data obtained during validation.

III. DISCUSSION AND RESULTS

A. Immunosensor assembly

The immunosensor developed takes advantage of the high
affinity of the SARS-CoV-2 spike protein for ACE2 protein,
which has been reported to be 10-20 times higher than that
evidenced by SARS-CoV-1. In addition, its design is based on
magnetic beads, which allow the spike protein to be pre-
concentrated directly from the sample, facilitating washes and
reducing the effects of interferents present in biological
matrices. In addition, the biosensor implements a streptavidin-
poly 80 (HRP) enzymatic complex as an amplification system
to generate a redox reaction in the presence of TMB and H,O,,
which can be measured by chronoamperometry. The
parameters involved in the development of the immunosensor
were rapidly screened by spectrophotometry, obtaining the
highest absorbance signal and the lowest signal-to-noise ratio
by conjugating the capture antibody in MES buffer at pH 6.0
for 2 hours, with 1% casein as blocking agent, 20 pg of
magnetic beads, and with concentrations of 12 pg/mL for the
capture antibody, 2 pg/mL of ACE2 protein and anti-ACE2
antibody, and 50 pg/mL of streptavidin-poly 80 (HRP). The
optimal values of each parameter were used in the
electrochemical detection, showing a high correlation [5].



For the -calibration curve, commercial spike protein
concentrations from 0 to 1 pg/mL were -evaluated,
demonstrating a sensitivity of 0.83 pA*mL/pg, a LOD of
22.55 ng/mL, and R? = 0.997 (see Figure 1), characteristics
comparable with other literature reports, and clinically
relevant. Next, the immunosensor was evaluated between 1
and 10° copies/mL of artificially assembled pseudovirions,
demonstrating a sensitivity of 1.28 pA*mL/copies, a LOD of
0.12 copies/mL, and high linearity, i.e., R? = 0.982. But when
evaluated against viral particles cultured from an infected
patient inactivated by UV-light exposure for 30 min, a low
sensitivity 6.0 x 10”7 pA*mL/copies and worst LOD of 4.17 x
10* copies/mL (R? = 0.987) in a range between 1 to 5 x 10°
copies/mL was observed. It is due to damage caused by UV
light, which decreases the functionality of the structural
proteins and, consequently, the ability of the spike protein to
bind to the ACE2 protein.

The immunosensor was also evaluated against SARS-CoV-2
homologous viruses such as SARS-CoV-1 and MERS-CoV,
as well as another glycoprotein (B-1.4-GALT-5) due to the
nature of the spike protein. In this, the sensor demonstrated
high specificity and selectivity with statistically significant
differences in all interferents (p < 0.05) (see Figure 2) [5].
Finally, the immunosensor demonstrated stability of up to 20
days at 4°C and high reproducibility with less than 10 % signal
differences.
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Fig. 2. Immunosensor specificity when detecting 1 pg/mL spike, RBD and
B-1,4-GALT-5 proteins and 1 x 10° copiess'mL MERS, SARS-CoV-1,
SARS-CoV-2 and VSV pseudovirions supernatants. Statistically significant
differences with respect to (a) the negative control and (b) the commercial
spike protein, ***(p < 0.001), **(p < 0.01), *(p < 0.05) and — (p > 0,05).

B. Clinical validation

Due to the need to obtain the functional spike protein from
the viral particles, we used a RIPA lysis buffer that breaks the
virus membrane and leaves the structural proteins free
without affecting their functionality. Dilutions of 1:1 and
1:10 of the biological sample in RIPA buffer were evaluated,
showing a higher signal at a 1:10 ratio (in a final volume of
50 pL). 150 samples from patients with symptoms related to
COVID-19 were analyzed using this methodology (see
Figure 3). When calculating the analytical characteristics of
the immunosensor, we observed a clinical sensitivity of 96.04
% and a clinical specificity of 87.75 %. We calculated the
area under the curve from the receiver operating
characteristic (ROC) curve with a value of 0.83 related to
high accuracy. Finally, the current values obtained by the
immunosensor were correlated with the CT values of the g-

PCR gold standard. A high dispersion of the data was
observed, which is related to the sample collection technique,
showing higher linearity in those samples collected by
nasopharyngeal swabs (R? = 0. 797) compared to tracheal
aspirates (R? = 0.662), which showed greater variability in the
final sample volume. In addition, it may be related to the
SARS-CoV-2 variants, which, according to reports in the
literature, have different affinities between the spike protein
and the ACE2 protein.
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Fig. 3. Current values were obtained from the immunosensor in the
detection of 101 positive and 49 negative samples by chronoamperometry at
a potential of -150 mV, compared to a positive control (PC) and a negative
control (NC) in the presence or absence of commercial spike protein,
respectively. Both samples and controls were lysed in RIPA buffer before
measurements (n = 3). The yellow lines correspond to the standard deviation
of the negative control in RIPA buffer spiked with saliva (nasopharyngeal-
like sample). Please note that all negative and positive samples were defined
by q-PCR results.

C. Validation in a relevant environment

Thirty patient samples were measured in a relevant
decentralized environment, and data were correlated with the
values obtained in our laboratory, showing high linearity (R>
=0.979). 93.33% of the samples did not present significant
differences between the data obtained in both environments
(p > 0.05). However, they did require longer stabilization
time of the current signal due to the low environmental
temperature, which must be considered when measuring in
different environments.

IV. CONCLUSIONS

The electrochemical immunosensor developed in this
work showed a high potential to detect SARS-CoV-2 in a
sensitive, selective, and specific manner with high
reproducibility, without the need for RNA extraction,
complex and robust equipment, or specialized personnel
compared to RT-PCR, and with only 5 pL of the sample. In
addition, the device showed a high clinical sensitivity of 96.04
%, a clinical specificity of 87.75 %, and the ability to
differentiate between different viral loadings under laboratory
conditions and relevant decentralized conditions outside our
laboratory. Therefore, this detection platform achieved a
technology readiness level of TRL-6. It could serve as a basis
for developing biosensors to detect other emerging viruses to
reduce the detection time and screening of infected patients,
isolating them at the right time and reducing the possibility of
spreading and thus facing future crises such as the COVID-19
pandemic.
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Abstract—En el desarrollo de genosensores electroquimicos es
importante disponer de una superficie conductora eléctrica con
posibilidad de retener el DNA. Para lograr una mejor sensibilidad
y un mayor rango de concentracion de trabajo, la superficie
del electrodo se puede modificar con diferentes materiales como
nanotubos de carbono de paredes miltiples (MWCNTSs) sin
oxidar u oxidados (MWCNTS ox) y quitosano (CHI), entre otros.
En este trabajo se estudio el disefio de una plataforma para un
genosensor electroquimico, donde los procesos fueron estudiados
mediante voltametria ciclica. Se realizaron electrodos de carbono
modificados con una dispersion de MWCNTSs ox en acido acético
y quitosano. Se selecciono el gen alk B para ser detectado dado
que codifica para una enzima involucrada en la degradacion de
hidrocarburos, teniendo fuerte relevancia a nivel ambiental, se
disefiaron sondas especificas de ssDNA para ser inmonivilzadas
covalentemente sobre el electrodo de trabajo. Ademas, se realizo
la optimizacién de glutaraldehido como agente entrecruzante y
suero albumina bovina (BSA) para bloquear la superficie. Para la
etapa de bioreconocimiento se ensayaron diferentes condiciones
(temperatura ambiente y 50°°C) obteniendo una disminucion de
aproximadamente 12% de la seial, dando claro ejemplo de la
especificidad del sensor construido.

Index Terms—Genosensores, Electroquimica, Hidrocarburos,
MWCNTSs ox

1. INTRODUCCION

Los biosensores son por definicién dispositivos que per-
miten la deteccién de un compuesto deseado, utilizando una
base bioldgica, la cual sufre alguna modificacién de su estado
basal para su funcién pudiendo ser esta deteccion cuantitativa
o no. La base bioldgica del reconocimiento suele estar en
intimo contacto con un transductor el cual es el encargado de
transformar la modificacién del material biolégico en una sefial
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que puede ser interpretada por otro dispositivo, por ejemplo,
una sefial eléctrica. Durante el desarrollo de un biosensor se
busca que el mismo tenga alta sensibilidad, selectividad y con
un tratamiento sencillo de la muestra pudiéndose ser utilizados
in situ [1].

Dentro del universo de los biosensores se los puede clasi-
ficar de acuerdo al elemento de reconocimiento a utilizar,
siendo un tipo los denominados genosensores, en los cuales
el material biolégico a determinar es un gen de interés.
La idea tras estos sensores se basa en la hibridacién de
cadenas de ssDNA que sean complementarias y mediante
un transductor lograr identificar esta modificacién. Llevar
a cabo la construcciéon entonces del dispositivo requiere la
eleccion de la plataforma y el transductor a utilizar. En este
sentido, la construccién de un biosensor electroquimico es una
buena alternativa a los métodos de detecciéon mds tradicionales
como puede ser una PCR. Una sonda de 4cidos nucleicos se
inmoviliza sobre una superficie de trabajo y al enfrentarla a la
muestra deseada, de existir complementariedad se hibridardn y
esto se vera reflejado en el cambio de sefial del biosensor; una
disminucién significativa de la sefial frente al control negativo
se lo considerara entonces un resultado positivo [2].

En la actualidad existen electrodos conocidos como screen-
printed electrodes (SPCE por sus siglas en inglés) los cuales
tienen la ventaja de su construccion a gran escala y bajo costo;
ademds, debido a la alta sensibilidad que pueden tener, es
posible utilizar inicamente microlitros de muestra. Estos dis-
positivos poseen 3 electrodos integrados, uno de trabajo, uno
de referencia y otro llamado contra electrodo. En el de trabajo
es en donde va a ocurrir el proceso de biorreconocimiento.
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Un campo importante para el desarrollo de los biosensores
es el de las ciencias ambientales. Los microorganismos, en
especial las bacterias, cumplen un rol fundamental en la reme-
diacién de zonas contaminadas. Un claro ejemplo es la accién
de los derrames de petréleo en donde las bacterias pueden
degradarlo o transformarlo en compuestos mds solubles. Este
es el caso de la Pseudomona extremaustralis 14,3 la cual
posee una alcano-monooxigenasa (AlkB), dicha enzima tiene
la capacidad de oxidar hidrocarburos transformdndolos en
compuestos mds biodisponibles para su degradacién [3]. La
presencia entonces de esta enzima en ambientes naturales es
un buen indicio tanto del estado de situacién como de la
capacidad de biorremediacién que posee un sitio.

En el presente trabajo se disefiaron y optimizaron las
diferentes etapas para la construccién de un genosensor elec-
troquimico capaz de detectar la presencia del gen alkb.

II. DISENO EXPERIMENTAL

Se utilizaron electrodos serigrafiados (SPCE) (Battaglini,
INQUIMAE) con electrodo de trabajo (ET) y contraelectrodo
(CE) de carbon y electrodo de referencia (RE) Ag/AgCl. Se
realizaron 5 suspensiones diferentes para estudiar su efecto
en la nanoestructuracion de la superficie del ET. Para ello se
utilizaron nanotubos de carbono de pared mdltiple (MWC-
NTs) (Sigma-Aldrich), MWCNTs oxidados (MWCNTs ox),
quitosano (CHI) (Sigma-Aldrich) en dacido acético glacial
(Anedra). En todos los casos, la concentraciéon de las dis-
persiones de MWCNTs y la soluciéon de quitosano fue 5
mg/ml en 4cido acético 2 M. Para el disefio del genosensor, se
inmovilizaron sondas de ssDNA sobre el ET. Para el disefio
de dichas sondas se seleccioné el gen alkB. Se utilizaron
primers previamente disefiados para la deteccion de dicho gen
en muestras ambientales [4] [5] a los cuales se les adiciono una
modificacion en el extremo 5’ para facilitar la unién covalente
del DNA sonda al electrodo. Se ensayaron 2 concentraciones
distintas de glutaraldehido (GA) (Sigma-Aldrich) (0,25 y
2,5)% v/v como enlazador para la formacién de uniones
covalentes. Se ensayaron 3 concentraciones distintas de BSA
(Sigma-Aldrich) (0,5; 1y 2)% p/v para bloquear la superficie
libre del ET luego de inmovilizar la sonda de ssDNA y evitar
el pegado inespecifico del ssDNA blanco. Para la etapa de
bioreconocimiento, luego de desnaturalizar el ssDNA blanco
(regién de 100 pb del gen alkB la cual posee una secuencia
complementaria al ssDNA sonda) a 95°C por 10 minutos, se
ensayaron diferentes condiciones de incubacién: a 50 °C y a
temperatura ambiente por 2 minutos. Como control negativo
se utilizé un fragmento de ssDNA de 100 pb con zonas no
complementarias a la sonda de ssDNA inmovilizada. Todos
los ensayos se realizaron por triplicado. El andlisis estadistico
fue realizado en GraphPad. En la figura 1 puede observarse el
protocolo de armado del genosensor en forma esquemadtica.

III. CARACTERIZACION ELECTROQUIMICA DE LOS
ELECTRODOS.

Se utilizé una solucién salina tamponada con fosfato (PB)
(pH 7,0) de 5 mM como electrolito de soporte para el

MWCNTSOX + Quitosano
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Fig. 1. Protocolo esquemitico de la modificacion de los electrodos.

pretratamiento electroquimico de SPCE. El pretratamiento
electroquimico se realizé mediante voltamperometria ciclica
(VC): 15 ciclos, a una velocidad de escaneo de 100 mV/s
entre (0 y 1,5) V vs. Ag/AgCl. utilizando un potenciostato
Squidstat Solo (Admiral Instrument). Las 4reas de superficie
electroquimica (ECSA) se calcularon mediante VC utilizando
como electrolito la solucién de [Fe(CN)g]>~ 5 mM en 1 M
KCl, 3 ciclos a una velocidad de escaneo de 50 mV/s entre
0,3 y 0,7 V. El principio de deteccién que se utilizard se
basa en la exploraciéon de cambios de estas propiedades de
interfase del electrodo con el marcador redox [Fe(CN)g]3~
/ [Fe(CN)g]*~ , utilizando mediciones de voltametrfa ciclica
(VC). A través del uso de esta técnica podemos determinar
la variable a cuantificar (Ip, corriente pico) debido a los
cambios en la corriente no faradaica, sin la necesidad de
elementos de marcaje extras. Luego de cada modificacién
al ET y de cada paso de optimizacién para el armado del
biosensor se realizaron VC a fin de determinar la corriente
pico anddica (Ipa). Para ello, se realizaron VCs: 3 ciclos, a
una velocidad de escaneo de 50 mV/s entre 0 y 0,6 V vs.
Ag/AgCl utilizando la sonda redox de ferri:ferrocianuro: 5
mM [Fe(CN)g]>~ + [Fe(CN)g]*~ + 0,1 M KCl en PB 50
Mm. Todas las mediciones electroquimicas se realizaron a
temperatura ambiente.

IV. RESULTADOS Y DISCUSION
A. Caracterizacion del proceso electroquimico

En la primera etapa se investigd el efecto de la nanoestruc-
turacion de la superficie del ET con diferentes dispersiones
de MWCNTs, MWCNTs ox y CHI para luego realizar la
caracterizacién electroquimica mediante VC. Los resultados
demuestran que hay diferencias entre las distintas dispersiones
en pardmetros como la Ipa registrada y el ECSA (Tabla I y
figura 2).

TABLE I
VALORES DEL ECSA E IPA PARA LAS DIFERENTES DISPERSIONES.
Dispersion | ECSA (cm?) | Ipa (nA) |

MWCNTs 0,741£0,064 | 100,00£10,10

MWCNTs ox 0,593+0,076 50,38+4,27

CHI 0,53140,098 73,49+7,17
MWCNTs+CHI 0,809+0,094 | 85,18+11,72
MWCNTs ox+CHI | 1,016+0,035 | 107,30£12,05
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Fig. 2. Voltamogramas para electrodos modificados con distintas sus-
pensiones. MWCNTs ox+CHI (azul), MWCNTs+CHI (rojo), CHI (verde),
MWCNTs ox (violeta) y MWCNTS (naranja). .

Los valores del ECSA varfan para las distintas mod-
ificaciones que se ensayaron, presentando un drea elec-
troquimicamente activa mayor al drea geométrica del electrodo
de trabajo (0,119 cm?) en todos los casos, siendo la modifi-
cacién con MWCNTsox + CHI la mayor ademds de menor
dispersion en los datos, lo cual le da mayor reproducibilidad
a las mediciones. Esto implica que la modificacién de los ET
aumentan el drea superficial sobre la cual ocurre el proceso
redox de la sonda evaluada. Ademds, a mayor ECSA, mayor
serd el recubrimiento de la biomolécula de reconocimiento
(ssDNA, en este caso) y por ende mayor la probabilidad
de detecciéon del analito (también ssDNA) lo que permite
aumentar la sensibilidad del biosensor. Al calcular la corriente
de pico anddicas (Ipa) se obtuvo que los valores de corriente
mds altos registrados corresponden a electrodos modificados
con las dispersiones d¢ MWCNTs ox+CHI (Tabla I y Figura
2). Dado que el principio de deteccion del genosensor se basa
en los cambios en la corriente de pico en presencia/ausencia
de ssDNA complementario a la sonda, se busca obtener un
sistema donde la sonda redox genere una corriente pico mayor,
para obtener un rango lineal de andlisis lo mas amplio posible.
Por todo lo anteriormente mencionado, seleccionamos para la
modificacién de la superficie del ET utilizado en el biosensor,
la dispersion de MWCNTs ox + CHI. Se estudio la estabilidad
de electrodos modificados con esta dispersién seleccionada
almacenados a 4°C. Se analizaron las Ip y se encontré que
el valor de la misma permanece constante hasta después del
dia 7. Esto indicaria que los electrodos de trabajo modificado
son estables en estas condiciones de almacenamiento durante
dicho lapso de tiempo. Pasados los 14 dias, se encontré una
disminucién del valor de la Ip de entre un 14,5% y un 21,7%.

B. Optimizacion del protocolo de armado del genosensor

Se estudié el agregado de glutaraldehido (GA) como en-
lazador para la unién covalente de la sonda de ssDNA a
la superficie del ET modificada con la dispersion MWCNTs
ox+CHI. En primer lugar se estudid si su agregado de GA
(2,5% v/v) durante la inmovilizacién de la sonda afectaba la

sefial detectada (Ipa) frente a un control sin GA. Al agregar
GA en el momento de la inmovilizacién la corriente detectada
es considerablemente menor, ademds de que los potenciales de
los picos (Ep) se separan. Lo contrario sucedié con el control
sin GA, la Ip no se ve alterada significativamente y la forma
del grafico no pareceria variar de forma apreciable (figura 3).

E (V vs Ag/AgCl)

Fig. 3. Voltamograma de los electrodos modificados con suspensién de
MWCNTs ox+CHI, inmovilizando sin GA (arriba) y con GA (abajo). Las
mediciones se realizaron luego de la modificacion (negro), inmovilizacién
(azul) y bloqueo (rojo)

Se procedié por lo tanto a optimizar su uso, estudiando
su efecto a distintas concentraciones, (0,25 y 2,5)% v/v. Se
registré la Ip de electrodos modificados, y se observé que la
Ipa media registrada para electrodos tratados con GA 2,5%
v/v es menor a la de los electrodos tratados con 0.25%
v/v (Tabla II). Se realiz6 un ANOVA de dos factores y se
encontré que la interaccién entre los factores tratamiento y
concentracién no es significativa y que no hay un efecto
significativo del tratamiento, mientras que si lo hay de la
concentracién. Esto significa que la concentracion de GA
influye significativamente en la Ipa registrada, siendo ésta
mayor cuando la concentracién del entrecruzante es menor.

TABLE II
MEDIA MAS DESVIO DE LA IPA PARA ELECTRODOS INMOVILIZADOS CON
DISTINTAS CONCENTRACIONES DE GA.

[GA] (%v/v) Media
0,25 163,400+3,941
2,5 90,800+4,897

Se pudo observar en ambos casos que los picos del volta-
mograma realizados con la sonda redox [Fe (CN)G]S* / [Fe
(CN)g]*~ se ensanchan y las corrientes registradas disminuyen
de forma considerable. El ensanchamiento de picos se podria
deber a que al modificar la superficie del electrodo se ve
afectada la cinética de la reaccién [6]. Por otro lado, la
disminucién de la corriente de pico se debe a un aumento de



la repulsion electrostatica entre los grupos fosfato del ssDNA
inmovilizado y los iones ferricianuro, impidiendo que este se
acerque a la superficie del electrodo y transfiera sus electrones.
Siguiendo con el disefio del protocolo de armado del biosensor,
se ensayaron 3 concentraciones de BSA diferentes (0, 5, 1 y 2
% p/v en PB, pH 7,4). Estd proteina se utiliza como bloqueador
de la superficie libre del ET una vez inmovilizada la sonda
de ssDNA. Pudimos determinar que la mejor condicién para
realizar el bloqueo de la superficie del ET es con BSA al
1% p/v en PB a pH 7,4. Como paso final para comprobar la
utilidad del genosensor, se procedidé a optimizar la etapa de
biorreconocimiento, para ello se colocé una alicuota de DNA
blanco sobre el ET y se ensayaron diferentes condiciones de
incubacién: a 50 °C y a temperatura ambiente por 2 minutos.
En la Figura 4 se muestran las corrientes pico calculadas para
cada etapa del disefio experimental incluyendo la etapa de
biorreconocimiento donde se observé la sefial (Ipa) disminuye
un 11,65% respecto al paso anterior de bloqueo cuando el
electrodo se incuba a 50°C y un 2,03% cuando se hace a
temperatura ambiente. En el caso del control negativo no se
obtuvieron disminuciones significativas de la sefial, lo que
demuestra que no es reconocido por la sonda de ssDNA
utilizada y por lo tanto que es reconocimiento del genosensor
es especifico.
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Fig. 4. Promedio de las Ipa obtenidas en las diferentes etapas ya optimizadas
para el armado del genosensor.

V. CONCLUSIONES

En cuanto a la sensibilidad del electrodo, se pudieron ob-
servar diferencias significativas entre las distintas suspensiones
siendo la mas estable la de MWCNTSs ox y quitosano. Ademas
se pudo determinar que el ECSA es significativamente mayor
cuando se modifica el ET con dicha dispersién. En cuanto al
protocolo de inmovilizacién, se puede concluir que el GA es
necesario para que la sonda de ssDNA se una covalentemente
a la superficie nanoestructurada del biosensor, manteniendo su

estabilidad y que la mejor condicién para realizar el bloqueo de
la superficie del ET es con BSA al 1% p/v en PB a pH 7.,4. Se

logré obtener y purificar el DNA blanco mediante el uso de los
primers disefiados para tal fin, los cuales se modificaron para
ser utilizados con sonda de ssDNA. Se llevé a cabo la prueba
de concepto demostrando que es posible el reconocimiento
del DNA blanco mediante la metodologia planteada, pudi-
endo observarse una disminucién de aproximadamente 12%
de la Ip. Actualmente se estd comenzando a trabajar en la
determinacion de la sensibilidad del genosensor para el gen
de interés ademds de comenzar los ensayos con muestras de
DNA gendémico y de muestras ambientales.
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Abstract— Se presentan los avances en el desarrollo de un
aptasensor para atrazina empleando espectroscopia de
impedancia electroquimica para la generacion de la seiial de
reconocimiento. Si bien en bibliografia se encuentran trabajos
que logran limites de deteccion en la escala sub-nanomolar para
este analito, las estrategias label-free empleadas implican
construcciones elaboradas. Esta propuesta pretende realizar
contribuciones en la direccién de simplificar la construccion del
aptasensor. En este trabajo presentamos los resultados
obtenidos para el reconocimiento de atrazina empleando el
aptamero seleccionado por Williams et al inmovilizado sobre
electrodos de oro serigrafiados via interaccion oro-azufre. Las
curvas de reconocimiento obtenidas muestran la posibilidad de
reconocer y detectar la presencia de atrazina en un ensayo label-
free sencillo y desde un punto de vista cuantitativo sugieren un
rango lineal cuyo limite superior esta en el orden micromolar.

Keywords— aptasensor — atrazina — Espectroscopia de
impedancia electroquimica — Electrodos serigrafiados -
Estrategia label-free

I.  INTRODUCCION

Los aptasensores se basan en el reconocimiento molecular
entre una hebra simple cadena de ADN o ARN y un analito.
La buena estabilidad térmica, la posibilidad de conjugacion
con diferentes moléculas sin afectar la afinidad, la deteccion
de sustancias toxicas o especies con baja inmunidad, entre
otros atributos, han despertado el interés para su aplicacion en
diversos campos como el diagndstico médico (point of care)
y el monitoreo ambiental [1].

