UNIVERSIDAD

NACIONAL

DE COLOMBIA

Fiber Optics Sensing Platform for
Monitoring Biological and Chemical
Species at Low-concentrations

Brayan de Jesus Patifio Jurado

Universidad Nacional de Colombia
Facultad de Ciencias, Escuela de Fisica
Medellin, Colombia
2023






Fiber Optics Sensing Platform for
Monitoring Biological and Chemical
Species at Low-concentrations

Brayan de Jesus Patifio Jurado

Tesis presentada como requisito parcial para optar al titulo de:
Doctor en Ciencias-Fisica
(PhD in Physics)

Director:
Ph.D. Jorge Ivan Garcia-Sucerquia
Codirector:
Ph.D. Juan F. Botero-Cadavid

Linea de Investigacion:
Biosensores a fibra ptica
Grupo de Investigacion:

Optica y Procesamiento Opto-Digital

Universidad Nacional de Colombia
Facultad de Ciencias, Escuela de Fisica
Medellin, Colombia
2023



v Fiber Optics Sensing Platform for Monitoring Biological and Chemical Species at
Low-concentrations

Plataforma de Sensado a Fibra
Optica para el Monitoreo de Especies
Biologicas y Quimicas a Bajas
Concentraciones

Brayan de JesUs Patifio Jurado

Tesis presentada como requisito parcial para optar al titulo de:
Doctor en Ciencias-Fisica
(PhD in Physics)

Director:
Ph.D. Jorge Ivan Garcia-Sucerquia
Codirector:
Ph.D. Juan F. Botero-Cadavid

Linea de Investigacion:
Biosensores a fibra 6ptica
Grupo de Investigacion:

Optica y Procesamiento Opto-Digital

Universidad Nacional de Colombia
Facultad de Ciencias, Escuela de Fisica
Medellin, Colombia
2023



A mis padres, a mis hermanos y a Crepes






Declaracion de obra original

Yo declaro lo siguiente:

He leido el Acuerdo 035 de 2003 del Consejo Académico de la Universidad Nacional.
«Reglamento sobre propiedad intelectual» y la Normatividad Nacional relacionada al
respeto de los derechos de autor. Esta disertacion representa mi trabajo original, excepto
donde he reconocido las ideas, las palabras, o materiales de otros autores.

Cuando se han presentado ideas o palabras de otros autores en esta disertacion, he
realizado su respectivo reconocimiento aplicando correctamente los esquemas de citas y
referencias bibliogréaficas en el estilo requerido.

He obtenido el permiso del autor o editor para incluir cualquier material con derechos de
autor (por ejemplo, tablas, figuras, instrumentos de encuesta 0 grandes porciones de
texto).

Por ultimo, he sometido esta disertacion a la herramienta de integridad académica, definida
por la universidad.

Brayan Patifio-Jurado

Fecha 08/08/2022



Agradecimientos

Agradecimientos por toda la amable colaboracién prestada a la Universidad EIA,
especialmente al profesor Yeison Montagut Ferizzola, al grupo de investigacion de
Ceramicos y Vitreos de la Universidad Nacional de Colombia, sede Medellin, dirigido por
la profesora Claudia Garcia Garcia y al estudiante de pregrado en Ingenieria Fisica Arturo
Gaviria Calderdn. Todo su apoyo y asesoria hicieron posible el desarrollo de esta tesis.

Ademas, un agradecimiento especial a la Facultad de Ciencias de la Universidad Nacional
de Colombia, sede Medellin, por permitir el uso del laboratorio de Optica, los cursos
ofrecidos, el permanente apoyo los miembros de la facultad y los apoyos econémicos
aprobados que nos permitieron la participacién en las conferencias internacionales. Este
agradecimiento también se extiende al Programa Curricular de Fisica y a la Direccién de
la Escuela de Fisica por toda la gestién, tramite administrativo y apoyo econémico otorgado

durante el desarrollo del doctorado.

Finalmente, un enorme agradecimiento a los miembros del grupo de investigacion de
Optica y Procesamiento Opto-digital por todo el apoyo, consejo y acompafiamiento en el

desarrollo de este trabajo investigativo.