En cuanto a los métodos de deteccion, han sido desarrollados
protocolos para la deteccion electroquimica de secuencias de
ADN (genosensores), moléculas pequefias y proteinas. Un
factor clave es la cantidad de hebras de ADN simple cadena a
inmovilizar sobre la superficie para lograr una sefial
cuantificable. Los electrodos serigrafiados (screen-printed
electrodes, SPE) ofrecen una plataforma versatil para el
disefio de dispositivos debido a la posibilidad de modificar la
superficie con nanomateriales, polimeros conductores, etc.
Asimismo, la electrodeposicion de oro sobre la superficie de
carbono (AuSPE) permite el anclaje directo via quimisorcion
de hebras de ADN tioladas. La técnica de impedancia (EIS)
ha sido ampliamente utilizada para detectar los cambios
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sucesivos que tienen lugar sobre la superficie luego de cada
etapa de ensamblado del sensor. Esta técnica electroquimica
presenta la ventaja de no requerir modificaciones quimicas
adicionales para la generacion de la sefial. La misma también
resulta adecuada para detectar el reconocimiento molecular
entre el aptamero anclado a la superficie y su analito [2]. Sin
embargo, en el caso de moléculas pequefias (masa molar <
1000 Da) la deteccion conlleva el desafio de magnificar un
pequefio cambio.

La atrazina (2-cloro-4-etilamin-6-isopropilamin-s-triazina,
ATZ, masa molar 215,68 Da) es un herbicida del grupo de las
triazinas, usado para la eliminacién de malezas en diversos
cultivos. En Argentina, es el tercer compuesto mas usado
junto con el glifosato, y se ha detectado en muestras de suelo
(7-66 pg kg™ y agua de lluvia (0,22 - 26,9 pg L") de areas
urbanas de la pampa argentina [3][4]. Se considera un
disruptor endocrino y ha sido relacionado con carcinogénesis
[5]. La EPA recomienda una cantidad maxima de atrazina en
agua potable de 3 pug L' (0,014 uM) [6].

Si bien diversos autores han logrado limites de deteccion en la
escala nanomolar para ATZ, las estrategias label-free
propuestas implican construcciones elaboradas [7][8][9][10].
Esta propuesta pretende realizar contribuciones en la direccion
de simplificar la construccion del aptasensor. En este trabajo
presentamos los resultados obtenidos para el reconocimiento
de ATZ empleando el aptamero seleccionado por Williams et
al [11]. Se utilizaron AuSPE sobre los que se inmovilizé el
aptamero via interaccion oro-azufre. La deteccion del
reconocimiento se realiza por EIS.

II. MATERIALES Y METODOS

Se empled el aptamero que reconoce atrazina [11] modificado
en su extremo 5 con un grupo disulfuro para la inmovilizacion
sobre oro via un enlace S-Au. El mismo fue provisto por IDT,
purificado por HPLC y su secuencia es: 5’-(CH2)s-S-S-
(CH2)s-
TTTTTTACTGTTTGCACTGGCGGATTTAGCCAGTCA
GTG.

Se realiz6 una electrodeposicion de oro a corriente controlada
sobre electrodos serigrafiados de carbono (A = 0,07 cm?) [12]
utilizando un bafio de oro comercial (espesor 24 KTS, Vm
316). Los AuSPE obtenidos se caracterizaron por voltametria
ciclica (CV)y EIS en presencia de K4sFe(CN)s 5 mM en buffer
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Hepes 50 mM pH 7,2 / NaCl 300 mM (Bufter 1), empleando
un electrodo de referencia de Ag/AgCl. La electrodeposicion
de Au sobre los electrodos serigrafiados se verifico mediante
microscopia electronica de barrido (SEM) y anélisis por EDS
(Energy Dispersive X-Ray Spectroscopy) (LAMEI).

Para la modificacion de los AuSPE con el aptdmero se empled
un procedimiento ya probado en nuestro laboratorio [13].
Brevemente, se redujo el puente disulfuro utilizando Tris(2-
carboxietil) fosfina (TCEP) 1,5 mM durante 2 h, en oscuridad.
Luego se diluy6 en buffer Tris 25 mM pH 8,2 / NaCl 300 mM
/ MgCl, 10 mM (Buffer 2), hasta alcanzar una concentracion
de 100 nM. A continuacion, se deposit6 una gota de 25 pL de
dicha solucion (Apt-SH) sobre los electrodos por 1 h a
temperatura ambiente. Se lavaron con Buffer 2, se secaron
bajo corriente de N, y se deposité una gota de 25 pL de 6-
mercapto-1-hexanol (MCH) 1 pM en Buffer 2, por 30 min a
temperatura ambiente. Se lavaron con Buffer 2, se secaron con
N, y se caracterizaron por CV y EIS.

Se determind la densidad superficial de aptamero por
cronocoulombimetria utilizando (Ru(NH3)e)** [14].

Una vez modificados los AuSPE, se procedio al
reconocimiento de ATZ por inmersion de los electrodos
durante 1 h, a temperatura ambiente, en soluciones de ATZ
(0,01 - 1 uM) en Buffer 2. Se caracterizaron por CV y EIS,
previo lavado con Buffer 2 y secado en corriente de No.

III. RESULTADOS

A fin de seleccionar un conjunto de electrodos AuSPE con
comportamiento similar (en general n>3) se empled
K4Fe(CN)s SmM como sonda redox y CV y EIS como
técnicas de control. Se tomaron los parametros caracteristicos
de separacion de los picos anddico y catodico en la CV (AEp)
y la resistencia a la transferencia de carga (Ri) en EIS, como
criterio de seleccion. Las Fig. 1A y B muestran la respuesta
electroquimica de un conjunto seleccionado de AuSPE (n=5).
Se observa una respuesta de reproducibilidad aceptable.
Desde un punto de vista electroquimico, se considera que esta
sonda presenta un comportamiento reversible cuando el AE,
es de 60 mV/n. Sin embargo, los valores experimentales de
AE, son de (98 + 4) mV, lo que sugiere que la reversibilidad
de la respuesta se ve afectada en esta superficie.
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Fig. 1. Respuesta de AuSPE por EIS (A) y CV (B) en K4Fe(CN)s SmM en
Buffer 1 para 5 electrodos. Cada color representa un electrodo diferente.
Imagenes obtenidas por SEM (C) para un AuSPE (aumento 1000x y
10000x).

Las imagenes obtenidas por SEM y el andlisis por EDS,
confirman la electrodeposicion de Au sobre la base de carbono
de los electrodos serigrafiados. Se observa una superficie
heterogénea en la microescala (Fig. 1C).

Si bien la técnica de CV se emplea frecuentemente para
evaluar la reproducibilidad de la respuesta electroquimica, su
sensibilidad no es alta. En efecto, la respuesta de los cinco
electrodos anteriores por EIS (Fig. 1A) muestra ain cierta
variabilidad en los valores de la Ry, (346 + 49) ohm.
Empleamos dicha técnica como un segundo criterio de control
de reproducibilidad de respuesta superficial.

Una vez modificados los AuSPE con la secuencia del
aptamero, se realiz6 el tratamiento con MCH. El mismo tiene
como objetivo cubrir la superficie libre y orientar las
secuencias de ADN. Se evaluod la modificaciéon comparando
los resultados de EIS.

La Fig. 2 muestra el grafico de Nyquist antes y después de
modificar la superficie de los AuSPE con el aptamero y el
MCH. El aumento en la R y la mayor respuesta capacitiva
evidencian la modificacion del electrodo. Ademas, empleando
cronocoulombimetria en solucién de (Ru(NH3)6)** se evalud
el cubrimiento superficial, el valor obtenido, (4,7 +0,7) x 10'?
moléculas/cm?, esta en concordancia con los datos reportados
en bibliografia [14].
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Fig 2. Representacion de Nyquist para un electrodo AuSPE, sin modificar

(rojo), modificado con el Apt-SH + MCH (violeta). Sonda redox:
K4Fe(CN)s 5 mM en Buffer 1.

Para evaluar el efecto de la presencia de ATZ, se midi6 la
respuesta por CV y EIS de los AuSPE modificados antes y
después de ser expuestos a soluciones de ATZ en el rango
micromolar. Los resultados obtenidos para ATZ 1 uM se
muestran en la Fig. 3. La representacion de Nyquist no mostrd
un cambio correlacionable con la concentracion de ATZ. Se
decidio, por lo tanto, emplear el grafico de BODE, médulo de
la impedancia (Z) vs frecuencia, para los datos
experimentales.

La impedancia total (Mod Z) se calcul6 usando la siguiente
formula:

Mod Z = (R?+ X?)%3 (ec. 1)
donde R es la componente real y X se refiere a la componente
imaginaria de la impedancia.

A altas frecuencias, la impedancia se debe unicamente a la
resistencia de la solucion que se mantiene constante
independientemente de la modificacion de la superficie y/o de



la presencia del analito. A bajas frecuencias, se hace evidente
el comportamiento capacitivo. A frecuencias intermedias
(inset Fig. 3), contribuyen tanto la capacidad de la doble capa
como la resistencia del electrolito y es donde los cambios son
mas significativos. Como puede observarse en la Fig. 3, la
exposicion a ATZ conduce a una disminucion en la sefial de
impedancia a frecuencias intermedias. Esto sugiere que el
ingreso de ATZ a la capa de reconocimiento modifica las
caracteristicas de la componente capacitiva del sistema de
deteccion. Estas diferencias se hacen mas significativas en la
zona de 100 Hz.
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Fig. 3. Modulo de Z vs Frecuencia para AuSPE modificado con el Apt-SH
+ MCH (violeta) y expuesto a ATZ 1 uM (verde). Sonda redox:
K4Fe(CN)s) 5 mM en Buffer 1.

La Fig. 4 muestra el efecto de la exposiciéon a ATZ para el
aptamero inmovilizado sobre AuSPE (n=6). En estas curvas
de reconocimiento del analito, se grafico la diferencia relativa
de Z, considerando como blanco (Z0) la sefial obtenida en
ausencia de ATZ. Se observa una curva de respuesta tipica,
que se ameseta, evidenciando la posible saturacion de la capa
de reconocimiento. La presencia de variabilidad en la
construccion se hace evidente a través de la magnitud de las
barras de error.
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Fig. 4. Curva de reconocimiento de ATZ. El inserto muestra la region
lineal.

En cuanto a su utilidad para la deteccion y cuantificacion de
ATZ en muestras acuosas, la region lineal de la curva de
reconocimiento se extiende hasta concentraciones en torno a
0,1 uM. Los valores limites establecidos por EPA se
encuentran en la zona del limite de deteccion/cuantificacion
de nuestra curva, lo que indica que es necesario ampliar el
rango lineal hacia concentraciones mas bajas. En cambio, la

region de altas concentraciones podria ser de utilidad para la
cuantificacion en las muestras deagua de lluvia,
disponiéndose asi de un dispositivo transportable a campo.

IV. CONCLUSIONES

Los resultados obtenidos muestran la posibilidad de reconocer
y detectar la presencia de ATZ en un ensayo label-free sencillo
empleando un aptdmero inmovilizado sobre -electrodos
serigrafiados que emplean oro como material de anclaje. La
curva de reconocimiento sugiere un rango lineal cuyo limite
superior esta en el orden micromolar.

La deposicion electroquimica de nanoparticulas de oro de
distintas geometrias, junto con el uso de secuencias doble
cadena en una estrategia de desplazamiento por el analito, son
aspectos a explorar para la modificacion superficial con el
objetivo de mejorar la magnitud de la sefial en la region de
concentraciones nanomolares.
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Abstract—In this paper, a low cost Surface Plas-
mon Resonance (SPR) automated platform using the
Kretschmann configuration is presented. It consists of a
custom mechanical system, optic system, and a controller.
The mechanical system incorporates two automated anti-
backlash goniometers. Mechanical supports for prism
and flow cell heads were produced in 3D Printer and
the flow cell was fabricated using PDMS polymer. The
SPR set up were tested using different solutions with a
very small refraction index range and with a resolution
of 0.01 degree. This system it is under development and
will be applied to the detection of herbicide concentration
in potable water. Some initial results with soy herbicide
(glyphosate) and an immobilized biosensor are presented
showing the viability of the set up.

Index Terms—surface plasmon resonance, biosensor,
microfluidics, glyphosate, low-cost

I. INTRODUCTION

Glyphosate is an herbicide with phosphorous in its
composition and is widely used in world agriculture
to control weeds in soybeans, cotton, coffee, and other
large plantations [1]. In Brazil, glyphosate is the most
consumed herbicide, as the country is one of the largest
soybean exporters in the world. Many different studies
have identified the use of glyphosate as a possible
cause of different cancers and other long-term illnesses
in addition to being the cause of instant deaths due
to poisoning with high exposure to the herbicide [2]
[3]. Different detection methods have been studied to
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detect the presence of glyphosate such as chromato-
graphic, electrochemical, and spectroscopic methods
[1]. Because of its characteristics such as composition,
solubility in water and low mass, glyphosate detection
is considered a challenge [1]. In this way, Surface
Plasmon Resonance (SPR), a spectroscopic technique,
is being studied in this work in order to exploit its
advantages such as being label free and able to perform
real time measurements.

Surface plasmon resonance (SPR) refers to the ex-
citation of electromagnetic surface waves that occur
at the interface between a dielectric and a metallic
medium due to the incidence of p-polarized light.
These excitations give rise to surface plasmons, which
resonate with the reflected light. This resonance creates
a fringe region or dark band where the intensity
of reflected light reaches a minimum at a specific
angle or frequency, which can then be correlated to
changes in the local refractive index. [4] The most
common configuration for biosensing applications is
the Kretschmann configuration [5], which consists of
a prism, a nanometal film, and a sensing layer.

Although an effective technique for real-time, label-
free biomolecular interactions [7], most commercial
setups utilize complex optics, microfluidics, and elec-
tronics systems, making them, as of present, very
costly. [8] - [10] In this paper a low-cost sur-
face plasmon resonance sensor system with a detect-
ing EPSPS (5-enolpyruvylshikimate-3-phosphate syn-
thase) protein biosensor is presented. The target analyte
chosen is glyphosate, which is one of the world’s most-
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Fig. 1. Experimental set up, in detail: microfluidic flow cell and
holder, prism supports, BK7 prism and golden chip

used herbicides.

This paper is organized as follows: Section II
presents the theory of surface plasmon resonance, in
Section III the process of fabricating the Au films and
microfluidic device embedded in our system are shown,
and in Sections IV, V the final remarks and conclusion
of the tests, and and overall sensor performance.

II. THEORY
A. Surface plasmon resonance theory

Surface plasmon resonance can be described as a
charge collective-density oscillation at the interface of
two mediums with opposite dielectric constant signs.
That charge density oscillation is associated to a
surface plasmon wave (SPW) that is TM polarized
and parallel to the interface plane. The propagation
constant of the SPW at a semi-infinite dielectric, metal
follow the given expressions [6] [7]
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Where, €,,,e4, 1, are the metal film, sample permit-
tivies, and prism refraction index. A the free-space
wavelength, and S, B, are the propagation constants
for impinging light at the dielectric metal interface and
at the prism-metal interface, respectively.

III. MATERIALS AND METHODS
A. Au and Ti deposition

Round glass slides were utilized as substrate for the
SPR sensor. The slides were cleaned using RCA stan-
dard recipes to prepare for RF magnetron sputtering
deposition of metal films. After the simulations, a film
of 5 nm of titanium adhesion layer was deposited on
the glass surface, and on the sequence, 50 nm of gold
was deposited. The deposition parameters were power
of 150 W, chamber pressure of 1 mTorr, and Argon
flow of 60 sccm.

B. Supports, Chip Holder and Flow Cell

The SPR golden chip was connected to the prism
by two supports, a chip holder, and a flow cell.
The support and chip holder was produced using
PLA(polylactic acid) polymer in a filament 3D-Printer
Tevo Tornado. All pieces were printed with 50% filling
using a 0.4 mm nozzle. A mold for the microfluidic

Fig. 2. SPR experimental set up in operation on the goniometer.
Left picture: The spr sensor in custom-designed aluminium chassis.
Right picture: Sample Holder.

lSample

——Au layer 50 nm

Ti5nm ——BK7 substrate

Refractive Index
matching liquid

-

—BK7 Prism

Fig. 3. Description of the SPR sensors transducer layers.

device was also produced under the same configu-
rations. The flow cell design was reproduced with
PDMS(polydimethylsiloxane) polymer. The microflu-
idic device is a well of 8 mm in diameter and 3.6 mm
in height. The total volume of the well was about 0,180
mL. All pieces were designed using FUSION 360 (Au-
todesk, San Francisco) and the software IDEAMAKER
(Raise3d, Shanghai) to prepare the slicing for the 3D
Printer. All parts are shown in detail in Fig. 1, and in
Fig. 2, the setup in operation.

C. SPR Sensor Optical Setup

The transducer configuration can be seen in Fig. 3. It
consists of a prism(DWNTZ, Shenzen) followed by a
thin film of refraction index matching fluid, followed
by a glass slide (BK7 substrate) where an adhesion
titanium layer and a gold layer are deposited on top.
On the gold layer, a microfluidic well transports the
sample material.

The experimental setup is described in Figure 4. It
comprises of an isosceles prism made of BK7 glass (n
=~ 1.5151), two anti-backlash motorized goniometers
(Thorlabs, CRIM) that are aligned by their rotating
axis, an arm for holding a photodetector (Thorlabs,
PM100) and a custom-designed rotating arm analyzer,
that assembles the parts together.

To place the glass slides on the prism, first a small
drop of refractive index (RI) matching oil is placed on
the glass slide. Following, it is placed gently on the
prism face forming a thin film between the prism and
slide surface. The droplet size is chosen such that all
of the space gets filled with RI-matching oil without
spilling over.

To illuminate the gold film, a HeNe laser (A= 632.8
nm) with a power of 20 mW (CW) was used (1135P,



JDS Uniphase). The laser was fixed at a p-polarization
configuration, followed by a polarizing beam split-
ter (PBS102, Thorlabs). Additionally, two mirrors are
added in typical walking the beam configuration to
simultaneously control beam direction and height. This
arrangement enables the reflectivity measurements at
oblique angles in a theta-2theta configuration. The
whole system is controlled via a custom-made Matlab
script.

HeNe
A=632.8 nm P1

= .

Photodetector

Sample: M2

Rotating Arm Analyzer

Fig. 4. Optical setup for SPR angle interrogation. M1, M2: mounted
mirrors.P1: polarizer.

D. Solutions preparation and SPR Measurements

Different concentrations of water solution combined
with calcium chloride (CaCls) were utilized to eval-
uate the SPR system(Fig 6). The solutions have con-
centrations varying from 0 to 5 % in weight of salt.
The golden chip was cleaned using Piranha solution
(4H550y4 : 1H505), and a refraction index(RI) match-
ing oil was utilized between the chip and prism. The
solutions were injected using a syringe pump (NE-
1000) with a flow rate maintained in 0.1 mL/min.

Besides the described tests, preliminar characteriza-
tion was performed with biological application of this
SPR set up. The solutions used for immobilization of
the EPSPS developed protein was nickel and buffer
solution. After cleaned in Piranha solution the golden
chip remained overnight in a solution of NTA-SAM
in order to prepare for immobilization. On sequence,
it was introduced a set of solutions for immobiliza-
tion treatment, being water, nickel, buffer, protein and
buffer solution again using the same fluid flow rate for
all substances. After this, the chip is ready to test the
presence of glyphosate on water sample solutions.

IV. RESULTS AND DISCUSSION
A. Refractive index calibration

Fig. 5 shows the curves of the power reflectance
(mW) against resonance degree for different concen-
trations of calcium chloride solutions. The samples
were calibrated with a ST 335a digital refractome-
ter(Nanning Bokun,Guangxi). For the water solution,
represented by a black curve, it was obtained a reso-
nance angle of 75.80° an expected value for the water
solution. As the salt concentration increased, it was
possible to observe that other curves were shifted to
the right, with resonance angles varying from each

1 1 1 1 L 1 1 1 L 1 1 1

60 62 64 66 68 70 72 74 76 78 80 82 84

Theta (°)

Fig. 5. Resonance angles for calcium chloride solutions in different
concentrations

_ //-

Z';UG— L g

S|
04+ }// ]
02 // .
0.04 [ ] 4

T T T T T T T T T
1.332 1.333 1.334 1.335 1.336 1.337 1.338 1.339 1.340 1.341
n (RIV)

Fig. 6. Curve of resonance angles by measured refractive index of
calcium chloride solutions in different concentrations.

concentration around 0.3°. The concentration of 5%,
for instance, has a resonance angle of 77.85°. For
angles around 60.0°, some signal noise was observed
possibly due to instabilities on the detector during
measurements. Each measurement was conducted three
times, and the average data was plotted on the picture.
In Fig. 6 a plot of the measured refractive index
of the chloride solutions versus the resonance angle
obtained for the SPR minima for each concentration is
presented. It is possible to observe that the system has
a sensitivity of around 159.72 degrees per refraction
index unit change.

B. First biological tests

The SPR set up was designed to evaluate the
presence and concentration of glyphosate herbicide in
potable water solution through the use of an immobi-
lized detecting protein. The first test of protein EPSPS
immobilization on the golden surface was conducted
and the results are shown below on Fig.7. The immo-
bilization treatment starts after a cleaning process. The
sequence of solutions was conducted inside the SPR set
up, and each measurement was done three times.

The SPR curves shows very small differences be-
tween each solution measured, around 1° differences.
One possible reason for this small variation could be
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Fig. 7. SPR curves of surface treatment solutions sequenced by the
first glyphosate detection.
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Fig. 8. SPR curves of surface treatment solutions in a non biofun-
cionalized chip.

the thickness of the layer beneath the bioreceptor. All
of these angles were very close to the SPR angle
obtained for a pure water solution. In this way, SPR
measurements were conducted to obtain information
about the set of solutions used in protein immobi-
lization procedures. Fig. 8 shows the angular scan for
water, nickel, and buffer solution. In this procedure, the
golden chip was also cleaned by Piranha solution and
no biological procedure was completed. In this case, it
is possible to observe that for nickel and buffer solution
the resonance angle shifts around 50° and presents a
considerable reduction in reflected power signal. The
second water solution was flowing in the system to
observe if some residues were left on the golden chip.
As it is possible to observe, the resonance angle was
around 75° on the first water solution, and around
77.0° on the final water solution, which was passed
through the flow cell after nickel and buffer solution,
indicating that some residue was kept on the golden
surface.

In this context, more measurements with glyphosate
solutions should be carried out and at different con-
centrations. Some doubts remain regarding the func-
tionalization of the surface and some biological tests
need to be carried out, however, it is clear that the
sensor operates with good sensitivity. This work is in

development and other results will be published further.

V. CONCLUSION

In this work an SPR set up built with the purpose of
detecting the presence of herbicides in potable water
solutions is presented. Prism supports and cell flow
heads was produced in 3D printer facilitating the SPR
sensors manipulation. The mechanical and electrical
control was produced with low costs devices. The SPR
system was able to detect very small differences in
terms of refraction index and has a resolution of 0.01°.
Initial tests for herbicide detection have been carried
out and more tests need to be done and publish further.
However, the results are promising and indicate the
viability of the system.
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Abstract— This article presents the first studies for the
development of a toxicity biosensor based on bacterial motility.
The study proposes that microorganisms, in the presence of
toxic compounds in water, present differentiated patterns of
movement and cellular distribution that are quantifiable
through calculation algorithm techniques applied to dynamic
laser speckle image processing, which could be used for the
development of a real-time water quality biosensor. The
biospeckle technique, a tool widely used to evaluate the temporal
evolution of various phenomena, allows the identification of
qualitative differences in bacterial motility resulting from the
presence of different substrates in the liquid medium. We
worked with a known concentration of motile bacteria, which
were exposed to different pure contaminants and a rich
substrate. As controls, a sterile physiological solution (culture
diluent) and a bacterial culture without toxic additions were
used. Each sample was individually trans-illuminated with an
expanded laser and attenuated from the bottom through a
ground glass diffuser. The videos were recorded at different
times and subsequently processed using different algorithms,
obtaining speckle activity values that represent the level of
activity (related to bacterial motility) within each sample.
Preliminary results highlight the potential of this technique and
suggest the suitability of the bacteria used as a bioindicator. This
study represents a significant step towards the development of a
rapid, high-resolution biosensor, which could find various
applications in health, the environment and food quality control.

Keywords— Laser, Biospeckle, Bacteria, Biosensor.

I. INTRODUCTION

A bioindicator is an organism or biological response that
reveals the presence of contaminants through measurable
responses. These organisms or communities of organisms
provide information about alterations in the environment or
the amount of environmental pollutants through
physiological, chemical or behavioral changes [1, 2].

Microbes (e.g., algae, bacteria and yeast) offer a good
alternative in the manufacturing of biosensors because they
can be mass-produced through cell culture [3]. Furthermore,
compared to cells from higher organisms (such as plants,

This research was partially funded by grants
UNMGAP15/G634ING638/21, UNMdAP15/G634ING691/23 and PICT- 2020-
SERIEA-02571

animals and humans) microbes are easier to manipulate and
have better viability and stability in vitro, which can greatly
simplify the manufacturing process and improve the
performance of the products [4].

Biological responses that reflect damage to living
organisms are crucial for pollution assessment as they provide
information on the ecological consequences of contaminants
in aquatic environments [5]. The need for simple, rapid and
relatively inexpensive tests to evaluate water toxicity has
influenced the expansion of research in this area. Biological
early warning systems (BEWSs) have been developed for
continuous monitoring of water quality, allowing direct and
continuous detection of a wide range of contaminants or toxic
conditions based on the physiology and behavior of organisms
[6, 71.

Bacterial movement is related to the survival strategy
under environmental stress [8], ensuring environments high in
nutrients and low in toxicity [9]. Movement is especially
advantageous when nutrients are limited, as it positions cells
away from competing bacteria. There are numerous
investigations on changes in the population dynamics of
different unicellular organisms caused by pollutants or
effluents [10, 11, 12], however, there are no reports to date of
the use of bacterial mobility as a toxicity sensor, except as
described in [13] for Spirillium volutans.

The values of motility parameters can be modified by cells
and the environment [9]. Swimming speed has been reported
to change in response to variations in the presence or absence
of nutrients in the environment [8, 14, 15], as well as in
response to various environmental conditions such as high
temperature, high salt concentrations, high concentrations of
carbohydrates or high concentrations of low molecular weight
alcohols [16]. Some of the most commonly studied bacteria
include  Bacillus subtilis, Escherichia coli, Salmonella
typhimurium,  Streptococcus  sp., and  Rhodobacter
sphaeroides among others [9].

Bacterial bioassays are generally carried out in aqueous
samples because their locomotion is facilitated in this medium
[18], and they are used in the control of wastewater and the
efficiency of industrial treatment plants [19]. This project
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initially proposes to study microbial activity in aqueous
samples in order to apply it directly to water control.

Dynamic Speckle Laser (DLS) or Biospeckle is a
phenomenon characteristic of biological samples generated
when illuminating the sample with a beam of coherent light,
creating an interference pattern. This pattern consists of areas
with varying intensity, commonly referred to as "speckles." If
the sample exhibits activity that leads to fluctuations in its
refractive index over time, these speckle patterns will
dynamically evolve, resulting in what is known as a dynamic
speckle pattern.

The DLS provides an interesting, fast, non-destructive,
and non-invasive tool for the study of biological samples.
Biospeckle has found applications in various areas, including
the detection of bacterial chemotaxis and differentiation
between fungal and bacterial growth in semi-solid medium
[20-21]. Recently, it has been applied in real-time monitoring
of bacterial kinetics [22] to estimate effectiveness in water
disinfection [23] and to estimate bacterial concentration in
aqueous samples [24].

When animated scatterers, such as bacteria, are moved by
deliberate swimming movements, fluctuations in the speckle
pattern occur. If the swimming action is irregular and random,
the frequency spectrum of the speckle fluctuations will be
qualitatively similar to that of Brownian motion, but with a
timescale appropriate for swimming speed [25]. The spectrum
will be continuous, containing all frequencies up to an upper
limit, determined by the size of the speck and the swimming
speed.

This paper presents the first studies for the development of
a toxicity biosensor based on bacterial mobility in conjunction
with the biospeckle technique. The study proposes that
microorganisms, in the presence of toxic compounds in water,
present differentiated patterns of movement and cellular
distribution that are quantifiable through calculation algorithm
techniques applied to dynamic laser speckle image processing,
which will be used for the development of a water quality
biosensor.

II. MATERIALS AND METHODS

A. Microbial Culture

Pure cultures of Pseudomonas aeruginosa were used as
bioindicators (PS) [10] in the exponential growth phase. These
cultures were maintained in Luria-Bertani (LB) broth at 25°C
and stirred at 150 rpm. A known low concentration of cells
was prepared using sterile saline solution (NaCl 0.9% (v/v))
as a diluent, as defined according to previous work [26, 27].
Five milliliters of the culture to be measured were placed in a
Petri dish with a diameter of 55 mm. Prior to this, a nutrient
(citrate) or toxic compound (dodecene, 2-4-5-trichlorophenol,
2-4-6-trichlorophenol, 2-4-5-6- tetrachlorophenol,
pentachlorophenol, kerosene, undecene) was added and
manually shaken.

The selection of compounds was based on previous
knowledge indicating that this bacterial strain is attracted or
repelled by them [26, 27], which can induce changes in their
swimming behaviour. The experiment was conducted in
triplicate for each substrate. The speckle activity of bacteria
without substrate was used as a control. Speckle activity of the
substrates without bacteria were also used as blank controls.

B. DLS Video Acquisition Protocol

A forward-scattering configuration was employed for the
acquisition and storage of bio-speckle patterns. The sample
was illuminated from the bottom through a ground glass
diffuser with a HeNe Uniphase 1135P laser (maximum output
power of 20 mW and wavelength of 632.8 nm), expanded. A
CCD camera (Imaging Source DMK23G618) connected to a
PC recorded the sequence of 8-bit gray scale images with a
resolution of 640 x 480 square pixels. Video captures were
taken at 1, 3 and 5 minutes after adding the substrate to the
plate containing the bacterial culture.

To evaluate the dynamics of the phenomenon during
stationary periods, image sequences of 400 frames were
recorded with an exposure time of 1/30 s and a recording
speed of 30 frames per second, totaling 13.33 seconds of
recording time. The aperture and gain of the CCD camera,
along with the distance to the sample, were adjusted to achieve
a well-resolved speckle grain size. A gain of 0 dB was chosen
in the camera to minimize electronic noise, which affects the
exposure time due to the loss of brightness. From the image
sequences of the speckle patterns generated by the samples,
time series corresponding to the intensity level of each pixel
were extracted.

The activity level of each pixel's time series (x, y) in the
acquired video was calculated using Fuzzy Granularity (FG)
descriptor (1) [28] which quantifies the time intensity
variations. The discrete signal is transformed into a set of
fuzzy granules (G) characterized by three levels of intensity
(k), light, medium and dark. The intensity levels are range
values overlapped in the sense of fuzzy sets.

FG = ZiﬂM withn=23,..,.N (1)

Where

1 if G(xp_q,k)is true and G(x,, k)is false

SUCH i ={ ]
"’ 0 in other case

Based on this computed value, a matrix is created for each
video the mean value of the matrix is calculated and is called
the activity level of the sample.

III. RESULTS

Eighteen algorithms were evaluated, of which the Fuzzy
algorithm obtained the greatest significant difference between
the samples and the best correlation between the results
provided by this algorithm and by other methods previously
tested for this purpose [21, 26, 27].

Fig. 1 displays the activity values of the Fuzzy descriptor
for the videos obtained from the samples processed one
minute after the addition of the substrate to the medium with
bacteria. The measurements were carried out one minute after
adding the sample to the measurement plate to avoid
interferences due to turbulence generated in the solution.
Variations in bacterial activity can be observed when exposed
to different toxic substrates, distinguishing them from samples
with citrate (a rich substrate) and without substrate (water,
control). These preliminary findings provide evidence that
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Fig. 1. Fig. 1. Level of biospeckle activity presented by bacteria in the presence of different substrates (yellow), and activity measured by controls
(substrates in water without bacteria, blue). The measurements were carried out one minute after adding the sample to the measurement plate to avoid

turbulence of the medium.

dynamic analysis of the speckle pattern, or biospeckle, can
effectively discern changes in PS behavior depending on the
specific exposure, yielding both quantitative and qualitative
data. Moreover, this bacterial strain is known to be
chemotactic towards these substrates and capable of
degrading some of them [21, 26, 27], further supporting its
potential as an efficient bioindicator of toxicity. Buiding upon
these results, our research group is exploring the development
of a toxicity biosensor for liquid matrices based on PS as a
bioindicator and the biospeckle technique as a sensor. This
technique offers several advantages, including objectivity,
sensitivity, and rapid data acquisition and processing, with
results obtained in less than 15 minutes. Such methodology
holds promise as a reliable biosensor for environmental
pollution assessment and water resource health monitoring,
among other potential applications. Currently, other analytical
studies are underway to correlate these activity values with
other techniques. The ability of this approach to provide rapid
and accurate assessments makes it a valuable tool in various
fields, including environmental monitoring and biomedicine.

IV. CONCLUSION

Biospeckle techniques have demonstrated high efficiency
in characterizing bacterial activity in semisolid media [20, 21].
Furthermore, some studies have explored the application of
biospeckle in detecting motile activity in larger
microorganisms, including protozoa, rotifers and algae [25].
The ability of this technique to detect variations in the speed
of movement of bacteria, which typically measure
approximately 2 microns, has been convincingly
demonstrated.

Building on this premise, a preliminary technique was
introduced to evaluate the variation in PS motility by
subjecting the bacteria to various toxic substances. The results
provided evidence of the potential of the analysis technique to
detect changes in microbial motility. However, further
research is warranted to advance the study.

Additional experiments are currenty underway to
determine variations in the behavior of PS in liquid medium
using other laboratory techniques. This is being done in order
to correlate these activity data with various motility
parameters and evaluate the appropriate exposure times to
capture speckle patterns more effectively. Repeating the
experiments under different conditions will provide a more
comprehensive understanding of the capabilities and
limitations of the technique, ultimately leading to a refined
and robust methodology. This research will significantly
contribute to the development of this promising biospeckle-
based approach for detecting changes in microbial motility
and its potential applications in ecotoxicity and environmental
biomonitoring studies.
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Abstract— Streptococcus agalactiae (Group B Streptococcus,
GBS) is the leading cause of neonatal infections, impacting both
pregnant mothers and specially their offspring. This infection
affects 18% of the pregnant women worldwide, leading to a
spectrum of diseases, including maternal infection, stillbirth,
and sepsis in newborns. Current detection methods rely on
culturing techniques, resulting in long turnaround times for
results and sophisticated laboratory infrastructure and
training. In response to these limitations, this work presents the
development of a point-of-care (PoC) rapid screening test based
on a hand-held thermocycler to perform double tagging end-
point PCR in combination with electrochemical genosensing,
specifically targeting the GBS fbsA gene. The results
demonstrate a simple, specific, and highly promising system for
detecting the presence of GBS in pregnant mothers and
newborns.

Keywords— perinatal infections, Group B Streptococcus
(GBS), rapid screening test, hand-held thermocycler, genosensing
devices

1. INTRODUCTION

In the absence of a rapid point-of-care (PoC) diagnostic
test, infectious diseases are often managed using clinical
algorithms based on the presence of symptoms and local
disease prevalence estimations. While this approach
effectively identifies most patients who require treatment
(high sensitivity), it also leads to the unnecessary treatment of
patients with alternative diagnoses who might recover without
intervention (poor specificity). Syndromic management of
diseases typically results in the overuse of limited
antimicrobials and inadequate treatment, which in turn
contributes to the development of drug resistance [1]. The
accurate identification of patients who truly require treatment
remains a significant challenge in infectious disease control.
The burden of infectious diseases could be substantially
reduced if appropriate diagnostic tests were readily available

(2].
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Group B Streptococcus (GBS) is a bacterium commonly
found in the gastrointestinal and genital tracts. Although there
is significant geographical variation, it is estimated that up to
18 % of pregnant women globally are asymptomatic carriers
of GBS [3]. Maternal rectovaginal colonization with GBS is
the primary pathway for GBS transmission, leading to disease
in the mother, fetus, and newborn. Maternal infections and
subsequent vertical transmission of GBS during pregnancy
and childbirth contribute significantly to the burden of
perinatal disease, with GBS responsible for an estimated
409,000 maternal, fetal, and infant cases and 147,000
stillbirths and infant deaths annually [4]. For this reason,
identifying pregnant women who are infected with GBS is
crucial for implementing targeted antimicrobial preventive
strategies that minimize the risk of perinatal infections in the
fetus and newborn. Based on this rationale, many countries
have integrated systematic screening of pregnant women
during the third trimester into antenatal care. Women who test
positive in the culture of rectovaginal swabs are treated with
antibiotics during labor to reduce the risk of GBS transmission
and subsequent infections in the newborn. his strategy has led
to a significant decrease in the incidence of GBS disease in
high-income countries. However, implementing this approach
in low-income settings is challenging due to the limited
availability of laboratory support needed for microbiological
analyses [5]. Disease caused by GBS most commonly
includes bacteremia, sepsis, pneumonia, and meningitis in
newborns [6], and survivors often develop long-term
sequelae, such as neurodevelopmental disabilities. GBS is a
global problem, but its impact is particularly severe in African
populations, which account for 54% of estimated cases and
65% of all fetal and infant deaths. Additionally, up to 3.5
million preterm births may be attributable to GBS, leading to
significant additional indirect morbidity and mortality.

Early identification of maternal GBS carriage or
confirmation of its presence in normally sterile bodily fluids
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is crucial for the timely implementation of preventive or
therapeutic life-saving interventions. Currently, the diagnosis
of GBS infection relies on conventional microbiological
culture of bodily fluids (such as blood, cerebrospinal fluid, and
amniotic fluid), which can take days to confirm. A PoC rapid
screening test, applicable near the patient, to detect GBS
infections in both mothers and newborns would be a
groundbreaking approach, particularly in low-income
countries where the challenges of implementing
microbiological cultures are significant. Previous attempts to
develop such screening tools have been hindered by the poor
sensitivity of the rapid tests. In this study, a robust molecular
methodology is proposed for the rapid and PoC screening of
GBS infections in pregnant women and infants, designed to be
feasible in low-resource settings.

Since the early reports on the amplification of target
nucleic acid sequences using polymerase chain reaction
(PCR) [7], this technique has found widespread application in
various areas of genetic analysis, including forensic science
and the diagnosis of genetic and infectious diseases. PCR can
generate billions of DNA copies from a single target molecule
within a few hours [8]. The primary advantages of PCR
include a significant improvement in test sensitivity—up to
100-fold over antigen detection—and much faster turnaround
times compared to classical culturing methods. Additionally,
PCR allows for multiplexing and real-time detection, further
enhancing its utility in diagnostic applications.

During the COVID-19 pandemic, PCR has proven to be
the state-of-the-art and dominant diagnostic test for infectious
diseases [9], despite the rapid development of alternative
technologies. RT-PCR is now widely regarded as the gold
standard for detecting communicable diseases. Surprisingly,
this quantitative technique has also been used for screening
individuals, providing a simple YES/NO binary result, despite
its long turnaround time—ranging from hours to days—and
the requirements for specialized instrumentation, trained
personnel, and infrastructure, including a reliable power
supply. This demonstrates that DNA/RNA amplification,
despite its technical complexity and high costs, remains the
optimal methodology for screening many pathogens, offering
an excellent balance between maximum sensitivity and
feasibility for pathogen detection.

Since the initial report on the integration of PCR with
electrochemical genosensing devices [10], our group has
explored various PCR-based strategies to amplify the
analytical signal and increase the sensitivity of the readout. A
double-tagging PCR  amplification  strategy  with
electrochemical readout was developed in the our labs [11-
13]. In this approach, a set of double-tagged primers labeled
with small tags (such as biotin, digoxigenin, fluorescein,
among others) is used during amplification to enable
immobilization on the platform and subsequent readout. This
method not only achieves DNA amplification but also double
labels the amplicon to enhance readout sensitivity.
Additionally, this approach can be easily multiplexed to detect
up to three pathogens simultaneously. Our group
demonstrated the simultaneous electrochemical biosensing of
Salmonella, Listeria and E. coli [14,15]. Even improved
analytical features were achieved by combining double-
tagging amplification with immunomagnetic separation (IMS)
[16,17]. Our group also demonstrated a comparable sensitivity
achieved with two RDT (rapid diagnostic test) platforms for

the detection of double-tagged amplicons: electrochemical
biosensing and lateral flow [18].

The first generation of nucleic-acid amplification
technologies based on PCR cannot feasibly be incorporated
into rapid diagnostic tests due to the need for thermocycling
platforms, trained personnel, and infrastructure, including a
reliable power supply—factors that pose a significant barrier
to the use of PCR in resource-limited settings [19]. To address
this challenge, our group has developed RDTs based on
isothermal amplification techniques, such as rolling circle
amplification (RCA) and padlock probes [20-22], which
eliminate the need for thermocyclers. However, isothermal
amplification requires multiple reagents and involves several
steps, limiting its practical implementation in low-resource
settings. The goal of this study is therefore to bring PCR to the
point of need by designing a diagnostic kit that includes a
hand-held PCR device and a portable RDT prototype. This
system has the potential to be used for screening
communicable diseases that typically require PCR as the gold
standard, directly at the point of care.

II. EXPERIMENTAL SECTION

A. Instrumentation

The AmpliFAST test is considered an in-vitro diagnostic
test (IVD) which is a PoC rapid test based on a RDT platform
and a portable thermocycler for the rapid detection of Group
B streptococcus in a total time within 40 minutes and at low
cost. The test is mainly composed by two components (as
schematized in Figure 1): 1) portable hand-held thermocycler
operated by batteries, in which the sample is amplified in 30
min by cycling the temperature at fixed condition (no
programming is allowed for the final user). 2) RDT platform
for the electrochemical genosensing.

RDT platfom for
electrochemical
genosensing

portable thermocycler
operated by batteries

AmpliFAST
Rapid Test
communicable diseases

Fig. 1. Schematic diagram of the two components of the AmpliFast test
including the portable thermocycler, based on a double-tagging amplification
of the bacteria and the RDT platform for the readout based . First application
envisaged is the detection of Group B streptococcus perinatal infections.

The RDT platform (as described in PCT/EP2022/071078
‘Device for Assay System, System and Method’) consists of
two main components:

A) Disposable cartridge: i) Sample holder: Contains
streptavidin magnetic particles and a labeled antibody that
binds to the amplified double-tagged DNA from the bacteria
within 10 minutes. ii) Cartridge: Includes the microfluidic
system and the screen-printed electrode where magnetic
actuation occurs, while excess sample and reagents are
removed by capillarity.

B) Digital reader: This includes the external magnet and
the interface between the cartridge and the digital reader,
enabling the electrochemical readout in less than one minute.
The device provides a binary YES/NO response, with data that
can be directly viewed on the digital reader's display and
transmitted via Bluetooth to an accompanying app.



B. Strains and primers

This study focuses on Streptococcus agalactiae (NCTC
8181), with efforts toward the amplification of specific
genetic sequences for the inclusion in the AmpliFast test. This
bacterium is typically cultured under aerobic conditions at
37°C. The study targets the fbsA gene, crucial to the
bacterium virulence, utilizing primers designed for its precise

amplification. The forward primer sequence
GCGGTTTGAGACGCAATGAA and the reverse primer
AGCACCTACGATAGCAACGG allow for the

amplification of a 265 base pair product. Furthermore, the
16S rRNA sequence is employed as a reliable positive
control, with primers GAGTACGACCGCAAGGTTGA and
CCCAACATCTCACGACACGA amplifying a 202 base pair
product. The specificity study used a selection of bacterial
strains to ascertain the precision of the developed rapid
diagnostic test for Group B Streptococcus (GBS). The strains
included Pseudomonas aeruginosa (ATCC 15442),
Klebsiella pneumoniae (ATCC BAA-1705), Enterobacter
spp., Escherichia coli (ATCC 10536), and Salmonella
choleraesuis (ATCC 13311). These strains were chosen to
provide a comprehensive cross-reactivity profile for the fbsA
primer, by confirming that no amplification occurred with
these non-GBS bacteria. Each strain was carefully selected
for its relevance in clinical diagnostics and its potential to act
as a confounder in GBS detection, thereby reinforcing the
specificity of the AmpliFast diagnostic tool.

C. Double-tagging PCR and electrochemical genosensing

The prototype combining PCR amplification with an RDT
platform was tested in this study to address PoC neonatal
sepsis caused by GBS as a first model, aiming to meet the
highest standards of sensitivity and specificity while
considering analytical simplification. To enhance sensitivity,
this study focused on the genetic amplification of the bacterial
genome on magnetic particles [11]. The initial exploration
involved the double-tagging PCR method developed in our
labs [11,12,13] (Figure 2).

Tagsing primers Tagged amplicons.

o0 5 © XM sureptavidin

PCR
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One-step DNA release incubation
and PCR in portable device 10 min readout
30 min In sample holder 1 min

with lyophilizated reagents. with Iyophilizated reagents

Fig. 2. Molecular strategy which are the core of the technology, showing
the molecular detail of the double tagging end-point PCR which will be
performed in a portable thermocycler, followed by the reagent mixture, and
the readout perform on the RDT platform.

This approach was previously demonstrated in lab conditions
for the single or multiplex detection of genomic DNA of
foodborne pathogens (including E. coli, Salmonella
[11,12,13], Listeria [14-16], zoonotic tuberculosis, and lately
to detect transcripts of inflammatory biomarkers (IFN-y) by
double-tagging RT-PCR, in which the RT is performed on
poly(dT)-MPs [17]. The lysis of the bacteria was integrated as
an initial heating cycle during PCR [14,16], and the released
DNA was simultaneously amplified and labeled by an end-
point double-tagging PCR in the portable thermocycler

prototype by using a double tagged set of primer labelled with
biotin and digoxigenin. Furthermore, different strategies for
room-temperature-storable PCR mixes were be evaluated, as
well as compared with commercial options (Kerafast,
FLUOROGENICS™, among others). The double-tagging-
PCR approach was firstly demonstrated in our labs for the
detection of ATCC strains and clinical isolates obtained from
Hospital Clinic (Barcelona), taking as a model of GBS
diseases, and perinatal sepsis due to GBS.

D. Biosafety considerations

The experiments were conducted in compliance with
Biosafety Class 2 requirements for handling all the studied
strains. All biological waste generated from the experiments
was disposed of in accordance with local regulations for
handling biohazards.

III. RESULTS AND DISCUSSION

A. Study of PCR performance on different Streptococcus
agalactiae serotypes

Figure 3 shows the PCR results for the detection of various
serotypes isolated from clinical samples of Streptococcus
agalactiae using fbsA primers, demonstrating that the assay
successfully amplified the target gene across multiple clinical
isolates. The lysis method employed was heat shock, the
enzyme used was SolisSFAST master mix, and the primer
concentration was set at 250 nM. The PCR used 2 pl of lysate,
and strain 8181 from the ATCC served as the positive control.
The gel electrophoresis results display distinct bands for each
serotype, affirming the efficacy of the primers, with DNA
concentrations in the samples ranging from 73.3 ng uL™! to
121.5 ng puL!. It's noted that the amplicon size for the fhsA
gene is consistent with the expected molecular weight,
confirming the specificity and accuracy of the PCR.

i 100 bp
(C-) PCR
(C-) Culture
S-69
S-75
S-77
S-80
S-93
S-96
(C+) 5-8181

Fig. 3. Electrophoresis of fbsA-targeted PCR for Streptococcus agalactiae
Serotypes. Clear bands demonstrate the efficiency of the primers in
amplifying fbs4 gene across different clinical isolates with sample DNA
concentrations ranging from 73.3 to 121.5 ng pL'. The amplicon size is
consistent across samples, indicating reliable detection. S8181 serves as the
positive control.

B. AmpliFast test performance and specificity study

Figure 4 displays the specificity of the fbs4 primers in the
detection of GBS using a portable thermocycler and a RDT.
The results are quantified by amperometry, showing cathodic
current measurements in microamperes (LA). High cathodic
current values are observed for GBS, which indicates a strong
signal and successful amplification of the fbs4 gene. In
contrast, other bacteria such as Pseudomonas aeruginosa,
Klebsiella pneumoniae, Enterobacter spp., Escherichia coli,
and Salmonella choleraesuis show significantly lower
currents, highlighting the specificity of the primer to GBS
without cross-reactivity with these non-target species.



Figure 4, right panel shows a control assay using 16S
rRNA primers, which serve as a general bacterial marker.
Here, uniform cathodic currents across all tested bacterial
species are observed, validating the assay ability to detect
bacterial DNA in general. These results, obtained with the
portable thermocycler and a RDT, demonstrate the specificity
of the fbsA primers to GBS even in the presence of other
bacterial strains, reinforcing the potential use of this assay in
a PoC setting to accurately diagnose GBS infections.
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Fig. 4. Specificity study of fbs4 and 16S primers using electrochemical
genosensing. The results confirm the fbsA primer specificity for GBS using
a portable thermocycler and rapid diagnostic test (RDT) platform.

The results present evidence of the fbsA primer high
specificity for detecting GBS via a portable thermocycler and
RDTs, with electrochemical genosensing showing substantial
cathodic current for GBS, indicative of robust signal
generation and effective gene amplification. In contrast, the
significantly lower currents for other tested bacterial species
such as Pseudomonas aeruginosa, Klebsiella pneumoniae,
Enterobacter spp., Escherichia coli, and Salmonella
choleraesuis highlight the primer selectivity, avoiding cross-
reactivity which is crucial for accurate diagnostics.
Furthermore, the results for 16S rRNA primers, indicates the
capability to detect a wide range of bacteria, thus presenting
the 16S rRNA-based assay as a promising candidate for a
RDTs for sepsis. The consistent reaction of all species to the
16S rRNA primers could pave the way for the development of
a rapid, universal sepsis screening tool, which would be
relevant for early and broad-spectrum bacterial infection
diagnosis. Such a test would be particularly valuable in
clinical settings where rapid identification of a bacterial
infection can lead to timely and life-saving treatment
interventions.

l:l - ] 4 6 8
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Fig. 5. Calibration plot for the AmpliFast test. The graph shows
amperometric responses across various concentrations of GBS (measured in
logarithmic Colony Forming Units (CFUs/mL)), with an LOD of 1.34x10*.
This translates to an approximate LOD of 2415 CFUs per swab. These
findings affirm the sensitivity of the AmpliFast test for GBS detection when
using a portable thermocycler and a RDT platform.

Figure 5 illustrates the Limit of Detection (LOD) of the
AmpliFast test for detecting Group B Streptococcus (GBS).
The results are measured through amperometry, showing
cathodic current in microamperes (pA). The minimum
detectable value is found to be 1.61x10* CFUs/mL, indicating
a LOD of approximately 2415 CFUs/swab. This underscores
the potential utility in PoC scenarios for precise GBS infection
compared to commercial devices [23].

IV. CONCLUDING REMARKS

In conclusion, these findings support the use of the fbsA
primer for targeted GBS detection while also proposing the
future potential of 16S rRNA primers for the development of
a rapid, point-of-care sepsis test. This could improve sepsis
diagnostics, as the wide array of bacteria that show positive
reactions with the 16S primers includes many common strains
of sepsis. Thus, this RDT could potentially provide healthcare
providers with a powerful tool for the prompt recognition and
treatment of this serious condition.

The innovative aspects of the test presented here integrates
key components aiming to achieve simplification and
portability while maintaining outstanding analytical
performance. In conclusion, the method offers a DNA
preconcentration strategy amenable with low resource
settings. The user-friendly cartridge and reader design
minimizes user intervention, enhancing ease of use and
reproducibility. Moreover, the handheld -electrochemical
readout powered by batteries enables on-site and point-of-care
testing, marking a significant advance in electrochemical
biosensing applications.
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voltamétricos para el analisis de drogas ilicitas con ayuda de
diferentes herramientas de aprendizaje automaitico e
inteligencia artificial con el objeto de lograr su identificacion y
cuantificacion. Para ello se obtienen los voltamogramas
completos de diferentes sensores como huella dactilar de la
sustancia en cuestion, los cuales se procesan con la ayuda de
herramientas de reconocimiento de patrones. Con su ayuda se
obtiene un perfil tinico para cada sustancia, en lugar de
centrarse en los picos individuales de oxidacién. Para ello se
utilizan diferentes sensores modificados con nanocomponentes
o catalizadores redox, los cuales se emplean para analizar las
muestras mediante la técnica de voltamperometria de onda
cuadrada (SWV). La identificacion de las diferentes drogas y
sustancias habituales de corte se logré6 mediante el analisis de
componentes principales (PCA) y el analisis de discriminante
lineal (LDA), mientras que su cuantificacion se logré mediante
un modelo de minimos cuadrados parciales (PLS). El sistema
desarrollado tiene un gran interés para la identificacion de
drogas confiscadas a nivel forense o de aduana, mediante
sensores de un solo uso y de bajo coste.

Palabras clave— sensores voltamétricos, andlisis en
componentes principales, aprendizaje automdtico, lengua
electronica, opioides, agentes de corte.

I. INTRODUCCION

El trafico y el consumo de drogas ilicitas se han
convertido en los Ultimos afios en una carga mundial bien
conocida [1, 2]. No sélo preocupa desde el punto de vista de
la salud (efectos fisicos y mentales) y econdémico, sino
también por sus consecuencias en la sociedad (por ejemplo,
traficantes, aumento de la violencia, economia sumergida,
etc.). Para poder actuar sobre tales actividades fraudulentas y
salvaguardar al publico, las agencias de seguridad y aplicacion
de la ley requieren de métodos rapidos y portatiles que les
permitan identificar de una manera rapida y confiable una
posible droga tras su interceptacion [3].

La baja precision de las pruebas de color, o el alto costo y
la complejidad de las pruebas instrumentales, son algunos de
los inconvenientes de los procedimientos in situ utilizados
actualmente para la identificacion de drogas ilicitas. Ademas,
los tests de color estan dirigidos a una sustancia concreta,
requiriendo el uso de un test diferente para cada droga que se

Investigacion respaldada por los proyectos PID2019-107102RB-C21 y
PID2022-1367090B-C21, financiados por AEI/10.13039/ 501100011033/
Union Europea NextGenerationEU/PRTR.

sospecha, mientras que a su vez solo estan disponibles para las
drogas mas comunes. Como alternativa, es sabido que los
métodos de prucba basados en espectroscopia y/o
espectrometria de masas son un enfoque mas potente [3]. Sin
embargo, siguen siendo costosos (tanto el equipo como los
consumibles), requieren tiempo y pueden requerir un paso de
pretratamiento de la muestra; por lo tanto, tampoco resuelven
por completo el problema. En este sentido, los sensores
electroquimicos ofrecen informacion rapida y precisa con un
coste reducido. Ademds, presentan ventajas como
sensibilidad, amplio rango lineal, minimo requerimiento de
energia, potencial para miniaturizacion y portabilidad,
instrumentacion simple y facilidad de operacion. Todo ello les
hace adecuados para el desarrollo de dispositivos manuales,
compactos y de facil operacion para analisis in situ [4].

Sabido que la mayoria de las drogas de abuso son
electroactivas junto con las ventajas mencionadas
anteriormente, la determinacion electroquimica simultanea de
muestras incautadas ain podria ser un desafio dada su
complejidad y la similitud de respuesta entre algunas drogas y
agentes de corte. Un posible inconveniente es que se produzca
el solapamiento entre picos cuando se analizan mezclas;
también se ha descrito la supresion de algunos picos para
determinadas combinaciones de sustancias [5]. En este
sentido, el acoplamiento con el procesamiento quimiométrico
permite extraer la maxima informacioén quimica de estos datos
complejos. Con este enfoque es posible desconvolucionar
respuestas electroquimicas superpuestas complejas y lograr la
identificacion y cuantificacion simultanea de varios analitos.
Si ademds se usa una serie de sensores modificados
quimicamente, en lugar de depender de un solo electrodo
desnudo, aun es posible mejorar las prestaciones del sistema;
este enfoque es el que se conoce como lengua electrénica [6].

Con este objeto, este trabajo presenta algunos de los logros
alcanzados hasta el momento en la deteccion de drogas ilicitas
y agentes de corte comunes con los principios de la lengua
electronica (Fig. 1). Dada la complejidad del escenario, el
analisis de opioides se ha tomado como primer caso de
estudio, con experimentos planificados en orden creciente de
complejidad. En primer lugar, se investigd el uso de diferentes
electrodos para la generacion de huellas dactilares
voltamperométricas, seguido de la identificacion cualitativa
de las diferentes drogas en concentraciones fijas y variables.
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A continuacion, también se intent0 la identificacion de drogas
mezcladas con diferentes agentes de corte, en lo que
representa un escenario mas realista. Finalmente, se evalu6 la
cuantificacion simultainea de mezclas de tres drogas
diferentes, tanto en ausencia como en presencia de diferentes
agentes adulterantes.

II. EXPERIMENTAL

A. Matriz de sensores

_
e A \ W g

BAJO

SOSPECHA
N - sensores

Identificacion

Fig. 1. Esquema de la aproximacion propuesta para la identificacion de
drogas ilicitas en muestras forenses.

Se prepararon diversos sensores voltamétricos utilizando
diferentes modificadores como nanotubos de carbono,
grafeno, ftalocianina de cobalto (II) (CoPH), azul de Prusia,
polipirrol, asi como nanoparticulas de paladio (Pd) o
nanoparticulas de 6xido de cobre, bismuto, titanio, zinc y
estailo. Esos modificadores se seleccionaron teniendo en
cuenta estudios previos con ET en otros campos [7]. De esta
manera, se evaluaron electrodos serigrafiados (SPE)
modificados con diferentes tintas de carbono. Brevemente, el
procedimiento para su elaboracion fue el siguiente: para la
modificacion de sensores serigrafiados comerciales
(Metrohm-Dropsens C110) se prepard6 una tinta de
poliestireno mezclando 58% de grafito, 10% del modificador
especifico y 32% de poliestireno en polvo con 250 pL de
mesitileno. A continuacion, se vertidé 1 uL de la solucion
obtenida sobre el electrodo y se seco a 40°C durante 1 h.

B. Medidas electroquimicas

Las mediciones voltamperométricas de onda cuadrada
(SWV) se realizaron a temperatura ambiente utilizando un
potenciostato Palmsens MultiEmStat de 4 canales (Houten,
Paises Bajos) controlado con el paquete de software
MultiTrace. De esta manera, las muestras de drogas se
analizaron con los conjuntos de sensores mencionados
anteriormente colocando una gota de la solucién sobre los
electrodos y registrando un tinico barrido de oxidacion para
cada una de las muestras y electrodos. El barrido se realizd
entre -0.2 y +1.5 V, con un escaléon de 5 mV, amplitud de
25mV vy frecuencia 10 Hz. Para evitar cualquier efecto de
contaminacion en los electrodos y tener que realizar una
regeneracion fisica de su superficie, se realizo una medicion
de un blanco entre cada muestra.

C. Tratamiento de datos

El andlisis quimiométrico se realizd mediante scripts
implementados en MATLAB (MathWorks, Natick, MA, EE.

UU.), utilizando sus correspondientes toolboxes estadisticas.
Concretamente, se utilizaron algoritmos genéticos (GA) como
herramienta de seleccion de caracteristicas para reducir la
cantidad de entradas alimentadas a los modelos
quimiométricos cuantitativos dada la gran dimensionalidad de
los datos voltamétricos [8]. A continuacion, se realizd un
analisis cualitativo mediante analisis de componentes
principales (PCA) que permiti6é evaluar patrones iniciales en
los datos y evaluar (des)similitudes de las muestras, mientras
que a continuacion se utilizé un analisis discriminante lineal
(LDA) para construir el modelo clasificador que permitié
categorizacion de las diferentes muestras. Finalmente, el
analisis cuantitativo de mezclas de drogas se logré mediante
regresion de minimos cuadrados parciales (PLS). Esta
eleccion se justifica por el afan de conseguir el modelo mas
simple posible capaz de cumplir la tarea deseada. En este
sentido, la eleccion de GA como herramienta de seleccion de
caracteristicas proporciona una doble ventaja ya que, por un
lado, permite reducir significativamente el procesamiento
informatico, mientras que, por otro lado, permite mejorar el
rendimiento del modelo y la capacidad de generalizacion.
alcanzada. De manera similar, se prefirio6 PLS a las redes
neuronales artificiales (ANN) debido a su simplicidad y
menores requisitos computacionales.

III. RESULTADOS

Para ilustrar el potencial del enfoque propuesto, se
realizaron aproximaciones de complejidad creciente; a saber,
la identificacion de diferentes opioides sin/con la presencia de
agentes de corte y la cuantificacion de mezclas de opioides,
sin/con la presencia de agentes de corte. Para cada uno de
ellos, se prepar6é y midié un conjunto diferente de muestras
con los sensores propuestos, sometiendo posteriormente las
respuestas obtenidas al modelo apropiado dependiendo de si
se buscaba una respuesta cualitativa o cuantitativa. . Para
todos los modelos desarrollados, se adoptd una estrategia de
validacion cruzada, en el que el conjunto de muestras se
dividi6é en dos subconjuntos: subconjunto de entrenamiento
(utilizado para ajustar el modelo) y subconjunto de prueba
(utilizado para evaluar su rendimiento).

A. Identificacion de drogas

El primer paso fue la caracterizacion analitica de las
respuestas voltamétricas de los diferentes electrodos hacia las
diferentes drogas considerados, para asegurar que existe
respuesta, y que estas respuestas resultan diferenciadas entre
los diferentes electrodos. A continuacidon, se enviaron los
voltamogramas a PCA y la bondad de la agrupacion observada
se utilizo para seleccionar el conjunto de sensores 6ptimo para
cada escenario [9].

Por ejemplo, la Fig. 2 muestra las respuestas voltamétricas
para tres SPE modificados, en este caso concreto usando una
matriz con un sensor de carbono no modificado, y electrodos
modificados con ftalocianina de cobalto y nanoparticulas de
Pd, donde se puede ver como cada uno genera sefales
diferenciadas. La composicion de la matriz de sensores fue
optimizada en paralelo a dichos experimentos (resultados no
mostrados). El resultado del analisis en componentes
principales de estos datos se muestra en la Fig. 3, donde se ve
una clara agrupacion de cada sustancia, lo que confirma que
se obtienen diferentes huellas dactilares para cada caso. De
forma significativa, incluso cuando se varia la concentracion
de las sustancias, el algoritmo ain puede identificarla
correctamente, puesto que la sefial se normaliza previamente.
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Fig. 2. Muestra de sefales voltamétricas obtenidas con la matriz de sensores
propuesta y diferentes drogas de abuso y agentes de corte.
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Fig. 3. Diagrama de “scores” obtenido tras el analisis de componentes
principales (PCA) de las medidas voltamétricas obtenidas con la matriz de
sensores anterior, al realizar medidas con diferentes drogas opidceas y
agentes de corte.

B. Identificacion de drogas mezcladas con agentes de corte

En un segundo caso cualitativo, se intentdo la
identificacion y clasificacion de cuatro farmacos diferentes
cuando se mezclaban con diferentes agentes de corte. Para
ello, se analizd un nuevo conjunto de muestras con los
diferentes sensores, y se modelaron las respuestas con ayuda
del analisis de discriminante lineal (LDA) como método
supervisado para conseguir la clasificacion en 5 grupos
diferentes: uno para cada uno de los farmacos considerados
(mezclados o no con agentes de corte) y uno para todos los
diferentes agentes de corte. Nuevamente, se obtuvieron unos
agrupamientos evidentes para cada una de las clases
consideradas, logrando un porcentaje de éxito de clasificacion
para el subconjunto de prueba del 100 %.

C. Cuantificacion de drogas (puras) en mezclas

A continuacion, se evalud la cuantificacion simultanea de
mezclas de las tres drogas opioides consideradas en I1I.A. Para
ello, se prepar6 un conjunto de muestras, se midieron con el
conjunto de sensores y luego se construyd el modelo
cuantitativo empleando algoritmos genéticos y minimos
cuadrados parciales (GA-PLS). Para visualizar las
prestaciones de respuesta del modelo de cuantificacion, se
construyeron graficos comparativos de las concentraciones
previstas vs. las esperadas (Fig. 4), a partir de las cuales
también se calcularon los parametros de regresion lineal.
Como se puede visualizar, se obtuvieron tendencias
satisfactorias para cada una de las drogas y subconjuntos, con
lineas de regresion cercanas a las ideales, estando los valores
ideales de pendiente, correlacion e intercepcion dentro de los
intervalos de confianza obtenidos.
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Fig. 4. Bondad del modelado cuantitativo en la resolucion de mezclas de
(@) heroina, (A) morfina y (¢) codeina en el rango de 0-700 pM.
Informacion correspondiente a la comparativa concentracion calculada vs.
concentracion esperada para el conjunto externo de prueba. La comparacion
de referencia (y=x) se muestra como referencia. El modelo final utiliza
algoritmos genéticos para seleccion de informacion significativa y minimos
cuadrados parciales para el calculo (GA-PLS).

D. Cuantificacion de mezclas de drogas y adulterantes

Por ultimo, se utilizé el enfoque anterior, pero utilizando
un conjunto diferente de muestras, para lograr la
cuantificacion de situaciones donde se encuentran los mismos
tres opioides en presencia de dos agentes de corte
(paracetamol y cafeina). Como antes, se utilizo GA-PLS para
construir el modelo de cuantificacion que permitié no solo la
cuantificacion de las diferentes drogas, sino también la de los
agentes de corte. Nuevamente, con una tendencia satisfactoria
y parametros de regresion cercanos a los valores ideales.

Con estos cuatro casos que se muestran, se intuye que los
sistemas basados en deteccion electroquimica y contribucion
de herramientas de inteligencia artificial pueden ser en un
futuro los detectores de posibles alijos de drogas
interceptados. Como ventaja es posible enumerar una
manipulacion minima, una determinacion rapida y sencilla, y
un coste reducido, que posibilita un esquema de sistema
sensor de un solo uso. Como observacion adicional, se puede
comentar como el sistema es posible implementarlo con



sistemas de telecomunicacion encriptados, de forma que el
operario solamente recoge las medidas, estas son enviadas a
un modelo de identificacion en la nube, y por internet se recibe
el resultado. Una operativa de este tipo permitiria ademas un
refinamiento continuo del modelo, si los multiples usuarios
confirmasen los resultados con analisis de referencia.

IV. CONCLUSIONES

La combinacion de sensores voltamétricos modificados
con diferentes herramientas de aprendizaje automatico e
inteligencia artificial ha demostrado ser un enfoque util para
el analisis de drogas de abuso, en este caso opiaceos. Aunque
el ejemplo mostrado se reduce a morfina y compuestos
derivados, estos principios son igualmente validos para otras
drogas de abuso (por ejemplo, cocaina, ketamina o
metanfetamina), con la Ginica condicion que la sustancia sea
electroactiva. Para ampliar el conjunto de sustancias
detectadas seria recomendable reconsiderar la matriz de
sensores utilizada, para lo que se despone de una metodologia
que permite definir un conjunto de sensores optimizado para
una aplicacion dada [9]. En el caso aqui mostrado, se han
obtenido resultados satisfactorios tanto en la discriminacion
cualitativa de sustancias como en su cuantificacion
simultanea, incluso en mezclas de diferentes drogas y/o
diferentes agentes de corte. En consecuencia, teniendo en
cuenta el rendimiento demostrado en este resumen y las
ventajas inherentes de los métodos electroquimicos, como su
simplicidad, bajo costo y portabilidad, se confirma la
idoneidad del enfoque actual para el desarrollo de sistemas
portatiles para andlisis descentralizados, en aplicaciones
forenses y de examen en aduanas.
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Abstract—In this paper, we introduce a low-cost system of
screen-printed electrodes (SPE) modified with poly(methylene
blue) (PMB) as an electrochemical sensor for levofloxacin (LVX)
determination with Internet of Things (IoT) connectivity. De-
veloping new electrochemical devices with IoT connectivity to
modify, validate, and measure within a single system represents
a significant advancement in creating accessible IoT platforms
for drug detection. The proposed SPE/PMB sensor was tested
using LVX solutions prepared in phosphate buffer. As a result,
the sensor achieved a detection limit of 1.4 mg/L. within a
concentration range of 0 to 50 mg/L, proving its potential to
quantify drugs at low concentrations in liquid samples and its
integration into IoT measurement systems.

Index Terms—Conductive polymer, screen-printed electrodes,
electropolymerization, internet of things, levofloxacin

I. INTRODUCTION

Levofloxacin (LVX) is one of the most commonly used an-
tibiotics in treating infectious diseases of the respiratory tract,
urinary tract, skin, and soft tissues [1]. However, the excessive
abuse of antibiotics worldwide poses a significant danger as it
can lead to antibiotic resistance. It constitutes a serious public
health and environmental problem, as levofloxacin residues
return to the environment through untreated and treated water
discharges, contaminating sources of drinking and irrigation
water [2]. Therefore, detecting LVX is crucial to curb its
spread and prevent human consumption of contaminated water
and food.

Detection and quantification of LVX require sophisticated
analytical techniques such as high-performance liquid chro-
matography [3], capillary electrophoresis [4], and paramag-
netic resonance [5], to mention only a few. These techniques
require complex bench-top equipment, sample pretreatment,
and long-time operation for analysis. Currently, electrochem-
ical sensors have become an attractive alternative to conven-
tional analytical techniques for the detection of drugs [6]. Elec-
trochemical sensors offer advantages such as high sensitivity,
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BE Alvarez-Serna acknowledges CONACYT for the PhD studies grant (CVU
1004078).

Roberto G. Ramiez-Chavarria
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low detection limits, selectivity, portability, easy manufactur-
ing, and rapid response. Electrochemical transduction is based
on a redox reaction that produces changes in an electrical sig-
nal proportional to the concentration of the analyte. Among the
various electrochemical sensors, amperometric sensors allow
continuous measurements over time, with high sensitivity and
low detection limits when an electroactive species is involved,
suitable for developing portable and accessible detection de-
vices [7]. Amperometric sensors conventionally use a three-
electrode electrochemical cell, which includes a reference
electrode, an auxiliary electrode, and a working electrode.
Conventional electrodes are typically pencil-type, which are
difficult to modify due to their size and fragility. A powerful
alternative is to use screen-printed electrodes (SPE), which are
compact, require no pretreatment or recalibration, and contain
all three electrodes on the same substrate [8]. The SPE allows
integration into portable devices, minimizing the reaction
volume compared to classical vials or tubes and providing
specificity by modifying the working electrode surface. The
most popular techniques of modification are chemical, thermal,
and electrochemical. Notably, electrochemical modification
offers a simple, fast, and accessible process using electro-
analytical methods, namely electrodeposition. This technique
produces homogeneous functionalization of the working elec-
trode to enhance its electrical conductivity, ion absorption, and
chemical stability, to name a few [9]. Electrochemical sensors
based on modified electrodes still have two main limitations.
Firstly, modified electrodes require advanced materials such
as nanomaterials [10], biomolecules [11], or metal-organic
frameworks [12], to mention only a few. Secondly, although
the specificity and performance of modified sensors are im-
pressive, their manufacturing cost and preparation are not easy
to replicate in resource-limited environments.

The modification based on conductive polymers has
emerged as an attractive and cost-effective alternative for
developing electrochemical sensors. These sensors present
several advantages, such as simple synthesis processes, cor-
rosion resistance, reproducibility, and stability [13]. Among
the wide variety of conductive, poly(methylene blue) (PMB),
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Fig. 1: Schematic diagram of the instrumentation system with Internet of Things connection, called iioT-Stat.

obtained from methylene blue (MB) monomer, is an elec-
troactive polymer that generates reactions at low electrical
potential [14]. Additionally, MB has a high electron trans-
fer efficiency, can be polymerized on solid substrates, and
is highly reactive to organic molecules, adequate for drug
detection. Today, the development of economical and high-
performance electrochemical sensors and their integration into
wireless or autonomous monitoring systems poses a global sci-
entific challenge [15]. For this reason, this study has developed
an instrumentation system under the Internet of Things (IoT)
approach. IoT is a technological trend that allows us to connect
an electrochemical sensor to the internet to exchange data and
control message traffic. Additionally, an IoT sensor can be
integrated into networks with other sensors using protocols and
data analysis algorithms, including artificial intelligence [16].
These platforms allow remote access to real-time data and
enable experimenters to take preventive or corrective actions
on experiment parameters in an automated manner. Therefore,
this study demonstrates the advantages of modifying SPE
electrodes with PMB using a simple yet effective methodology
and their integration into an accessible IoT instrumentation
system with minimal hardware for quantifying LVX in liquid
samples. The aim is to contribute to the establishment of a
solid framework for developing new IoT electrochemical sen-
sors to quantify LVX, or any antibiotic, with high sensitivity
and low detection limits.

II. METHODS
A. Materials

Levofloxacin (98 %, ACS reagent) was purchased from
Sigma-Aldrich (St. Louis, USA). Isopropyl alcohol (91 %,
v/v), hydrochloric acid (38 %, w/v), hydrogen peroxide (30
%, wlw), methylene blue (98 %, w/v), phosphate buffer at pH
7.4, and distilled water were acquired from Meyer (Mexico
City, Mexico). Additionally, we used an electrochemical cell
based on screen-printed electrodes purchased from Metrohm
DropSens (Oviedo, Spain) model C110. The sensor has a
reference electrode made of silver paste. In contrast, the

counter and working electrodes were made of carbon paste.
However, the working electrode was modified with PMB to
enhance the sensor’s sensitivity for LVX detection.

B. Measurement system for loT

In Fig. 1, the schematic diagram of the IoT instrumenta-
tion system, named iioT-Stat, is depicted. The system allows
for electrode modification, validation of its operation, and
levofloxacin quantification using the same configuration but
different electrochemical techniques. The iioT-Stat consists of
the SPE/PMB sensor connected to the LMP91000 integrated
circuit from Texas Instruments, which is controlled by a
development board with system-on-chip technology from the
ESP32 family. The LMP91000 is a compact potentiostat for
electrochemical applications that can be configured for differ-
ent electrochemical techniques using an i2C communication
protocol. Additionally, it features temperature compensation
and a polarization current regulator connected to an opera-
tional amplifier (OA) to bias the sample using the RE and CE
electrodes. The electrochemical technique is configured with
the ESP32 board, where input parameters are adjusted.
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Fig. 2: Preview of the web server displaying real-time lev-
ofloxacin concentration over time.



Subsequently, the current, I, generated between the working
electrode and the analyte is measured using a transimpedance
amplifier (TTA) to convert the current into an output voltage,
Vo, which is proportional to the input current by a feedback
resistor, R4, such that Vo = Vger - Rrra 1. The Vo
is digitized by a 12-bit analog-to-digital converter within the
ESP32 board. Voltammograms for modifying, validating, and
calibrating the sensor were obtained on a personal computer.
Finally, taking advantage of the fact that the board has a
built-in WiFi module, we send the data over the internet to
a website programmed in HTML, which is hosted within the
board. These data can be viewed on a web server from any
device using an IP address. Fig. 2 shows the server with a
Highcharts graph, which is a JavaScript-based software library
for graphics, illustrating the concentration of LVX over time.

C. Modification of the SPE with PMB

The three electrodes of the SPE sensor are on a plastic
substrate with dimensions of 3.4 x 1.0 x 0.05 cm. The WE
has an active surface area of 12.57 mm? and was modified to
increase its sensitivity for quantifying LVX. The modification
process consists of three stages. Firstly, the surface of the
sensor was activated with a solution containing hydrochloric
acid (HCl), hydrogen peroxide (H2O-), and distilled water at
a 1:1:3 ratio (v/v) for 2 minutes. Subsequently, a 50 uL drop
of a phosphate buffer at pH 7.4 and 0.01 M of MB solution
was placed, and 20 continuous cycles of cyclic voltammetry
(CV) were applied. Finally, the sensor was rinsed with distilled
water and dried at room temperature.

III. RESULTS

A. Electrochemical modification and validation of the
SPE/PMB

Fig. 3(a) illustrates the electropolymerization process using
20 cycles of CV. This process is carried out within a potential
range of -0.5 to 1.5 V with a scan rate of 50 mVs~! to deposit
PMB onto the WE surface. The first voltammogram, depicted
in red, illustrates the redox reaction of the monomer with its
cathodic and anodic peaks at -0.38 and 0.47 V, respectively. On
the other hand, the voltammograms in blue show the remaining
nineteen cycles of the PMB electropolymerization process.
There, the amplitude of the oxidation and reduction current
peaks increases and decreases, respectively, depending on the
number of cycles. This gradual increase in current makes sense
as the electroactivity of the polymer increases with the number
of cycles, indicating the proper electropolymerization of PMB.

Subsequently, we studied the electrochemical response of
the sensor before and after modification with PMB to detect
LVX. Experimentally, we prepared a solution of 40 mg/L
LVX in phosphate buffer and measured it using CV in a
potential range of -0.4 to 0.4 V with a scan rate of 50 mVs™!.
Fig. 3(b) displays the black voltammogram with the sensor
without PMB (SPE), where it can be observed that the current
amplitude is less than 8 pA, and although it exhibits the
behavior of a redox reaction, it is not easy to define the
values of the oxidation and reduction peaks. On the other
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Fig. 3: (a) Electropolymerization process of PMB by cyclic
voltammetry in phosphate buffer at pH 7.4 and 0.01 M
methylene blue. (b) Cyclic voltammograms of the sensor with
PMB (SPE/PMB) and the sensor without PMB (SPE) to detect
40 mg/L of LVX prepared in phosphate buffer.

hand, the orange voltammogram with the sensor with PMB
(SPE/PMB) shows a cathodic current peak greater than 80
1A, indicating that the PMB enhances the sensor response in
the presence of LVX. Based on these results, we demonstrate
that the PMB deposited on the electrode undergoes a redox
reaction, increasing the current amplitude without altering the
potential range.

B. Amperometric detection of LVX

To further investigate the sensor’s ability to quantify LVX,
we applied the amperometry technique with a potential of 0.5
V for six hours. In the first hour, we measured in phosphate
buffer without LVX; subsequently, we gradually increased
the concentration in 10 mg/L increments every 10 minutes.
Fig. 4(a) shows the amperometric response of the sensor for
0, 10, 20, 30, 40, and 50 mg/L of LVX in phosphate buffer.
The graph demonstrates that the current amplitude consistently
increases with each successive elevation of LVX concentration.
Additionally, the current measurements at each interval main-
tain their value with variations of less than 5 % from their
average, indicating repeatability in the measurements.
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Fig. 4: (a) Amperometric response of the SPE-PMB sensor upon adding different concentrations of LVX at an applied potential
of 0.5 V. (b) Calibration curve of the average current / as a function of the LVX concentration.

Finally, we calculated the average current, T, value for each
concentration. With this value, we established the calibration
curve to quantify LVX, as shown in Fig. 4(b). The calibration
curve displays the experimental data (black dots), the standard
deviation (vertical lines) for three measurements, and the linear
model (solid line) in a range from O to 50 mg/L of LVX. As
expected, the I has a directly proportional relationship with
the LVX concentration, showing a coefficient of determination
close to 99 % and a detection limit (LOD) of 1.4 mg/L, which
is in the same order of magnitude as previous reports [17].

IV. CONCLUSIONS

We have developed a cost-effective electrochemical sensor
based on a system of modified screen-printed electrodes (SPE)
with poly(methylene blue) (PMB) for levofloxacin (LVX)
determination in liquid samples. Our work combines the
electropolymerization process, validation, and amperometric
measurements in a single electrochemical device with Internet
of Things (IoT) connectivity. The modification process demon-
strates the ability to electrodeposit PMB onto an electrode for
electrochemical determination of LVX with high sensitivity.
Our sensor showcased its capacity to quantify LVX with a
low detection limit of 1.4 mg/L. Following these findings,
the development of this sensor aims to demonstrate a simple,
low-cost, and accessible methodology for designing modified
electrochemical sensors for drug detection and their integration
into IoT platforms.
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Abstract—Cerium hydroxycarbonate and multiwalled
carbon nanotubes (Ce(OH)CO3 and CNT respectively), drop-
casted onto a glassy carbon (GC) electrode and
electrochemically treated (tCe(OH)CO3/CNT) has been
obtained as a new hybrid material, characterized through SEM
and electrochemical techniques. The charge transfer resistance
(Rcr) value of tCe(OH)CO3/CNT was up to two orders of
magnitude lower than the Rcr of bare GC electrodes.

Keywords—Electrochemical pretreatment; Cerium
hydroxycarbonate; Carbon tubes; Dopamine; Differential
pulse voltammetry.

1. INTRODUCTION

The nature of an electrode material plays a crucial role in
the construction of high-performance electrochemical
sensors. Biomolecules on conventional electrodes usually
display broad peaks and often present sensitivity and
selectivity problems due to their sluggish surface kinetics.
[1,2].

Electrochemical pretreatments like amperometric or
voltammetric oxidations and/or reductions can enhance the
performance of modified electrodes producing active sites
with high density of electronic states and/or a large amount
of oxygen containing functional groups. That way, huge
potential drops can be favored, as well as quick electron
transfer kinetics for the analyte and a background current
decrease (i.e. electrochemical treatment of CNTs in acidic
conditions can partially convert them into graphene like
materials improving the electron transfer rate) [3-4].

Cerium dioxide-based compounds have abundant intrinsic
structural defects (i.e., oxygen vacancies), and are widely
applied in catalysis, oxygen sensors, water gas shift

Universidad de Buenos Aires
Buenos Aires, Argentina
ssobral.teq@gmail.com

reactions, fuel cells, and biomedicine [5-6]. In the solid
phase, it displays a rapid and reversible interconversion
between Ce** and Ce**, which gives this oxide extraordinary
catalytic and electrocatalytic properties [7]. Its combination
with a conductive component such as carbon can improve
the redox ability of Ce and provide additional functionality
as high electrical conductivity, mechanical strength,
chemical stability, and surface to volume ratio [8].

Few reports are found on the electrochemical properties of
Ce(OH)COs3, a compound in the cerium-based family that is
usually obtained as a precursor while synthesizing its
oxides. Nevertheless, it has been found adequate for its use
as an electrode for lithium ion batteries [9] or as
electromagnetic wave absorber with high conductivity [10].
Several Ce(OH)COs; syntheses rely on urea hydrolysis [11],
rising the pH reaction media by NHj release. Many studies
aimed towards controlled morphology propose that finely
tuned urea decomposition provide a balanced NHj3 release, a
condition where distinct morphologies arise, from rods or
dumbbells to fully formed spheres [12].

The present work aims to study the influence of
electrochemical pretreatments (7 voltammetric cycles from -
1 to 1.1 V) applied to modified electrodes with Ce(OH)CO;
and CNTs, and the impact on its overall electrochemical
performance.

2. EXPERIMENTAL

2.1 Reagents

KCl, NaOH, NH4Cl, (NH4)>SO4, KoHPOs, HCI, H>SO4
96%, Ks3[Fe(CN)s], Ka[Fe(CN)s], Ce(SOs)2, Cex(SO4)s3,
Ce(NOs3)3.6H,0, HAc 99.7%, NaAc, ethanol and urea, were
used as received.
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CNTs (> 98% carbon basis, 10 nm outer diameter, 4.5 nm
inner diameter and 3.5 pm length), were purchased from
Merck.

All chemicals were of analytical grade, and deionized water
was used to prepare the solutions.

Ce(OH)COs3 precursor was synthesized via the low
temperature urea homogenous precipitation method [13].

2.2. Preparation of Ce(OH)CO3/CNT modified electrodes
and electrochemical measurements

0.25 g LTof CNT or 0.25 g L' CNT + 7 g L' Ce(OH)COs,
were both added to a 0.1 mol L' H>SO4 solution in ethanol
(eH2S04) and ultrasonically dispersed for 120 min.

The GC electrodes (1 mm diameter) were polished with
alumina powder (0.3 pm) on a wet cloth, obtaining a mirror-
like surface, then rinsed with deionized water. In modified
electrodes, 5 pL of dispersions were deposited onto a
pretreated GC electrode, followed by drying at 30 °C for 1h.
CNT or Ce(OH)CO3/CNT modified electrodes were
electrochemically treated applying 7 cycles of cyclic
voltammetry (CV) at 50 mV s' from -1 to +1.1 V vs
Ag/AgClI/KCl saturated in each respective dispersion. The
resulting modified electrodes were named tCNT and
tCe(OH)CO3/CNT, and both were washed thoroughly
before use.

All electrochemical measurements were made with a
standard three-electrode system. A glassy carbon bare
electrode (GC, Structure Probe, Inc. PA, USA), or modified
ones with ntCNT, tCNT, ntCe(OH)CO3/CNT or
tCe(OH)COs/CNT were assayed as working electrodes. A Pt
wire was used as counter electrode and Ag/AgCl/KCl
saturated as reference electrode.

All measurements were performed at room temperature with
freshly prepared solutions.

2.3 Electrochemical measurements

All measurements were carried out in KCl 0.1 mol L-!
unless otherwise stated. Differential pulse voltammetry
(DPV) experiments were carried out using 50mV pulse
amplitude, 0.05s pulse width, SmV step size and 0.35s pulse
period.

A frequency range of 100 kHz to 0.1 Hz was used for
electrochemical impedance spectroscopy (EIS)
measurements, done in [Fe(CN)g]*’* in 0.1 mol L KClI,
with an amplitude of oscillation set to 10 mV and the
working potential to +130mV.

2.4. Apparatus

CV and DPV detection were performed with a purpose built
potentiostat (TEQ-Argentina) containing a digital signal
generator implemented for different electrochemical
techniques. EIS was recorded using a potentiostat TEQ4-Z
(TEQ-Argentina) with a frequency response analyzer.

Phase identification of the Ce(OH)COs3 sample was carried
out by conventional X-ray diffraction (XRD) analysis using
a Panalytical Empyrean diffractometer.

3. RESULTS AND DISCUSSION
3.1. Ce(OH)CO:s precursor characteristics

Ce(OH)CO3 was obtained with a distinct morphology. A
relatively simple process was chosen, via heating a closed
vessel at normal pressure, relying on the thermally aided
hydrolysis of urea, with the crucial difference being its high
molar ratio respective to Ce>*, i.e. 10 to 1. That assures a
very high number of nucleation centers, due to the slow
hydrolysis of urea and thus a slow, restrained liberation of
NH; and steady pH rise, two facts that provide a very
controlled Ce(OH)CO; particle growth and a final
dumbbell’s morphology with unique textural, disaggregated
properties, crucial to electrocatalytic sensors.

3.2 Physicochemical  characterization
electrodes

of modified

Through pretreatment methods, several desired effects can
be obtained on electrodes, i.e. rougher surface,
microstructure change, and new edge plane sites of the
graphitic structure [3]. In this work, SEM assays were made
to evaluate the physicochemical changes produced in the
modified electrodes after electrochemical pretreatment.

Pristine Ce(OH)COs consisted on dumbbells made up of
many gathered rods, with an average width of 6-10 pm
(each rod being between 400-100 nm wide) (Fig. 1a). After
sonication in eH>SO4, these dumbbells were disassembled
into individual rods. After the electrochemical pretreatment,
clear differences were seen between Ce(OH)CO;
morphologies in Figs. 1b and c. Remarkably, Fig. lc
(tCe(OH)CO3/CNT) shows that after pretreatment, CNTs
were clearly connected to both Ce(OH)COj; particles and the
GC surface through some kind of slurry.

Figure 1: SEM images of solid Ce(OH)COs (a), ntCe(OH)COs/CNT(b), or
tCe(OH)CO5/CNT (c).

Since the slurry is always nearby the Ce(OH)COs particles,
we propose that it comes from them, but at the same time
CNTs seem essential for the attachment to the GC surface.
Regarding the adhesion mechanism that took place,
Ce(OH)COs can be used as a sacrificial template, where the
OH- and COs* from its structure are substituted by specific
and desired counter anions, in a substitution/digestion
process while retaining, partially or wholly, the original
morphology [14]. In parallel, there are several studies that
show that the pretreatment step with successive oxidation
and reduction cycles could induce partial openings and of
oxygen defects into the CNT [15]. Hence, these oxygenated
functional groups would take the role of those desired
counter anions, and replace CO3> and OH" anions, all within
the solid Ce(OH)CO; phase, effectively immobilizing the
rods onto the CNT slurry which is itself attached to the GC.



3.3, Electrochemical performance of Ce&"** and
[Fe(CN)s]*”* assays
The voltammograms obtained in the electrochemical

treatment (7 cycles of cyclic voltammetry, CV) of CNT
modified electrodes along with the voltammograms obtained
in the electrochemical treatment of Ce(OH)COs/CNT,
clearly points to oxidation and reduction peaks related to the
Ce*"** redox couple at around 690/790 mV obtained in the
latter case (Fig. 2a).
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Figure 2: a) 7 CV cycles of Ce(OH)COs/CNT (blue) or CNT (light green)
modified electrodes in their respective dispersions (a). Cyclic
voltammetries (b) and Nyquist plots (c) employing 5 mmol L' [Fe(CN)g]*
in 0.1 mol L' phosphate buffer. Measurements were made with bare GC
electrode (black) or GC electrodes modified with ntCNT (light green);
tCNT (green); ntCe(OH)CO3/CNT (cyan); or tCe(OH)CO3/CNT (blue). A
zoom in the GC curve is shown in the inset of figure c.

Such crucial feature arises as a consequence of the
electrochemical treatment and not before (not seen in
ntCe(OH)CO3/CNT), since in the solid precursor, Ce
presents a very low tendency to redox cycling from its
nominal 3+ oxidation state, by virtue of the crystal structure
of the hydroxycarbonate that hinders the 4+ state [16].

Thus, having established a deliberately induced
modification that introduces the Ce*"*" equilibria, the
modified electrodes electrochemically treated, were assayed
through CV using the [Fe(CN)s]*"* redox probe, and EIS
using [Fe(CN)s]*"* (Figs. 2b and ¢ respectively) to evaluate
their performance compared with bare GC or modified
electrodes not electrochemically treated (ntCNT or
ntCe(OH)CO3/CNT).

[Fe(CN)s]*™* is a classical example of an inner-sphere
electrode reaction probe with surface-sensitive response
[17], therefore we studied the behavior of bare GC, and
modified ntCNT, tCNT, ntCe(OH)COs/CNT and
tCe(OH)CO3/CNT electrodes through CV studies in its
presence. It was observed that even when
ntCe(OH)CO3/CNT and ntCNT exhibited an acceptable AEp
with good redox peak currents, tCe(OH)CO3/CNT exhibited
the best performance in [Fe(CN)s]*’* solution with the
lowest AEp and the nearest to 1 peak current ratio (ipc/ipa),
both signs of good reversibility (Fig 2b).

Furthermore, the electroactive surface area (ECSA) was
calculated for bare GC and modified electrodes by using the
Randles-Sevcik equation (1) assuming mass transport only
by diffusion processes, a broadly used method in
electrochemical sensors applications [18]:

iy = 2.69 *10°n324D"2Cv"? (1)

where D is the [Fe(CN)e]** diffusion coefficient (cm? s),
i, is the anodic peak current (A), C is the [Fe(CN)e]*"*
concentration (mol cm™), A is the electroactive area (cm?), n
is the number of transferred electrons and v'’? is the square

root of scan rate (V s). The constant value of 2.69 10° has
units of C mol™! V712,

The modification of GC electrodes with CNT increased the
ECSA value of bare GC electrodes in one-fold (from 0.059
to 0.384 ¢cm?), while the further addition of Ce(OH)CO; and
the electrochemical pretreatment that yields
tCe(OH)CO3/CNT triplicates the area of CNT electrodes
(from 0.044 to 0.127 c¢cm?), giving evidence of an overall
process needed to achieve an adequate final hybrid material.
Lastly, EIS using [Fe(CN)s]*’* was chosen to further
evaluate the capacity for electron transfer of the modified
electrodes; the obtained Nyquist plots are presented in Fig.
2c. The Rer values, determined by fitting the data using an
appropriate equivalent circuit, show the enhancement of
electron transfer rate (i.e. an Rcr decrease) with the
electrochemical pretreatment of CNT (a 10 times Rer
decrease in comparison with GC), and a markedly great
improvement with the addition of Ce(OH)CO; and the
subsequent electrochemical pretreatment of these electrodes
(more than 200 times Rct decrease in comparison with GC).
It has to be taken into account that the addition of
Ce(OH)COs to CNT, without electrochemical pretreatment,
already improves the Rer of the modified electrodes when
compared with ntCNT, proving the extent of the influence
of cerium in the electrocatalytic properties. It is also
observed that the electrochemical treatment improves the
electron transfer rate of the tCNT electrodes, implying that
the CNTs were favorably modified electrochemically, as
previously mentioned.

In accordance with the AEp and ECSA results, the Nyquist
plots show higher electrocatalytic performance for
tCe(OH)CO3/CNT as confirmed by the drop of Rcr, as the
semicircle in the Nyquist plot of this modified electrode is
practically absent, a strong indicator that only mass transfer
effects are present. In this context, this implies a better
electrocatalytic activity for this redox couple, and also the
desired synergy between the precursor materials [19].

3.4. Dopamine electrochemical determinations

The GC electrodes display the highest oxidation peak
potentials (Epa) for DA, while tCNT and tCe(OH)CO3/CNT
modified electrodes clearly improved the determination of
DA showing lower Ep. potentials (Fig. 3).

200 400 600 800 0 200 400 600 800 0 200 400 600 800
E/mVv E/mV E/mv

Figure 3: DPV measurements showing a DA calibration curve (from 2 to
70 pumol L") and simultaneous determination of AA, DA, UA, Trp (green

curve) in concentrations: 500, 20, 100, and 15 pmol L™ respectively, using
a bare GC electrode (a), or tCNT (b) or tCe(OH)COs/CNT (c) modified
electrodes.

The biggest difference between modified electrodes, either
electrochemically treated or not, is observed between CNT
and Ce(OH)COs3/CNT. The addition of Ce(OH)CO;
improves DA sensitivity values (i.e. ten times higher). The
treatment which yields tCe(OH)CO3/CNT electrodes do not
impact significantly in the Ep, values for DA if the results



are compared with ntCe(OH)CO3;/CNT, but it really
improves the linear range for DA (0.4-40 pmol L' for
ntCe(OH)COs/CNT  and  0.1-40 pmol L' for
tCe(OH)CO3/CNT).

The limits of detection (LOD) and quantification (LOQ)
were calculated for each electrode at study for DA using the
formula 3*SD*b'or 10*SD*b"!' respectively, where SD is
the standard deviation of 3 consecutive readings of the blank
response and b is the slope of the analyte calibration. The
LOD values of tCe(OCH)CO3/CNT are in the range of the
best DA values reported in literature (LOD:0.003 pumol L
and LOQ: 0.001 pmol L.

4. CONCLUSIONS

In this work, non-expensive materials (Ce(OH)COs and
CNT) and eco-friendly processes (a hard sacrificial template
synthesis and electrochemical treatments) were employed to
satisfactory develop a hybrid Ce(OH)CO3/CNT modified GC
electrode. The addition of CNT and Ce(OH)CO; to GC
electrodes show better activity towards DA determination,
but the fully electrochemically treated material with both
precursors presents the higher improvement. These
electrodes displayed the best LOD and LOQ for DA, in very
good agreement with literature values.
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Resumen—Se emple6 como estrategia un material compésito
de grafito (CPE) modificado por adsorcién de quitosano (QS)
y Azure A (AzA) CPE/QS/AzA para el diseiio de un sensor
electroquimico dirigido a la cuantificacion y especiacion
altamente sensible y selectiva de hipoxantina (Hx), xantina
(X) y acido urico (AU). Se llevo a cabo el estudio de diversos
parametros de analisis del sistema empleando la estrategia de
acumulacién de los analitos a potencial de circuito abierto
(OCP), para la determinacion simultianea de Hx, X y AU,
procedentes de la via de degradacién y catabolismo de las
purinas. Estos analitos son indicadores asociados con la
pérdida de la frescura del pescado para su consumo ya que
sus niveles se incrementan en los procesos de degradaciéon
carnica.

Palabras clave— compdsito de grafito, quitosano, Azure A,
hipoxantina, xantina, dacido urico.

I. INTRODUCCION

Las purinas son moléculas que revisten un especial
interés ya que, al igual que las pirimidinas, son
constituyentes estructurales fundamentales del ADN y
el ARN [1]. El catabolismo de las purinas comienza por
la degradacion del ATP en ciertas condiciones
metabdlicas y deriva en la formaciéon de acido urico
(AU) como producto final en el ser humano, o bien, en
alantoina para aquellos que poseen la enzima uricasa
como el pescado y ciertos primates. El mecanismo

AMP > ADP > IMP 2 In 2> Hx 2> X > AU

general cuyo producto es el AU puede describirse como
sigue:
Donde AMP es monofosfato de adenosina, ADP es
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difosfato de adenosina, IMP es monofosfato de inosina e
In es inosina.

De esta via, es importante remarcar que en condiciones
fisiologicas la enzima xantina oxidasa (XOD), cataliza la
conversion sucesiva de Hx a X e inmediatamente a AU,
como se muestra en la Figura 1. [2]
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Figura 1- Esquema simplificado del mecanismo de accion de la XOD.

Si bien la concentracion de Hx varia de acuerdo con
diferentes pardmetros bioldgicos como especie,
composicion de macronutrientes y reserva de
glucdgeno, entre otros; es considerada como uno de los
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principales parametros relacionados con la evolucion del
deterioro del tejido en el tiempo transcurrido desde su
muerte. En lo que respecta a la X, su contenido es bajo
en el musculo de pescado debido a la accion de la XOD
que rapidamente la oxida a AU. Este ultimo por su parte
podria constituir el parametro final de la oxidacion de la
Hx. Sin embargo, al considerar la rapida transformacion
de la Hx en sus derivados oxidados, resulta interesante la
medicion de los tres parametros en simultaneo, ya que
brinda informacion del estado de frescura [3-5].

En este sentido, el desafio es disefiar metodologias
que permitan la especiacion y cuantificacion in situ de
los tres analitos de modo rapido, simple, sensible y
selectivo. Esta determinacion es de importancia central
en la industria pesquera como fuente de recursos
alimenticios y econdmicos, ubicandose Argentina en el
puesto N°20 dentro de los principales paises
productores [6]. En la actualidad, el monitoreo
individual de Hx, X y AU se realiza por técnicas
tediosas que ademdas de ser costosas, requieren
preparacion previa de la muestra, siendo compleja la
cuantificaciéon simultanea de los tres analitos. Por lo
expuesto previamente, las técnicas de eleccion son
cromatografia liquida de alta performance (HPLC),
espectrofotometria-UV y métodos de fluorescencia [7].
En este contexto, el empleo de sensores electroquimicos
constituye una alternativa simple, portable y rentable en
la cuantificacion de estas biomoléculas, permitiendo
realizar determinaciones in sifu sin necesidad de
tratamientos previos de la muestra.

Desde el punto de vista de los materiales de
electrodo, el grafito presenta multiples ventajas como su
bajo costo y buena conductividad eléctrica. Los materiales
compositos de grafito a su vez presentan también gran
versatilidad al ser maleables lo que proporciona una
gran facilidad de renovacion superficial a diferencia de
los electrodos solidos. Este material compdsito otorga
ademas la posibilidad de incorporar nanomateriales y
biomoléculas que mejoren la sensibilidad y selectividad
[8,9]. El quitosano (Qs) es un biopolimero obtenido a
partir de la desacetilacion de la quitina, es soluble en
acidos organicos diluidos, adquiriendo cargas positivas
por la presencia de grupos amino. Presenta ademas
caracteristicas mucoadhesivas que le confieren una gran
capacidad de para interaccionar con biomoléculas [10].
Por otro lado, el Azure A (N, N’dimethylphenothiazin-
5-ium-3,7-diamine), es un compuesto perteneciente a la
familia de las fenotiazinas derivado del Azul de
metileno (MB). La estructura de anillos aromaticos
altamente conjugados le confiere electronegatividad y
comportamiento electroactivo bajo ciertas condiciones
experimentales.

En este trabajo se disefid un sensor electroquimico
basado en un compésito de grafito empleando particulas
de grafito y como aglutinante aceite mineral en una

relacion 70/30, respectivamente. Este material de
electrodo fue posteriormente modificado mediante
adsorcion secuencial con Qs y AzA. Esta plataforma fue
caracterizada desde el punto de vista electroquimico,
estudiando el comportamiento de los tres analitos Hx, X
y AU, mediante voltamperometria ciclica (VC), y
voltamperometria de pulso diferencial (DPV). Una vez
optimizado el sistema se llevdo a cabo el ensayo de
cuantificacion y especiacion de los analitos mediante
acumulacion a potencial de circuito abierto (OCP) con
una posterior etapa de transduccion de la sefial de oxidacion
de las moléculas adsorbidas empleando DPV.

II. MATERIALES Y METODOS

A. Materiales

Quitosano desacetilado en un 75%, Azure A,
glutaraldehido (GA), aceite mineral, hipoxantina,
xantina y acido tUrico fueron provistos por Sigma
Aldrich. El fosfato de sodio dibasico anhidro y fosfato
de sodio monobasico se obtuvieron de Baker. El grafito
se obtuvo de Thermo Fisher; y acido acético glacial e
hidréxido de sodio de Biopack. Todas las soluciones se
prepararon con agua ultrapura (p = 18,0 MQ cm™ )
obtenida de un equipo Millipore-MilliQ. Todos los
experimentos fueron realizados a temperatura ambiente.

B. Aparatos

Para realizar los ensayos electroquimicos se
emplearon workstations Epsilon (BAS) y ParaSTAT
(AMETEK); las acumulaciones a OCP se realizaron
mediante conveccion forzada a 600 rpm. En los ensayos
electroquimicos se empled una celda convencional de 3
electrodos: electrodo de referencia de Ag/AgCl/ClI -,
contraelectrodo: alambre de platino (Pt) y el electrodo
de trabajo: composito de grafito modificado con
quitosano y Azure-A (CPE/Qs/AzA).

e RESULTADOS Y DISCUSION
A.  Construccion de la plataforma

Empleando VC se llevo a cabo el monitoreo de las
modificaciones del CPE por adsorcion de 1 mM Qs y
1,0 mM AzA, ambos en buffer acetato (BAc) 0,20 M
pH 5,00. Ademas, se ensay¢ la incorporacion de 1,0%
de GA como potencial agente favorecedor del anclaje
del AzA en la matriz de Qs. En esta etapa se emplearon
los tres analitos en estudio en una concentracion de 1,0
mM con un tiempo de acumulacién de 5 minutos
mediante OCP.

Se estudié la adsorcion de Qs y AzA para los
tiempos de 10 y 20 minutos para cada uno sobre el CPE.
En primer lugar, se evaluo el tiempo de adsorciéon de
AzA sobre CPE (CPE/AzA). Posteriormente, se estudio
el tiempo de Qs y AzA sobre CPE (CPE/Qs/AzA). La
seleccion de las condiciones Optimas se basdé en una
evaluacion conjunta de los parametros de corriente de



pico (Ip), tiempo y reproducibilidad de los resultados,
tal como se muestra en la Figura 2.

[ CPE/AzA 10 minutos [ CPE/Qs(10 minutos)/AzA(10 minutos)
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Fig. 2: Comparacion de las respuestas de I, obtenidas sobre CPE/AzA y
CPE/Qs/AzA para 1 mM de AU, X y Hx, respectivamente, para tiempos
de adsorcion de Qs y AzA de 10 y 20 minutos en BAc 0,20 M pH 5,00.

Es importante remarcar que en los ensayos
empleando la plataforma CPE/Qs ningun analito
demostrd respuesta, por lo que el Qs no favorece el
comportamiento electroquimico de Hx, X y AU. Sin
embargo, en presencia de AzA (CPE/AzA), se observan
tres seflales claramente definidas a diferentes valores de
potencial de los tres analitos en simultaneo. De acuerdo
con los resultados obtenidos, se observa que en ausencia
de Qs para un tiempo de adsorcion de AzA de 10 min
(CPE/AzA) se observa una mayor reproducibilidad
(dada por la desviacion estandar de los resultados) en
comparacion con tiempos mayores de adsorcion, por lo
que se selecciond 10 minutos como tiempo 6ptimo de
adsorcion para AzA. Para la plataforma CPE/Qs/AzA
se llevo a cabo el estudio del tiempo de adsorcion de Qs
para 10 y 20 minutos. En este caso, se encontrd una
mayor reproducibilidad para tiempos de 10 minutos de
Qs en referencia con tiempos mayores. En presencia de
Qs y AzA (CPE/Qs/AzA) la respuesta para Hx, X y AU
demuestra un claro perfil en las sefiales de los analitos
mejorando significativamente la reproducibilidad de las
mismas. Estos resultados indicarian que la presencia de
Qs es fundamental en la plataforma para mejorar la
adsorcion del AzA en la superficie del sensor tal como
se ha reportado previamente[11]. Asimismo, el empleo
de GA como agente favorecedor de la interaccion
Qs/AzA no demostré cambios significativos en la
respuesta de los analitos con respecto a CPE/Qs/AzA.
En consecuencia, para los ensayos posteriores se
selecciono la plataforma CPE/Qs/AzA.

Sobre la plataforma 6ptima se efectud el estudio del
tiempo de acumulacién a OCP para AU, X e Hx, con el
fin de evaluar la respuesta electroquimica de los analitos
de interés. En esta etapa, se seleccionaron tiempos de 5
y 10 minutos y se trabajé con una concentracion de 1,0
mM de cada analito. Se analizaron los valores de
corriente de pico maximos para cada tiempo de
acumulacion, los resultados obtenidos se muestran en la

Figura 3. En comparacién con los resultados para 5
minutos se observa que luego de 10 minutos de
acumulacion a OCP hay una marcada disminucion en la
respuesta. Es importante resaltar que el proceso de
acumulacion a OCP procede en condiciones de
agitacion a 600 rpm 'y probablemente el
comportamiento observado se debe a una desorcion
parcial de los analitos a tiempos prolongados. Por lo
tanto, se seleccion6 5 minutos a OCP para llevar a cabo
el analisis de AU, X e Hx.
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Figura 3: Respuestas de I, obtenidas para AU, X e Hx sobre CPE/Qs/AzA
con tiempos de acumulaciéon a OCP de 5 y 10 minutos en BAc 0,20 M
pH 5,00.

Teniendo en cuenta el tiempo 6ptimo de OCP se llevo
a cabo el estudio de la dependencia de la respuesta
electroquimica de los analitos en funcion de la naturaleza
del electrolito soporte. Con este objetivo se emplearon
soluciones de buffer fosfato (PBS) 0,10 M pH 7,40 y
buffer acetato (BAc) 0,20 M pH 5,00 pH, como se muestra
en la Figura 4. De lo resultados obtenidos se puede inferir
que la mejor respuesta se obtiene empleando PBS pH 7,40.
Asimismo, estos resultados son congruentes con el pH
fisiologico de la muestra real, lo que evitaria llevar a cabo
pretratamientos de la muestra para efectuar la
determinacion de la frescura in situ. Por lo tanto, se
seleccion6 PBS pH 7,40 como condicién Optima de
trabajo.

5

BAc 0,20M pH 5,00 PBS 0,10M pH 7,40

Ip (uA)

AU X Hx

Analitos
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Figura 4: Respuestas de I, obtenidas sobre CPE/Qs/AzA con acumulacion
de 5 minutos a OCP para 1 mM de AU, X y Hx.

B.  Estudio del comportamiento electroquimico de
los analitos.
Una vez optimizadas las condiciones operativas de la



plataforma, se evalud el efecto de la velocidad de barrido
en el sistema empleando VC en una ventana de potencial
de -0,200 a +1,700 V, registrandose los valores de
corriente de pico (Ip) para 1,0 mM de Hx, X y AU,
respectivamente en PBS 0,10 M pH 7,40. Las velocidades
de barrido ensayadas fueron: 0,010; 0,025; 0,050; 0,075;
0,100; 0,200 y 0,250 Vs~'. A partir del anélisis de los
resultados obtenidos se observo una relacion lineal de las
corrientes de oxidacion en funcién de la velocidad de
barrido, indicando que los procesos de oxidacion de los
analitos de estudio estan controlados por difusion.

C. Estudio del desempeiio analitico del sensor
CPE/QS/AzA

Una vez optimizadas todas las condiciones de
trabajo se efectud el estudio del desempeiio analitico del
sensor empleando DPV. Para determinar los parametros
analiticos del sensor se realizaron ensayos para cada
analito por separado y en mezcla, empleando un amplio
intervalo de concentraciones de 0,0 uM a 100,0 uM.
Asimismo, se realizd el estudio de mezclas de los
analitos variando la concentracion de uno de los
analitos, manteniendo constante la concentracion de los
otros dos.

En la Figura 5 se observa que fue posible
determinar concentraciones tan bajas como 5,0 puM,
mostrando sefales distintivas e independientes para
cada uno de los analitos en una mezcla. Esto demuestra
la capacidad del sensor para realizar la especiacion de
los tres bioindicadores en un unico ensayo, lo que
refuerza su potencial para aplicaciones analiticas in situ
donde se requiere alta sensibilidad y selectividad,
ademas de versatilidad y bajo costo.
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Fig. 5: Respuesta de Ip para mezclas de los analitos AU, X e Hx en
PBS 0,10 M pH 7,40 en un intervalo de concentracion de 2,50; 5,00;
10,0; 15,0; 25,0; 50,0; 75,0; 90,0 y 100,0 pM

IV.CONCLUSIONES

En este trabajo fue posible obtener una
plataforma sensora (CPE/Qs/AzA) por adsorcién

secuencial de Qs y AzA en etapas de 10 minutos
respectivamente que permite cuantificar y especiar de
forma sencilla, simultanea, altamente sensible y
selectiva de tres bioindicadores: xantina, hipoxantina y
acido urico, a niveles micromolares y en un amplio
intervalo de concentraciones. Es importante resaltar
que, el limite permitido de xantina, hipoxantina y acido
urico debe mantenerse por debajo de 60 pM para
asegurar un adecuado nivel de frescura del pescado para
consumo humano. Este desarrollo abre las puertas para
el disefio de un sensor que permita la determinacion de
la frescura del pescado in situ aplicable a muestras
reales en los sitios de recoleccion, transporte y
comercializacién.
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Abstract— This paper presents the results obtained from the
development of a non-invasive optical sensor for monitoring
quality and changes in fish species during different processing
stages. The laser biospeckle (BSL) methodology was applied at
various stages of fish product development. A back-scatter
measurement system was configured with a low-power laser and
CCD camera to analyze changes "in situ'". The results
demonstrate that the BSL technique is sensitive and has high
potential for detecting changes in samples related to different
applied treatments. It allows differentiation between immersion
times in hake samples treated with polyphosphates solution and
also the level of hurdle dosis applied to extend shelf life of
stripped weakfish samples treated with ionizing radiation. The
BSL technique is suitable for detecting changes in the fish
muscle matrix, being non-invasive and providing real-time
measurements, making it suitable for monitoring the quality
and safety of fish products.

Keywords— Laser, Biospeckle patterns, Fish products, Quality

1. INTRODUCTION

Fish products are a naturally healthy source of food due
to the nutritional richness of their matrix: high biological
value proteins, polyunsaturated Omega 3 fatty acids, vitamins
and minerals. Their development involves processing stages
from fish species that require thorough and reliable controls
due to their high perishability [1,2]. Assessing quality in
terms of safety involves the quantification of volatile bases,
microbial counting, pathogen detection, changes in
physicochemical parameters, texture and sensory attributes
[2,3].

While the methodology for quantifying and evaluating
quality is objective and reproducible, it has limitations in
sample handling, risk of contamination, processing times,
and the use of reagents. These factors can extend study
duration or require increased resources and human input to
complete them efficiently. This makes the focus on the
development and application of new tools and

This research was partially funded by grants UNMdP15/G667-
ING616/21, UNMdAP15/G667-ING671/23 and PICT- 2020- SERIEA-1610

silagustinelli@fi.mdp.edu.ar

methodologies easy to handle and use, with an immediate
response time, to anticipate and reduce negative impacts.

It has been demonstrated that changes in biological
samples can be detected through their surface interaction with
a light source [4, 5, 6]. Among these methodologies the Laser
Biospeckle (BSL) technique is emerging. By illuminating a
surface with coherent laser light, a time-varying granular
pattern called dynamic speckle is generated. This
phenomenon occurs when light is scattered by objects
exhibiting some degree of activity, resulting in images with
bright and dark regions. The BSL technique is a non-invasive,
inexpensive, and easily applicable method for the contactless
analysis and monitoring of industrial and biological
phenomena of practical interest.

It has been applied successfully in numerous studies
evaluating biological and structural changes in various food
matrices. Among them is the viability analysis of seeds, the
monitoring of fruit ripening [7,8,9], and the detection of
damages to fruits and vegetables [10]. In meat it was analyzed
the application of BSL to assess the aging of beef [11], while
in pork and chicken muscle tissue BSL pattern analysis was
used to evaluate textural and cellular changes following the
slaughter during refrigerated storage [12]. BSL has been also
used in the detection of bacterial chemotaxis and
differentiation between fungal and bacterial growth in semi-
solid medium [6, 13].

In this study, the applications of BSL as a sensor to
monitor the developmental stages of different fish products
are presented. In this way, BSL is applied as a simple and
effective tool to study changes in the quality of fish products.

II. MATERIALS AND METHODS

A. Fish samples

The study focused on fish species captured in the Argentine
Sea, such as hake (Merluccius hubbsi), as well as on
underexploited or bycatch species like striped weakfish
(Cynoscion striatus). They were analyzed based on the types
of processing stages. In the first, samples of hake filets were
immersed in sodium tripolyphosphate (STP) solution. STP is
a food-grade chemical agent used in the fishing industry to
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improve water retention properties during freezing and
thawing stages. The samples were immersed in a 4% STP
solution at a ratio of 1:5 (fish: solution) at 15 £ 0.5°C. By this
treatment, the fish water samples content are affected and so
texture parameters too. Like salt, phosphates increase the
ionic strength of fish proteins. Alkaline phosphates also
increase pH and move proteins away from their isoelectric
point. These changes at the molecular level increase the fish
muscle's retention capacity and reduce moisture loss during
the various stages of processing. However, its improper use
promotes excessive moisture absorption which can lead to
economic fraud to the consumer [14].

In the second test, the focus was on the effect of treating
samples with different dosis of ionizing energy on striped
weakfish filets: 0, 4, and 8 kGy, using a 60Co source
(600,000 Curies) at the Ezeiza Atomic Center (CNEA), and
they were stored at 4 = 1°C for one month. Ionizing radiation
is a safe and efficient preservation method, the application of
which in fish and shellfish began in the sixties and continues
today [2,15]. Untreated samples served as the control group
for the experiments.

B. BSL system set up

The BSL system was configured with a coherent laser
light source and a CCD camera. The laser beam was directed
onto the surface of the fish samples, inducing dynamic
speckle patterns. The CCD camera captured these patterns in
real-time. The setup ensured that the laser beam was aligned
properly and that the camera had a clear view of the sample
surface. Additionally, appropriate filters and lenses were used
to optimize the quality of the captured speckle patterns. The
system was calibrated to ensure accurate and consistent
measurements. Data acquisition and analysis software were
employed to process the captured images and extract relevant
information about the dynamic speckle patterns. Overall, the
BSL system was designed to provide non-invasive, real-time
monitoring of changes in the fish samples' quality. In order to
quantify the detected activity, mathematical descriptors were
used. From the statistical point of view, the simplest method
to detect variations in a signal is the standard deviation (SD),
which is a measurement of the spread of the variations in the
signal [16]. While the weighted generalized differences
(DGP) descriptor is based on the time domain calculations,
normalized by the quantity of sample division [16].

III. RESULTS AND DISCUSSION

The BSL activity detected on hake and stripped weakfish
samples exposed to different production processes is
visualized in Figures 1 and 2, respectively.
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Fig 1. Activity detected in hake samples immersed in STP solution
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Fig 2. Activity detected in striped weakfish filets treated with ionizing
energy at different doses. Speckle pattern images on day 12.

According to the obtained results, it was observed that the
response of the interaction between the samples and the laser
light is sensitive to the treatments to which fish muscle can
be exposed. This quantified response allowed differentiation
between immersion times in the assays conducted on hake
and between radiation applied to stripped weakfish samples,
considering also the effect of refrigeration storage time.
Regarding this last assay, it was detected that in the control
stripped weakfish filets (0 kGy), the activity showed
significantly higher values during storage compared to
samples treated with radiation. The samples treated with 8
kGy remained without significant changes and below the
control sample and 4 kGy treated samples response. The
changes induced by these treatments on the fish muscle are
generally imperceptible to the human eye and require the
application of exhaustive techniques with a large amount of
sample, which must be reduced in size to generate
homogeneity representing the analyzed batch, as well as long
incubation times, reagents, a sensory panel, sophisticated
equipment, among others [1-3].

Given the non-invasive nature of the BSL technique, its
avoidance of direct contact with the sample in terms of
manipulation and size reduction, and ultimately the real-time
measurement value obtained, it defines it as a suitable
technique for monitoring fish products while safeguarding
their safety and the integrity of the samples.



Iv.

The laser biospeckle methodology proved to be favorable for
use as a monitoring sensor for fish samples at different
processing stages. The studies conducted reflect the potential
of the BSL technique to be used in the fishing industry. Given
the urgency of acquiring such analysis techniques in both
production lines and raw material control, as well as in
institutions that oversee and promote food safety, it is
essential to continue deepening the studies conducted so far.

CONCLUSION
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Abstract—In this work, we describe a fabrication method for a
sensor to be used in chemical and biological detection. This sensor
consists of a porous photonic crystal whose internal surface is
covered by a given functionalized polymer specially designed to
detect a given analyte, capturing both the high sensitivity of the
photonic crystal and the high specificity offered by the polymer.
Here, we used porous silicon photonic crystals and polystyrene.
The proposed method of fabrication consists of the infiltration of
the polymer into the nanopores, monitored in real-time through
an interferometric method.

Keywords—photonic crystals, functionalized polymers, mi-
crofluidic, biosensors

I. INTRODUCTION

In recent years, the development of photonic crystals (PCs)
has gained a lot of impulse because of the numerous fields
of applications for which they have been employed, such
as telecommunications, energy production, design of optical
devices, quantum technologies, and ultimately, sensing [1].
PCs are a rather heterogeneous group of macroscopic ar-
rays with the shared property of having a periodic dielectric
function which generates a photonic gap, this is, a region of
wavelengths in which light propagation within the material is
prohibited. This attribute allows the design of high-sensitive
measuring devices, often relying on changes of some sort of
optical signal in response to the presence of a given analyte.
Unfortunately, PCs by themselves often lack the specificity
achieved by some other types of sensors [2]. On the other
hand, it is generally possible to craft polymers with a good
degree of specificity to some target molecule by several
different methods of synthesis and use them in combination
with PCs to design chemical sensors. However, identifying and
quantifying the interaction having place between the polymer
and its analyte may present a difficult task, compromising
sensibility [3].

This work builds on previous research in the field of
microfluidics in porous materials and aims to apply this

knowledge to the development of a PC-polymer hybrid sensor.
Here, a porous silicon membrane acting as a photonic crystal
is partially filled with a model polymer (polystyrene).

II. WORKING PRINCIPLE

Porous silicon is obtained through the anodization of silicon
wafers. During this electrochemical etching, silicon atoms are
dissolved from the wafer into the solvent and the intensity of
applied current pulses can be controlled in such a way as to
generate a series of layers, each of a given porosity, which
spans from the surface (exposed to the electrolyte) to the bulk
of the silicon wafer.

By carefully designing an adequate pattern of porous layers
on a silicon membrane, it is possible to obtain films trans-
mitting or reflecting light in very particular ways, behaving as
1D photonic crystals. References on porous silicon fabrication
as well as its optical properties abound, see for example [4].
When the porous layers of a silicon sample resemble those
shown in Fig. 1a, alternating between two values of porosities,
i.e. two values of effective refractive index, and having a defect
layer consisting of a thicker layer in the middle (we refer to
this pattern as a microcavity), its reflectance spectrum exhibits
great reflectance values in a given region of wavelengths
together with an abrupt minimum [1].

This sharp minimum in the reflectance spectrum can be
chosen to be centered at a given wavelength value A\g (by
tuning the porosity and length of each layer) and might be
used to build up a sensor in the following way. First, the
functionalized polymer, responsive to a given target analyte,
is obtained and casted to form films. Then, the polymer film
is placed on the top of the silicon membrane, which is set at
a given temperature 1" > T, where T is the glass transition
temperature of the polymer. The polymer is rapidly heated
up, and able to flow. Consequently, it starts to infiltrate the
pores of the material (see Fig. 2), increasing the effective
refractive index of each layer and causing a right-shift in
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Fig. 1. (a) Reflectance spectrum belonging to a porous silicon membrane with layers having two different refractive indexes m1 and no, as depicted in the
inset. (b) Spectra taken at room temperature belonging to the same porous silicon sample partially filled with polystyrene (starting), filled until completion

with ethanol (wet), and after being left to dry for 12 minutes (dry).

the entire reflectance spectrum of the PC (and, in particular,
in the reflectance minimum). If this infiltration process is
stopped midway, so the pores of the material are only partially
occupied by the polymer, then the solution to be tested can
be introduced in the space left. What one could hope to be
happening inside the pores in the first infiltration is that melted
polystyrene diffuses not as a sudden and flat fluid front but to
exhibit what is known as a prewetting layer. This consists of
a polymer melt fraction that surpasses the rest of the fluid by
traveling through the walls of the material’s pores. The reason
this prewetting layer is desirable is that it should increase
the exposed surface of the polymer to the target analyte in
a partially filled silicon membrane, thus increasing the effect
that the interaction polymer-analyte could have on the optical
signal. References pointing to evidence on the existence of
such prewetting layer in this setting are [5], [6].

The net result in this case -even after evaporation of the
solution-, would be an even further right-shift in the reflectance
minimum, indicating the presence of the analyte in the tested
solution. Working on this hypothesis, a series of experiments
were designed and executed to verify the feasibility of such
an arrangement. Information on the used materials as well as
details on the experimental setups are given in the next section.

III. METHODS AND MATERIALS

Porous silicon membranes. The mesoporous silicon
membranes were made by electrochemical anodization of
crystalline silicon, p-type, boron dopant, orientation [100],
and resistivity 1-5 m{2-cm, provided by Topsil Semiconductor
Materials SA, USA. The silicon acts as the anode of an
electrochemical cell, where the electrolyte is a solution of
fluorhydric acid and ethanol (1 HF(50%):2 EtOH). The
porosity and mean pore size of the membranes are defined
by the current density used during anodization, whereas the
anodization time defines the thickness of the films. Two
different values of current densities were used, 10 and 50

mA/cm?, which gave 45 and 70% porosity, respectively.

Thermoplastic Polymer Films. The polymer used to
infiltrate the pores was polystyrene (PS). Commercial
grade (polydisperse) polystyrene of molecular weight
2.79 x 10* g/mol and dispersity 1.38 was mainly used
for this purpose. For some experiments, monodisperse
polystyrenes of molecular weights ranging from 0.71 and
27.5 x10* g/mol were employed. Polymer films were
obtained by pressing polymer powder (some tens of mg)
between two glass slides and heating at 200 °C' in an oven for
5 min; thus, films of less than 100 #m thickness were obtained.

Interferometric Technique. The experimental setup consists
of a UV-vis-NIR spectrometer (Ocean Optics HR4000) with
an R400-7-SR fiber-optic reflection probe and a temperature-
controlled plate. The porous silicon membrane is placed over
the heater, and when a thin layer of polymer is deposited
on its surface, the measurement of the reflectance spectra
begins at regular intervals. Temperatures used in this work
ranged between room temperature and 180°C. The optical
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Fig. 2. (a) Optical setup. (b) The pattern of porous layers imprinted in the
silicon membrane. (b) Zoom in over the pores. (c) Functionalized polymer
partially covering the silicon pores after infiltration.



fiber guides the light from the lamp to the porous silicon
membrane and collects the reflected light, taking it back to
the spectrometer (see Fig. 2). When the polymer begins to
infiltrate the pores by capillary action, the reflectance peaks
move to the right as a consequence of the increase in the
refractive index. All reflectance spectra shown in this work
were taken as percentages relative to the reflectance of a single
silicon wafer.

IV. RESULTS AND DISCUSSION
A. First tests with polystyrene

This first round of measurements was conducted at 180 °C'
and using the polydisperse polystyrene to infiltrate the porous
silicon PCs. Fig. 3 exhibits the shift of the initial reflectance
spectrum of a silicon sample -consisting of a uniform layer
plus a microcavity, as shown in the inset of this figure- as a
function of time. Again, the explanation for this phenomenon
is that while the polystyrene begins to fill the membrane pores,
the refractive index of the material increases, which causes
the interference pattern of light traveling in its interior to
shift towards greater wavelengths. Despite its simplicity, these
measurements confirmed that the selected test polymer does
fill the pores and produces the desired effect on the optical
signal, in a way that allows a real-time assessment of the
degree of infiltration by measuring the amount of shift in Ag
at a particular time.

B. Partial filling with polystyrene and completion with ethanol

While it is possible to estimate the degree of infiltration
with the employed method, it is also possible to control the
speed of the filling process by modifying the temperature of
the experiment. Furthermore, withdrawing the sample from
the heater stops the infiltration of the polymer, enabling to
obtain membranes partially filled. In Fig. 1b, the spectrum
belonging to one of these partially filled samples was acquired
at three different states: the initial state, where a fraction of
the pores contains polystyrene, a second state in which the
partially filled PC was completely filled with ethanol, and the
last one (taken approximately 12 minutes after the previous
one), when the alcohol was evaporated from the membrane.
Notice the final reflectance spectrum is quite similar to the
original one, meaning that after evaporation of ethanol the
PC’s optical behavior returns to the initial state.

The described experiment was a success in showing that the
idea behind the proposed sensor is feasible, as it is possible to
obtain partially filled samples with polymer and to complete
the filling with a solution to be tested. Of course, this should be
checked empirically with each combination of photonic crys-
tal, polymer, and target solution as the interactions between
these can severely modify the nature of the filling process at
a point where no infiltration at all could take place.

C. Microcavity and uniform layer filling curves

Although the sensor’s fabrication method was considered
successful, there are still some questions to be answered in
regard to the specific manner in which polystyrene travels
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Fig. 3. Reflectance spectra as a function of time for a porous silicon sample
with a 6 pm uniform layer plus a MC (see inset) put in contact with a
polystyrene film at 180°C. Red arrows indicate the initial and final values
of A\g. The white dotted line displays the wavelength shift on the underlying
spectrum having place before the change on Ag.

through the silicon pores. Complex fluids transport in porous
media is a complex topic and comprises a subject of its own,
existing a wide variety of models and equations that could
explain the way melted polystyrene diffuses into the material
[7]. As previously stated in Section II, a desirable feature of
this diffusion would be the existence of a prewetting layer.

To characterize the infiltration of the polystyrene into the
porous silicon, measurements were made with a batch of
porous silicon PCs having a uniform thick layer before the
MC (see the inset on Fig. 3). The introduced layer had a
porosity of around 45% and a thickness of 6 pum. As the
polystyrene is put in contact with the surface of the membrane
starting with this layer, it must initially travel through it before
reaching the MC (which causes the reflectance minimum at
Ao), resulting in a right-shift of the underlying oscillations
before the minimum is affected, as can be seen on the
measurement shown on Fig. 3 (observe here the white dotted
line). Using this figure, it is possible to obtain the curves A\g
(representing the change in wavelengths of \g) and Alyp
(representing the change in wavelengths of the underlying
oscillations associated to the uniform layer) as a function
of time. These curves were acquired using polystyrenes with
different values of molecular weight, they were normalized
with respect to the filling time (i.e., the time it takes to whether
Ao or Ayp to reach their final values) and they were plotted
together in Fig. 4. This figure shows that the shift in Ay seems
to start at approximately the same time the shift associated
with the uniform layer stops when the samples are heated
at 180°C in contact with the different films of polystyrene,
however, some overlapping between the two can be seen
(meaning there could be a prewetting layer forming inside
the pores). From this figure, we also know the time it takes to
fill a porous silicon PC with polystyrene of a given molecular
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Fig. 4. Normalized values of A)g (dotted lines) and AAyy, (solid lines) for
samples with a uniform layer of 6 um length and varying molecular weights
M., (expressed in units of 104 g/mol) as a function of +/t/tay, where ¢
is time of measurement and ts;;;. The temperature of this experiment was
180°C.

weight. Moreover, by studying both wavelength shifts A\
and A\yL simultaneously it is possible to know where to stop
the infiltration in each case, providing great versatility in the
sensor’s fabrication with different polymer chain sizes.

D. Filling times vs polystyrene molecular weights

Based on the results shown in Fig. 4, the filling time for
each polymer was determined. Fig. 5 displays both the MC
filling times and the uniform layer filling times versus the
molecular weight of the employed polystyrene, where it can
be seen a progressive increase in the filling time as the polymer
chains become bigger. Interestingly, this increase seems not to
be linear, as a clear break in the behavior can be appreciated
between the second and the third samples. This change in slope
is attributed to the bigger degree of confinement the polymer
chains are experiencing while moving inside the silicon pores

[4].
V. CONCLUSIONS AND FUTURE WORK

As described in this essay, a proof of concept of a novel
porous silicon-polystyrene sensor was successfully developed,
with many of its fundamental pillars - including the actual
infiltration of polystyrene into the pores, the ability to perform
real-time assessment using the chosen interferometric tech-
nique, and the subsequent possibility of partial fillings with
polymer and completion with a target solution - functioning
just as expected. At present, further research is ongoing for
better characterization of the fluid front of melted polystyrene,
but the primary objective of future work lies in the actual
testing of a fully functioning sensor.

Since the use of porous silicon as the photonic crystal in
these initial tests was considered positive, forthcoming tests
will likely retain this component of the sensor while coupling
it with an appropriate pair of polymer and target analyte to
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Fig. 5. Filling times for both the uniform layer and the MC versus molecular
weight My, of the infiltrated polystyrene at 180°C' for samples with a fixed
uniform layer of 6 m length.

attempt detecting their interaction in situ. We are evaluating
the use of functionalized polystyrene to detect clonazepam
[8]. Additionally, it is worth noting that the simplicity of the
proposed sensor makes it suitable for adaptation to function
as a lab-on-a-chip. Furthermore, due to the possibility of
designing specific color-based readability, it could even be
integrated into smartphone apps using tools such as those
presented in [9].
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Abstract— An analytical strategy using rhodamine 6G as a
chemical sensor was validated for detecting and quantifying
polylactic acid nanoparticles in aqueous systems, with limits of
detection and quantification in the picomolar order. The
recovery assays in spiked river samples demonstrated the
accuracy of the analytical method with 95% confidence.

Keywords—PLA, nanoparticles, rhodamine 6G, fluorescence
quenching

I. INTRODUCTION

The widespread use of petroleum-based plastics has led to
the accumulation of plastic waste in the environment. This
waste includes fragments like microplastics (MPL), and
smaller particles known as nanoplastics (NPL), now a major
concern for aquatic ecosystems [1]. Poly (lactic acid) (PLA)
is an alternative to conventional plastics, a synthetic polymer
with excellent mechanical properties, biodegradability,
biocompatibility, and recyclability. These properties have led
to a growing demand for PLA in various industries, such as
agriculture, automotive, textile, food packaging, and medical
sciences [2]. However, as PLA waste is also likely to
increase, it can contribute to forming MPL and NPL particles
in the environment. Although PLA is biodegradable, it
requires specific conditions for degradation, which may not
always be present in the environment. Recent studies have
shown that even biodegradable polymers such as PLA can
adversely affect aquatic organisms, including the growth of
the benthic community [1-2]. Therefore, it is necessary to
develop analytical methods to detect PLA MPLs and NPLs in
various organisms and ecosystems and establish
concentration-effect relationships. Within this frame, this
work proposes a method for quantifying PLA nanoparticles
(N-PLA) using the fluorescence quenching of rhodamine-6G
(R6G) in aquatic systems.

II. MATERIALS AND METHODS

A. Reagents and materials

Rhodamine 6G (Rh6G, Aldrich), acetone (CH;COCH3,
Taurus), potassium monobasic phosphate (KH2POs, Merck),

sodium chloride (NaCl, Taurus), potassium chloride (KCI,
Merck), and potassium bromide (KBr, Merck) were analytical
grade and were used as received. MilliQ water was obtained
from a Millipore instrument (resistivity, 25 °C: 18.2 MQ cm).
Polylactic acid was synthesized with a MW: 4000.

B. Instrumentation

Absorption spectra were acquired using a UV-vis
Shimadzu 1800 spectrophotometer within the 200-800 nm
wavelength range, using quartz cells with a path length of 1
cm. pH measurements were conducted using an Orion
(Boston, MA, USA) model 720 A pH-meter equipped with a
Ross combination pH electrode. Calibration of the pH meter
was done using standard buffers at pH values of 4.008 and
6.994. Centrifugation were carried out using an Eppendorf
Centrifuge 5804. Fluorescence measurements were conducted
employing a Cary Eclipse fluorescence spectrophotometer
(Agilent), with a Peltier temperature controller set at 25.0 °C.
Data analysis was run using Origin®, Version 2021 by
OriginLab Corporation, Northampton, MA, USA, or PAST
4.02.

C. Synthesis of PLA nanoparticles

First, 25 mg of polylactic acid (PLA) were dissolved in 5
mL of acetone and heated at 45°C for 2 hours, followed by
gradual cooling to room temperature. Then, the PLA
nanoparticles (PLA-NP) were obtained by nanoprecipitation
utilizing an automated micro syringe specially designed for
this purpose. The procedure involved the controlled addition
of microdroplets, dispensed at a rate of 5 mL/h, containing the
PLA in acetone, into MilliQ water, and kept at constant
stirring. Subsequently, acetone was removed from the
nanoparticle suspension via rotary evaporation under reduced
pressure at ambient temperature.

D. Calibration curves

A stock solution of Rh6G was prepared in water and stored
at 4 °C until use. The solution was shielded from light
exposure using aluminum foil to prevent photodegradation.
Prior to conducting fluorescence experiments, the Rh6G
concentration was determined by UV-visible spectroscopy.
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All the fluorescence measurement were recorded at 25.0 °C,
employing quartz cells with a path length of 1.0 cm.

Rh6G solutions (0.40 uM) in 0.01 M phosphate buffer at
pH 6.94 (PBS) were excited at 526.5 nm with 2.5 nm slit
widths for both excitation and emission, in the absence and
presence of PLA-NP (47.7-334 uM). The fluorescence spectra
were recorded at 1 and 5 minutes after adding the PLA-NP to
the R6G solutions. The pH of the PBS solution was adjusted
to 6.94, although, for practical purposes, in here the pH is
expressed as 7.0.

E. Recovery assays in surface river water

Surface river water was collected at a sampling point along
the Villa General Belgrano stream, Cordoba, Argentina
(31°58'48.9"S 64°33"26.4"W). The samples were stored in
clean polyethylene bottles and used without any pretreatment.
Blank solutions did not show any signal for PLA-NP. Then,
solutions of PLA-NP at different levels of concentrations and
containing 5% (v/v) of river water and Rh6G (0.40 uM) were
prepared by triplicate and their fluorescence spectra were
recorded and analyzed. The concentration levels were chosen
to cover the suitable analyte region by testing the method
accuracy, mainly at two critical points: near the quantitation
limit and near the upper limit of the dynamic range.

III.  RESULTS AND DISCUSIONS

A. Characterization of PLA-NP

The PLA nanoparticles were synthesized and
characterized via Scanning Electron Microscopy (SEM), Zeta
potential, and Dynamic Light Scattering (DLS). Spherical
nanoparticles with an average diameter of 60 nm (Fig. 1) and
a polydispersity index of 0.4 were obtained.

B. R6G as a molecular sensor for PLA-NP

The fluorescence emission of R6G was measured in the
presence of PLA-NP at wvarious concentrations. A
concentration of 0.4 pM of Rh6G was selected to maintain the
absorbance value below 0.05 while ensuring a dependable
fluorescence intensity. PLA-NP quenched the luminescent
signals of Rh6G (Fig. 2). Interestingly, the degree of
fluorescence quenching at certain nanoparticle concentrations
was observed to be influenced by the measuring time of the
spectrum. Monitoring the maximum fluorescence intensity of
Rh6G (552 nm) over time revealed a consistent pattern: a
decline in fluorescence within the first 5 minutes, followed by
stabilization or an increase, particularly at higher NP
concentrations. Consequently, fluorescence measurements
within the initial 5 minutes were chosen for analysis.

Furthermore, the Stern-Volmer plot (Fo/F vs. [PLA-NP])
showed the linear relationship whose fit corresponded to
Equation (1), where Fo and F represent the emission
fluorescence in the absence and presence of PLA-NP,
respectively, and Ksv denotes the Stern-Volmer constant (Fig.
3). Notably, Ksv also indicates the calibration sensitivity.

FofF = 1 + Ksv[PLA-NP] (1)

The sensitivity of Rh6G to PLA-NP was (2.34 £ 0.04) X
10° M' y (44 £ 0.1) x 10° M, at 1 and 5 minutes,
respectively. Therefore, at 5 minutes, the sensitivity of R6G
was 1.88 times higher than at 1 minute. Thus, we decided to
set the measurement time at 5 minutes as an analytical strategy
to continue with the method validation.

Fig. 1. Representative SEM image for the PLA-NP at 50kX in a microscope

working at 5 kV.
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Fig. 2. Fluorescence spectra of Rh6G in the presence of different
concentrations of PLA-NP measured at 5 minutes.
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Fig. 3. Stern-Volmer plots for Rh6G in the presence of PLA-NP at different
recording times and 25.0 °C.

C. Analytical parameters

According to the current [UPAC recommendations, the
limits of detection (LOD) and quantification (LOQ) were
determined using Equations 2 and 3, respectively:

335y 1
LOD =32 /1 + o + @
L0Q =% /1+h0+} 3)
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Where sx, Ao, and I correspond to the blank or residual
standard deviation, the leverage for the blank sample
(Equation 4), using [PLA — NP]cu as the mean calibration
concentration and [PLA — NP]; at each nanoparticle
concentration used in the curve, and the number of calibration
samples, respectively.

The LOD and LOQ were 26.5 pM equivalent to 1.59 x 10"
particles L', and 80.7 pM (4.86 x 10" particles L),
respectively.

Currently, other techniques under development for
detecting micro and nanoplastics include Scanning
Transmission X-ray microscopy (STXM) [3], Correlative
SEM-Raman microscopy [4], Pyrolysis/Gas
Chromatography-Mass Spectrometry (PYR/GC-MS) [5], and
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
[6]. The LOD and LOQ obtained using ICP-MS and the
modulation of a fluorescent molecular rotor are around 10° -
102 particles L' [6-7]. Although our analytical approach
exhibits LOD higher than those reported for other NPL, it is
noteworthy that our methodology remains simple and fast and
does not require highly specialized equipment or trained
personnel.

D. Recovery assays

Given the current trend towards using biodegradable
polymeric nanoparticles, it is highly likely that they will end
up in the aquatic environment, like other NPL. Therefore, their
quantification in these kinds of matrices becomes relevant.
The analytical procedure was validated through a recovery test
performed on spiked matrices of surface water from the Villa
General Belgrano stream in the city of Cordoba. Considering
the influence of the matrix in the fluorescence emission of
Rh6G, a new calibration curve was performed incorporating
5% v/v surface river water, and the sensitivity was
recalculated accordingly. Table 1 shows the obtained results,
demonstrating the accuracy of the method at 95%
significance.

IV. CONCLUSIONS

In summary, an analytical strategy based on the
fluorescence quenching of rhodamine 6G can detect and
quantify 60 nm PLA-NP at low picomolar levels. The method
is accurate at 95% significance and represents a fast and
straightforward way to analyze this sort of nanoplastics.

TABLE L. APPARENT RECOVERIES FOR PLA-NP IN SURFACE RIVER
WATER
Concentration Concentration found” Recovery o/ \b
added (pM) ®M) )y | RSDCR)
223.6 246.6 110 2
313.0 330.5 106 3
372.7 351.3 94 1

 Using the Ksv = (23.0 = 0.5) x 10® M"obtained in the presence of surface river water

b Average recovery and relative standard deviation (RSD) obtained by triplicate.
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Resumen—En este trabajo presentamos GlucoZETA un
sensor no enzimatico para la cuantificacién de glucosa en el
rango de concentracién esperada para muestras no invasivas de
saliva. GlucoZETA funciona bajo el principio de la oxidacion
directa de la glucosa en contacto con una superficie sensora
constituida por nanoparticulas de oro recubiertas por
oxido/hidréxido de niquel (Ni(OH)2/AuNp/SPE). El sensor
propuesto fue caracterizado mediante SEM y técnicas de
espectroscopia de impedancia electroquimica (EIS). Las
mediciones de EIS a una tnica frecuencia revelan que los
valores de la componente capacitiva del sensor (Zimaginaria)
presentan la mejor respuesta lineal para concentraciones de
glucosa en el rango de 0,10 a 2 mM (1,80 a 36,4 mg/dL), a 0,1 Hz
y +0,400 V vs Ag/AgCl. La curva de calibracion de 1/Zim en
funciéon de la concentracion de glucosa en saliva artificial fue
obtenida con una pendiente de 0,4003 KQ' mM-', R?=0,9924 y
un limite de deteccion de 0,04 mM de glucosa. GlucoZETA
resulta ser un sensor no enzimatico que supera las desventajas
del uso de modificadores biolégicos y aplica una metodologia
electroquimica altamente sensible, permitiendo la
cuantificacion directa de glucosa sin requerir muestra de
sangre.

Palabras claves—glucosa, sensor no enzimdtico, impedancia a
una sola frecuencia.

1.  INTRODUCCION

La cuantificacion de glucosa resulta ser una problematica
siempre vigente debido al impacto de su determinacion en
diferentes 4areas (industria alimenticia, biotecnologia,
diagnostico clinico). En particular, en el control y manejo de
los niveles de glucosa en pacientes diabéticos, la principal
motivacion reside en la exploracién de metodologias no
invasivas alternativas a la clasica toma de muestra de sangre
(pinchazo o extraccion venosa) que contribuyen a lograr una
mejor adhesion del paciente al monitoreo de su enfermedad
[1]. Asimismo, determinar la relacion existente entre los
niveles de glucosa en sangre y en otros fluidos corporales
(saliva, lagrimas, sudor) es esencial para el desarrollo de
métodos mas simples para el control de la diabetes. Algunos
estudios reportan que los niveles de glucosa salival en el rango
de 10 a 32 mg/dL (0,55 a 1,8 mM de glucosa) se correlacionan
con los valores de glucosa en sangre (120 a 261 mg/dL) en
pacientes diabéticos, mientras que valores mas bajos (4,3 a

rocar@ffyb.uba.ar

12,9 mg/dL, equivalentes a 0,24 a 0,72 mM) son obtenidos en
pacientes no diabéticos [2, 3].

El desarrollo de sensores no enzimaticos de glucosa
(NEGs) requiere de la investigacion de fases de
reconocimiento molecular que permitan, en cierto modo,
compensar la pérdida de selectividad causada por la
eliminacion de la enzima del disefio del sensor. Entre los
(nano)materiales mas utilizados para la construccion de estos
sensores se encuentran los derivados del acido boronico,
nanoparticulas metalicas (de oro, platino), 6xidos e hidroxidos
de metal (niquel, cobre, cobalto), polimeros biomiméticos,
nanotubos de carbono, materiales hibridos [4]. En el caso de
los NEGs basados en Ni(OH),, la oxidacion electrocatalitica
de glucosa es mediada por la cupla redox Ni®™/Ni"™ en medio
alcalino, y en trabajos previos hemos discutido el efecto
sinérgico del oro para la generacion de especies cataliticas,
fuertemente oxidantes, de NiOOH [5].

La eleccion de la técnica de transduccion de la sefial es
fundamental para el desarrollo exitoso de un sensor, y los
sensores no enzimaticos de glucosa no escapan a esta
generalidad. En el disefio de sensores electroquimicos la
adquisicion de corriente y/o potencial genera una respuesta
amperométrica, potenciométrica o impedimétrica.
Claramente, una de las técnicas de mayor crecimiento de los
ultimos afios ha sido la espectroscopia de impedancia
electroquimica (EIS), cuya principal ventaja es su elevada
sensibilidad frente a los eventos de reconocimiento en la
superficie del electrodo, y que permite analizar toda la
complejidad del sistema de manera sencilla, en un Unico
experimento, sin las limitaciones o condicionantes de la
medicion DC. Sin embargo, la mayor dificultad de estos
sensores impedimétricos reside en la necesidad de procesar la
informacion en todo el rango de frecuencias para finalmente
obtener el ajuste de los datos a un circuito equivalente y poder
representar los valores de resistencia de transferencia de carga
(Rct) en funcion de la concentracion del analito de interés.
Como alternativa, hemos desarrollado una metodologia que
consiste en el analisis de impedancia electroquimica a una
unica frecuencia, basada en la optimizacion previa del
parametro de la impedancia compleja (mddulo, Zimaginaria,
Zreal, fase) que mejor correlaciona con la concentracion de
analito [6].
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En este trabajo, presentamos los avances del prototipo y la
optimizacion de un sensor no enzimatico de glucosa,
GlucoZETA, construido sobre electrodos impresos de grafito
(SPE) de fabricacion nacional modificados con nanoparticulas
de oro recubiertas por Oxido/hidroxido de niquel
(Ni(OH)»/AuNp/SPE).  GlucoZETA es un  sensor
impedimétrico, en el cual la medicion de la impedancia
electroquimica a una Uunica frecuencia permite la
cuantificacion de glucosa en los rangos de concentracion
esperados para el analito en muestras de saliva (0,10 a2 mM
de glucosa).

II. EXPERIMENTAL

A. Materiales, equipamiento y metodologias

Todos los reactivos utilizados fueron de grado analitico,
provisto por Merck y Sigma-Aldrich y utilizados tal como se
recibieron, sin realizar ninglin tipo de purificacion. Para la
preparacion de todas las soluciones se utilizd agua
desionizada. Los SPE fueron fabricados en nuestro
laboratorio. Los mismos consisten en un electrodo de trabajo
de grafito (7 mm? de 4rea superficial), un electrodo de
referencia de Ag/AgCl y un contraelectrodo de grafito. La
modificacion con nanoparticulas de oro y el deposito de niquel
fueron realizados segun el procedimiento descripto en [5, 7].
En forma resumida, las nanoparticulas de oro se generaron a
corriente constante (-100 pA, 300 s) sobre los SPE empleando
una solucion de AuCl4H 0,5 mM. La electrodeposicion de las
nanoparticulas de niquel se llevo a cabo mediante la aplicacién
de un potencial de -1,3 V vs Ag/AgCl por 60 segundos a partir
de una solucion de Ni(NOs3),.6H,O 10 mM.

Las mediciones de voltametria ciclica (VC) fueron
realizadas con un potenciostato (TEQ-Argentina), con un
generador de sefial digital para la implementacion de
diferentes técnicas electroquimicas. Los espectros EIS fueron
registrados utilizando un potenciostato TEQ4-Z (TEQ-
Argentina) con un analizador de frecuencia. El analisis de los
datos y la optimizacion de los parametros de EIS fueron
realizados con un software de desarrollo propio graf v3
(https://github.com/jigonzalez930209/graf v3/releases).

La microscopia electronica de barrido (Zeiss DSM982
GEMINI SEM con pistola de emision de campo) fue utilizada
para caracterizar la morfologia y estructura de los electrodos

Todos los experimentos fueron llevados a cabo en KOH
0,1 M a temperatura ambiente y por triplicado. En los
experimentos de EIS se utilizo6 el rango de frecuencias de 100
kHz a 0,1 Hz. La amplitud de oscilacion (AC) fue de 10
mVrus. El potencial de trabajo optimo fue ajustado a +0,400
V (vs Ag/AgCl), para las mediciones de glucosa.

Las soluciones de trabajo para la curva de calibracion se
prepararon adicionando estdndar de glucosa (0, 0,23, 0,45,
0,70, 1, 1,25 y 2 mM) a la saliva artificial (formula de Ringer:
paral L: 9 g de NaCl, 0,4 g de KCl, 0,2 g de CaCl,.H,O y 0,2
g de NaHCO:3) [8]. En el momento de la medicion, 5 uL de
KOH 5 M fueron agregados a 1000 uL de dichas soluciones.
Los posibles interferentes también fueron considerados en
concentraciones fisioldgicas.

III. RESULTADOS Y DISCUSION

A. Caracterizacion y comportamiento electroquimico de
Ni(OH):/AuNp/SPE frente a glucosa

Los electrodos impresos de grafito fueron modificados con
hidréxido de niquel, previa inmovilizaciéon de nanoparticulas
de oro (AuNp) a fin de obtener Ni(OH),/AuNp/SPE. En la Fig.
1, las imagenes de SEM de este sensor revelan una
distribucion homogénea de nanoparticulas esféricas de 85 nm
de diametro promedio cuando el niquel es electrodepositado
sobre las AuNp. Sin embargo, las AuNp no solo condicionan
la morfologia de la superficie sensora sino que los sustratos de
oro también tienen un efecto sinérgico sobre los Oxidos de
niquel favoreciendo la formacion de sitios activos estables
hacia la oxidacion catalitica de glucosa, aumentando
significativamente la respuesta electroquimica.

>
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Fig. 1. Imagen SEM correspondiente a la electrodeposicion de niquel
sobre AuNp/SPE (magnificacion 100000 x).

La respuesta del sensor Ni(OH)./AuNp/SPE frente a
glucosa (Fig. 2 A) y la selectividad del mismo en presencia de
sustancias interferentes (Fig. 2 B), han sido estudiadas
mediante experimentos de VC. El comportamiento
electrocatalitico de Ni(OH),/AuNp/SPE hacia la oxidacion de
glucosa en KOH 0,1 M se explica de acuerdo a las siguientes
reacciones (1), (2) y (3):

Ni(OH), + OH™ - NiOOH + H,0 + e~ (1)
NiOOH + glucosa — Ni(OH), + intermediario ?2)
NiOOH + intermediario — Ni(OH), + glucolactona 3)

Este mecanismo contempla la adsorcion de glucosa y de
sus intermediarios y la posible acumulacion de los mismos
pero solo en condiciones de alta concentracion de analito
(mayores a 2 mM) [5]. Por otra parte, los experimentos de VC
también revelan que la respuesta del sensor a glucosa no se ve
modificada en presencia de acido ascorbico y de dopamina en
concentraciones 0,08 mM y 0,05 mM, respectivamente.
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Fig. 2. (A) VC de Ni(OH),/AuNp/SPE frente a agregados crecientes de
glucosa en KOH 0,1 M (de 0,10 a 6 mM). (B) VC de Ni(OH),/AuNp/SPE en
presencia de posibles interferentes : acido ascérbico (0,08 mM), dopamina
(0,05 mM) y finalmente glucosa (2 mM). Los analitos fueron agregados
secuencialmente a la misma solucion de KOH 0,1 M

B. Mediciones de espectroscopia de impedancia
electroquimica empleando Ni(OH)»/AuNp/SPE frente a
glucosa. Optimizacion de GlucoZETA

Con el fin de evaluar y proponer un nuevo sensor
impedimétrico de glucosa basado en Ni(OH)./AuNp/SPE,
denominado GlucoZETA, se realizaron mediciones de
espectroscopia de impedancia electroquimica en KOH 0,1 M
frente a diferentes concentraciones de glucosa. Se obtuvieron
los graficos de Nyquist, y el ajuste al circuito eléctrico
equivalente mostrado en la Fig. 3 se corresponde con la
existencia de un proceso de adsorcion de intermediarios de
reaccion, tal como se indicod previamente (CPEqgs, Radgs) [S]-
Sin embargo, a bajas concentraciones de glucosa esos
intermediarios no se acumulan dado que su oxidacion es mas
rapida que su generacion.

El desempefio analitico de GlucoZETA hacia la
cuantificacion de glucosa en saliva artificial fue evaluado
empleando el método de impedancia a una Unica frecuencia.
Para ello, la determinacion de la frecuencia y el parametro
optimo de la impedancia compleja fueron obtenidos
analizando la mejor pendiente y coeficiente de correlacion
(R?) [6]. El software graf v3 desarrollado en nuestro
laboratorio fue aplicado para dicho analisis. Los resultados
indican que son los valores de la impedancia imaginaria (Zm)
a 0,1 Hz los que mejor representan la respuesta lineal del
sensor propuesto frente a la glucosa en un rango de
concentracion de 0,10 a 2 mM del analito, a +0,400 V (vs
Ag/AgCl) (Fig. 4 A). Sin dudas, la impedancia imaginaria se
relaciona con la sefal capacitiva del sensor que refleja los
cambios en la superficie del modificador, especialmente a
bajas concentraciones del analito y en el rango esperado para
la glucosa salival. Teniendo en cuenta estas condiciones
experimentales para GlucoZETA, se obtuvo la curva de
calibracion del parametro 1/Z, en funcién de la concentracion
de glucosa en saliva artificial con una pendiente de 0,4003
KQ' mM-!, R?=0,9924 y un limite de deteccion de 0,04 mM
(Fig. 4 B).

Finalmente, se desarrollé un prototipo de GlucoZETA a
escala laboratorio, el cual fue aplicado en la determinacion de

glucosa en 6 muestras de saliva artificial. Se obtuvieron
valores de recuperacion aceptables (entre el 97,4 y 106 %) con
una desviacion relativa estandar (RSD) menor al 5% para los
niveles de glucosa ensayados. Los resultados se presentan en
la Tabla 1.
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Fig. 3. Grafico de Nyquist para Ni(OH),/AuNp/SPE frente a
concentraciones crecientes de glucosa en el rango de 0 a 2 mM, en KOH 0,1
M. El recuadro muestra el correspondiente circuito eléctrico equivalente.
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Fig. 4. (A) Superposicion de los valores de pendiente y R?
correspondientes al pardmetro de la impedancia imaginaria (Z;,) para
determinar la frecuencia optima de la respuesta a glucosa empleando el sensor
GlucoZETA. (B) Curva de calibracién para 1/Zy, en funcion de la
concentracion de glucosa salival a 0,1 Hz y +0,400 V vs Ag/AgCl (n=3).



TABLA 1. RESULTADOS DE LA DETERMINACION DE GLUCOSA EN SALIVA
ARTIFICIAL EMPLEANDO GLUCOZETA
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Concentracion Conce.ntracio'n Recuperacion RSD
Musiat | destin | e con” | 000
(mM) (mM)
1 0,23 0,24 102,0 4,7
2 0,45 0,48 106,7 4,5
3 0,76 0,74 97,4 3,8
4 0,90 0,93 103,3 4,0
5 1,23 1,25 101,6 33
6 1,86 1,83 98,4 4,1

 Muestras de saliva artificial segin la formula de Ringer [8]

IV. CONCLUSIONES

En este trabajo hemos evaluado un sensor no enzimatico
para la cuantificacion de glucosa, de fabricacién nacional,
basado en nanoparticulas de oro recubiertas con
oxido/hidroxido de niquel (Ni(OH)»/AuNp/SPE). La
optimizacion de la medicion de un parametro de la impedancia
compleja (Zm) a una Unica frecuencia (0,1 Hz) y a +0,400 V
vs Ag/AgCl que mejor correlaciona con la concentracion del
analito fue posible mediante la aplicacion del software
graf v3. Finalmente, GlucoZETA se presenta como un
prototipo de sensor impedimétrico adecuado para la
determinacion de glucosa en el rango de concentracion de 0,10
a 2 mM del analito, compatible con el estudio en muestras
bioldgicas no invasivas.

CONICET por la beca doctoral.
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Electrodos de grafito modificados para la deteccion
electroquimica de glifosato en agua
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Abstract— En este trabajo se desarrolla la preparacion y
caracterizacion de electrodos de grafito modificados con films
poliméricos de Cu(ll) porfirina y su utilizacion en la
determinacion de glifosato por técnicas electroquimicas.

Keywords—Glifosato, cobre, porfirina, sensor

L INTRODUCCION

El glifosato (N-fosfonometilglicina) GLY, es uno de los
herbicidas organofosforados no selectivos mas utilizados
para inhibir el crecimiento de plantas de hoja ancha y
pastos en la produccién agricola y el mantenimiento del
paisaje. Existe una creciente inquietud por los peligros que
conlleva su uso para el medio ambiente y la salud de las
personas debido a la exposicion excesiva.

Los métodos actuales de deteccion de glifosato incluyen
ensayos ELISA [1], métodos cromatograficos [2], y
espectroscopia de masa [3], que requieren equipamiento
costoso, pasos de derivatizacion y protocolos complejos.
Asi mismo la muestra tiene que ser transportada al
laboratorio y requiere pretratamientos.

La deteccion electroquimica de GLY tiene las ventajas de
que permite diseflar dispositivos de bajo costo,
transportables, miniaturalizables, sencillos de utilizar y que
arroja resultados de facil interpretacion [4].

En este trabajo se propone aprovechar la capacidad
complejante del GLY para coordinar iones Cu (II) [5]. Para
ello se modificaron electrodos de grafito con films
poliméricos de porfirinas de cobre y se analizd la sefal
electroquimica de soluciones de GLY de distintas
concentraciones. El sensor construido muestra una buena
conductividad y deteccion de GLY en muestras acuosas.

IL MATERIALES Y METODOS

Reactivos: Cu(Il) 5,10,15,20-[meso-tetra(N-sulfato fenil)
porfirina] (Cu-TPPS; Fig. 1), KNOs (sigma), Glifosato
(sigma), NaOH (Merck), Ferrocenometanol (Aldrich),
NaH,PO4 (Merck), Na,HPO4 (Merck).

Materiales: minas de lapiz HB 0,7 mm Staedtler; celda
electroquimica de 4 mL con tapon de teflon.

Los ensayos electroquimicos se realizaron con un sistema
de tres electrodos: electrodos de trabajo de grafito;
electrodo de referencia Ag/AgCl y electrodo auxiliar de
platino; empleando un potenciostato TEQ 4.0 con mddulo
de impedancia.
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El film de porfirina de cobre sobre los electrodos de trabajo
se obtuvo por electropolimerizacion de Cu-TPPS

en NaOH 0,1 M. Para ello se hicieron de 15 a 20
voltametrias ciclicas (VC) entre 0 y 1400 mV (Fig. 2).
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Fig. 1: Estructura del complejo Cu(Il) 5,10,15,20-[meso-tetra(N-sulfato
fenil) porfirina] (Cu-TPPS). Me: Cu.
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Fig. 2: VC polimerizacion de Cu-TPPS en NaOH 0,1M sobre la superficie
de grafito.

Las imagenes SEM del polimero de CuTPP fueron tomadas
con un equipo Zeiss LEO1450VP y los analisis de energia
dispersiva de los estudios de espectroscopia de rayos
X(EDS) se realizaron en un EDAX Genesis 2000. Las
muestras se colocaron sobre cinta adhesiva de carbon
recubierta de oro.

Los espectros Raman se recogieron en un equipo de
microscopia confocal Renishaw Via Reflex equipado con
un detector CCD de 1024 x 256 pixeles, una rejilla
holografica de 2400 ranuras/mm y un laser Ar de 50 mW
de longitud de onda de 532 nm como fuente de excitacion.
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1. RESULTADOS

Las superficies de los electrodos de trabajo se modificaron
con un film polimérico de Cu-TPPS empleando VC entre 0
y 1400 mV.

Los aspectos morfologicos del film depositado se
evaluaron por microscopia SEM (Fig. 3). Se observo que el
recubrimiento abarca una amplia area superficial con
presencia de agregados globulares, que podrian
incrementar los sitios de unién del Cu [6,7]. Las
interacciones de estos sitios con el GLY podrian mejorar el
proceso de deteccion selectiva, aumentando la sensibilidad
del sensor electroquimico.

A

10 pm
— EHT=1000kV ~ Mag= 100KX WD= 10mm  Signal A= SE1 ﬁ

EHT=1000kV ~ Mag= 500KX WD= 10mm  Signal A= SE1 ﬁ

Fig. 3: Imagen SEM A) electrodo de grafito. B) film polimérico
cobre Cu-TPPS sobre los electrodos de grafito.

Asimismo, se realizé el analisis elemental de los electrodos
modificados por EDS, lo que permitid observar la
composicion del material depositado. En la Tabla I se
muestra esta informacion.

Tabla I. EDS electrodos de grafito modificados con Cu-TPPS

Elementos %Peso %Atomico
CK 79.29 89.16
OK 10.34 8.73
PK 1.30 0.56
CIK 0.39 0.15
KK 242 0.84
CuK 0.80 0.18
SK 5.45 0.37
Total 100

Ademas, se comprobo la presencia del film de porfirinas
por espectroscopia RAMAN de las superficies modificadas

excitando a 532 nm. Los espectros RAMAN de los films
muestran los picos de absorcion caracteristicos de los
esqueletos de anillos porfirinicos (Fig. 4). Como se
observa, el pico a ~390 cm™! es sensible al cambio de la
conformacion del anillo porfirinico. Por otro lado, las
bandas a ~1000 cm™ y a~1360 cm™ se corresponden con el
modo de vibracion del anillo porfirinico y de respiracion
de las uniones C-N pirrdlicos, haciendo referencia a una
vibracion no simétrica del esqueleto porfirinico,
respectivamente. La Tabla II resume las asignaciones.
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Fig. 4. Espectro Raman de las superficies estudiadas. Excitacion a 532
nm.

Tabla II. Asignaciones de las bandas que se observan en la Fig. 4.

CuTPPS Asignacion [8]
335 d porfirina
395 y porfirina
1005 v porfirina
1087 3CB—H
1248  porfirina
1366 v Ca-N
1513 v sim C-C + § asim porfirina
1560 v porfirina
v, stretching; v, folding out of the plane; o,
flection

Se evalud el comportamiento electroquimico del electrodo
antes y después de la modificacion con Cu-TPPS. Para ello
se analizé la transferencia electronica frente al sistema
Fe(CN)¢* /Fe(CN)s* en KNO; 0,1 M. La respuesta de
voltametria ciclica (VC) del Fe(CN)¢*™ resultd casi
reversible para todos los electrodos. La corriente maxima
anodica y catodica aumentd linealmente con la raiz
cuadrada de las velocidades barrido lo que indica un
proceso controlado por difusion (Fig. 5). Se cumple la
ecuacion de Randles-Sevcik que relaciona la corriente con
la velocidad de barrido de potencial (a 298 K) segun [9]:

3 1
Ip = 2,69 x10° xn2 X AX C; X D? x v2

Ecuacién 1: Ip corriente de pico, n nimero de electrones intercambiados,
A el area del electrodo, C"; concentracion de la especie electroactiva, D;
coeficiente de difusion, V velocidad de barrido.

La diferencia entre las pendientes obtenidas para el
electrodo modificado y sin modificar indica una
disminucioén del coeficiente de difusién debido al cambio
en la superficie del electrodo.
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Fig. 5: Intensidad de corriente en funcion de la velocidad de barrido.
Fe(CN)g® /Fe(CN)s* 25 mM en KNOs 0,1 M.

También se analizé la transferencia electronica por VC
para los electrodos en buffer 25 mM fosfato pH 7.20 en
presencia y ausencia de GLY (Fig 6). Se observd mayor
transferencia electronica sobre el electrodo modificado y
una mayor intensidad de corriente en presencia de GLY.
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Fig 6: VC en buffer fosfato, azul: electrodo de grafito, rojo: electrodo
modificado con Cu-TPPS, negro: electrodo modificado + GLY.

Se analizo el funcionamiento del electrodo como sensores
para GLY utilizando las técnicas de amperometria y DPV.
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Fig 7 Relacion entre la corriente medida por amperometria y la
concentracion de GLY.

Sobre 4 mL de buffer 25 mM fosfato pH 7.20 se hicieron
agregados sucesivos de una solucion 10 mM de GLY (Fig.
7.

Se midié la corriente tras cada agregado aplicando un
potencial de 100 mV por 1800 s. Obteniéndose una relacion
proporcional entre la corriente medida y la cantidad de
GLY agregada.

Por otro lado se prepararon muestras acuosas de
concentracion creciente, entre 5y 200 umol L™!, de GLY
en PBS 0,1 M que se analizaron cuantitativamente por
DPV. La intensidad de corriente resultdé ser maxima en
ausencia de GLY. Al aumentar la concentracion de GLY la
corriente disminuy6 gradualmente en forma proporcional
al logaritmo de la concentracion (Fig. 8).

Intensidad de corriente (uA)
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Fig. 8: Respuesta por DPV para concentraciones crecientes de 5 a 200
umol L™" de GLY (5, 10, 25, 50, 75, 100, 125, 150, 200 pmol L") .

En las condiciones ensayadas, utilizando soluciones
acuosas de GLY, el sensor present6 un rango lineal frente
a concentraciones crecientes de 5 a 185 umol L™! con un
limite de deteccién de 1 pmol L™! (S/N = 3) (Fig. 9).
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Fig. 9: Curva de concentracion para soluciones acuosas de distintas
concentraciones de GLY en PBS 0,1 M.

IV.  CONCLUSIONES

El electrodo de grafito fue modificado exitosamente con el
polimero Cu-TPPS. Esto pudo observarse por diferentes



técnicas Opticas y electroquimicas. Por otro lado, el
electrodo modificado pudo ser utilizado como sensor para
detectar GLY en agua. Se espera que estos electrodos
puedan ser utilizados en matrices complejas tanto en el
laboratorio como en estudios de campo al disefiar un
dispositivo portatil.
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Abstract— El aumento de la poblacién mundial ha supuesto una
demanda creciente de alimentos. Por eso es necesario aumentar
el rendimiento y la produccién de las tierras de cultivo mediante
la adiciéon de fertilizantes. El uso excesivo de fertilizantes, sin
embargo, implica sobrecostes innecesarios e importantes dafios
medioambientales. La monitorizacion del estado nutricional del
suelo es de vital importancia para la agricultura, solo de esta
manera se puede predecir la cantidad adecuada de fertilizante
que es necesario aplicar.

En este trabajo se evalian las tendencias del estado
nutricional del nitrato en suelos de diferente tipologia. También
se estudia como varia este comportamiento con el pH para
conocer las condiciones ideales de trabajo y asi evitar
lixiviaciones masivas de nutrientes hacia el subsuelo. Con este
fin se realizan una serie de adiciones de KNO3 y de agua,
simulando adiciones de fertilizante y el riego o la lluvia, y se
monitoriza la respuesta del suelo utilizando una sonda
Nutrisens.

Keywords— agricultura de precision, nitrato, monitorizacion
suelos, solucion del suelo, lixiviacion

I. INTRODUCTION

El aumento de la poblacion mundial ha supuesto una
creciente demanda de alimentos cuya obtencion depende en
gran medida de la produccion agricola. Esta viene limitada
por la disponibilidad de terrenos cultivables, asi como el
acceso a un recurso muy escaso como el agua, muy afectado
por el cambio climatico. Para contrarrestar estos problemas
resulta de gran importancia maximizar el rendimiento de los
terrenos cultivables. Este uso intensivo del suelo agota los
nutrientes naturales que tienen que ser suplidos por el
agricultor idealmente en la proporcion que sea necesaria.

La fertilizacion en exceso representa un gasto
economico innecesario y genera un enorme impacto
ambiental negativo. Uno de los nutrientes mas facilmente
asimilados por los cultivos es el ion nitrato. La capacidad del
suelo para retener este ion en la capa cercana a la superficie
donde se encuentran las raices es limitada debido a que
generalmente suele presentar una mayor cantidad de cargas
negativas. Esto favorece su lixiviacion hacia los acuiferos y
los rios produciendo la eutrofizacion de las aguas [1]. Por otro
lado, un defecto de fertilizacion impacta negativamente en el
rendimiento y la calidad de los cultivos agricolas.

Conocer las caracteristicas edafologicas del suelo, asi como
otros parametros que puedan influir en el cultivo, como
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factores climaticos, es necesario para poder aportar el tipo y
cantidad correcta de fertilizante en cada una de las etapas
fenologicas del cultivo.

La planta toma los nutrientes por contacto fisico
entre la superficie mineral del suelo y las raices de las plantas
que absorben los nutrientes de la soluciéon del suelo (no
directamente de la estructura del suelo). La concentracion de
nutrientes en suelo disminuye con la ingesta por parte del
cultivo. El reemplazo de estos nutrientes en la solucion del
suelo es resultado de reacciones quimicas y biologicas que
tienen lugar en el suelo. La habilidad de un suelo para
recuperar la concentracion del nutriente en la solucion del
suelo se llama capacidad tampén (CB). Esta capacidad
depende del pH y viene regulada por los minerales que se
pueden disolverse del suelo para pasar a la solucion del suelo
por reacciones microbianas y, principalmente, por la
capacidad de intercambio del suelo o de la materia organica
usada en los sustratos agricolas.

La capacidad de intercambio es un proceso
reversible donde cationes y aniones adsorbidos en la
superficie del suelo es intercambiado por otro catiéon o anion
de la solucion del suelo. El origen de la superficie cargada es
fundamental para entender la disponibilidad de los nutrientes
y su retencion en el suelo. Ademas, la capacidad del suelo
para retener agua en solucion también tiene impacto en la CB
[2]. No obstante, los suelos son altamente complejos y los
nutrientes y la forma en que estos son aportados al suelo
durante el proceso de fertilizacion provoca que estos puedan
quedar retenidos en fracciones de suelo no labiles y, por lo
tanto, no disponibles, al menos de forma inmediata, para ser
asimilados por las plantas.

En conclusion, para estimar la disponibilidad real de
nutrientes en suelo es de gran importancia conocer los
nutrientes que quedan en solucién y la CB del suelo.

Comercialmente, existe una gran variedad de
lisimetros (sondas succidn), que se utilizan para determinar
la concentracién de nutrientes en el agua del suelo, pero no
son capaces de dar informacion sobre la CB. En este trabajo
se propone el uso de una sonda potenciométrica (Nutrisens)
[3] basada en electrodos selectivos de iones (ESIs) que,
instalada directamente en el suelo, suministra datos en
continuo y en tiempo real tanto de la evolucion de la
concentracion de los nutrientes en la solucion del suelo como
de la influencia de la CB de este en dicha evolucion. Este tipo
de sondas proporcionan informacién relativa al ion al que son
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selectivas en forma libre en fase acuosa [4]. Estas formas
ionicas de los nutrientes son las que tienen interés
agronomico ya que son las que las plantas pueden asimilar.

En este trabajo, se presentaran los resultados
proporcionados por la sonda de Nitrato tras la adicion de este
ion a suelos de diferente tipologia y su posterior lavado con
disoluciones de diferente pH. El estudio pretende establecer
la capacidad que posee el suelo, en funcion del pH, para
mantener el nitrato en la solucion del suelo (lisimetro), la
capacidad para (fijar) adsorber nitrato en la estructura del
suelo (Nutrisens) y determinar las condiciones en las que se
minimice la lixiviacion del nitrato hacia profundidades de
campo alejadas de la zona asimilacion de las raices del
cultivo.

II. EXPERIMENTAL

A. Descripcion de las muestras

Se han utilizado muestras de sustratos agricolas tanto
sintéticos como naturales, siendo estos ultimos mas
complejos y heterogéneos que los suelos sintéticos

Como sustrato sintético se utiliza perlita expandida
previamente saturada con nitrato. La perlita se caracteriza por
tener un exceso de cargas positives en su estructura y por una
elevada capacidad para retener agua en su estructura. Se
caracteriza por ser homogéneo, poroso y poco denso.

Como sustratos naturales se han estudiado un suelo
arenoso y otro arcilloso. Los suelos arcillosos, en general, se
caracterizan para una mayor capacidad para retener nutrientes
tanto en la estructura del suelo como en la solucion de suelo
que un suelo arenoso. La complejidad de un suelo arcilloso
suele ser superior también a la de un suelo arenoso.

Las muestras de suelo de origen natural se han secado
durante 24 h a 80 °C y se han tamizado para tener un didmetro
de particula inferior a 1 mm.

B. Montaje experimental

Para realizar este estudio se fabrican ad hoc unas celdas
con drenaje incorporado que se efectiia haciendo el vacio con
una jeringa de 50 mL. Estas celdas incorporan una pieza
mecanizada de metacrilato a modo de filtro para separar la
muestra del suelo de la base del recipiente. Se recorta un filtro
de papel del mismo tamafio para evitar la colmatacion del
filtro mecanizado. En caso que fuera necesario, se puede
utilizar el agitador para homogeneizar la solucion excedente
con el suelo.

En la celda se introduce la muestra de suelo junto a la
sonda Nutrisens y el lisimetro. Las lecturas de potencial del
Nutrisens se registran conectando la sonda a un potencidmetro
portatil fabricado ad hoc (SDIAN6, TMI, Espaiia) y
controlado por un ordenador. El montaje experimental
esquematizado se muestra en la figura 1.

Las medidas registradas son:

. Capacidad del nitrato de quedar adsorbido en la
superficie del suelo utilizando la sonda Nutrisens. La sonda
suministra variaciones de potencial descendentes al aumentar
la concentracion de ion, aunque para visualizarlos datos se ha
invertido el sentido de variacion observandose un crecimiento
del potencial con la concentracion.

. Solucion del suelo: Se utiliza un lisimetro
(Rizhosphere, Paises Bajos). La solucion de nitrato extraida se

mide con un analizador portatili (HORIBA LAQUAtwin,
Japon). [5]

Nutrisens

' Potenciémetro

portitil

Lixiviado

Agitador

Fig 1. Esquema del montaje experimental

. Lixiviacion: Las aguas de drenaje se recogen y se
determina el nitrato con un analizador portatil (HORIBA
LAQUAtwin, Japon).

C. Metodologia de trabajo

Se pesan 80 g de muestra de suelo natural. En el caso de
la perlita, debido a sus caracteristicas, se pesan 8 g.

Se realizan adiciones de 35 mL de disolucion de agua y
de nitrato a diferentes concentraciones. Pasados 10 minutos,
en caso de que sea necesario y dependiendo del tipo de suelo,
se retira el exceso de liquido haciendo el vacio con la jeringa
incorporada en la zona de lixiviado. A continuacion, se toma
una muestra con el lisimetro para medir concentracion de
nitrato en la solucion del suelo.

Para estudiar el comportamiento del suelo frente a las
adiciones de nutrientes, se realizan adiciones de agua Milli-
Q y de patrones de 50, 150, 300 i 500 ppm de NO3 en este
mismo orden ajustado a pH 4, pH 5 y pH 8, respectivamente.

A continuacion, se realizan 5 adiciones de agua Milli-Q
(pH 4, pH 5 y pH 8) para simular el riego o la lluvia en el
campo. Estos pH han sido escogidos por ser el rango de pH
mas habitual en suelos.

III. RESULTADOS Y DISCUSION

A continuacion, se muestran los resultados obtenidos con
la adicion de nitrato y posterior lavado en suelos de diferente
tipologia (perlita saturada, suelo arenoso y arcilloso).

A. Adicion nitrato

Los datos relativos a la adicion de nutrientes se muestran
en la figura 2.

En el caso de la perlita, esta habia sido previamente
saturada de nitrato. Este nitrato parece quedar retenido en la
estructura de la perlita dejando sin posiciones donde unirse los
nuevos aportes de nutrientes (puntos azules). Se observa, tras
la saturacion del material, que nuevos aportes de nutriente no
quedan retenidos por el material y el nitrato queda en la
solucion del suelo. En esta disolucion, la concentracion de
nutriente es practicamente idéntica a la de la disolucion que se
adiciona. En este caso, destaca el comportamiento a pH 5
(rojo), donde el aporte de nutrientes conlleva una disminucion
de la sefial del Nutrisens, lo que implica que se esta lavando