Resumen y Abstract IX

Resumen

El trabajo investigativo llevado a cabo para la produccion de esta tesis de doctorado tiene
como objetivo fundamental el desarrollo de una plataforma de sensado soportado en
tecnologia de fibra Optica que permite la deteccion de especies quimicas y biolégicas a
bajas concentraciones. Este trabajo se presenta como una alternativa de solucion al
problema que plantea la falta tecnologia portétil de sensado en Colombia, que permita
hacer medicion in situ y en no mas de un minuto de bajas concentraciones de sustancias,
particularmente de muestras biolégicas como la albumina de suero bovino o la especie
Mycobacterium tuberculosis y los niveles de mercurio en el agua. En respuesta a que las
técnicas actuales robustas y rapidas de deteccidon y analisis de sustancias, a baja
concentraciones, requieren por lo general de equipos costosos, personal especializado y
son poco portétiles, lo que dificilmente contribuye a su aplicacion en campo y limita la

posibilidad de llegar a las poblaciones vulnerables.

En el desarrollo de esta tesis, que parte de una revision detallada del estado del arte de la
problematica de deteccion y monitoreo de especies quimicas como el mercurio en agua y
de especies biol6gica como la Mycobacterium tuberculosis, se evalian, modelan, disefian
y construyen sensores interferométricos de bajo costo a fibra Optica que pueden ser
funcionalizados para hacer reconocimiento quimico o biol6gico especifico de la sustancia
a detectar. Se estudian, se implementan y se evallan protocolos de activacion y
funcionalizacién que dotan de selectividad en la deteccion a los sensores desarrollados.
Adicionalmente, se evalla la implementaciéon de los sensores interferométricos en una
plataforma disefiada que permite procesar en segundos la respuesta Optica y la transduce

en una medida de la concentracién de sustancia.

Los resultados de esta tesis de doctorado fueron consolidados en seis manuscritos
publicados en revistas indexadas de circulacion internacional, cinco presentaciones en
eventos internacionales y una solicitud de patente ante la Superintendencia de Industria y

Comercio de Colombia. Estos productos constituyen el nacleo de la presente tesis.

Palabras clave: Plataforma de sensado, sensores interferométricos a fibra dptica,

mercurio, anti-BSA, estructura SMS, sensores de extremo inclinado.
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Abstract

The undertaken research work for this thesis dissertation aims for the development of a
fiber optics sensing platform, which allows for the effective detection of chemical and
biological species at low concentrations. This work is presented as an alternative solution
to the problem posed by a lack of new portable rapid-detection technology in Colombia for
the in-situ measurement of low concentrations of certain substances such as the Bovine
serum albumin or Mycobacterium tuberculosis sample or the toxic ions mercury in the
drinking water. In response to the robust and rapid techniques generally require complex
sample preparation procedures, expensive and bulky instruments, and professionally
trained personnel, which limits their portability and making them more difficult to implement

in the field for vulnerable populations in remote areas.

This thesis dissertation firstly presents the detailed review of the state of the art of problems
involved in the detection and monitoring of chemical species such as mercury in water and
biological species such as the Anti-BSA and Mycobacterium tuberculosis. Then, the
evaluation, modeling, designing and fabrication of cost-effective optics fiber sensors based
on interferometric principles is presented in order to determine the ability to functionalize
these sensing structures with chemical or biological specific recognition substances. A
reliable functionalization and activation protocol was studied, implemented, and evaluated
in order to obtain a sensing surface on the optical fiber structures highly selective to detect
the substances at low concentrations. Finally, the implementation and integration of the
functionalized optical fiber sensor within a designed platform was evaluated with the aim
of demonstrating that the rapid and sensible optical response can be processed to

determine and display instantly the concentration of substance.

The results of this thesis dissertation were reported on six manuscripts published in peer-
review indexed journals, five presentations in international conferences, and a patent filed
to the Colombian Superintendence of Industry and Commerce. These products constitute

the core of the present thesis.

Keywords: Sensing platform, interferometric fiber optics sensor, mercury, anti-BSA,

SMS structure, optical fiber with slanted end.
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Introduction

1.Introduction and Background

Water contamination by chemical pollutants such as mercury, and highly contagious
bacterial diseases such as tuberculosis, are two of the most prevalent public health
problems in the world [1]-[3]. Tuberculosis is thought to be responsible for about 2 million
deaths every year [3] and it is estimated that about 10 million people in 55 countries are
exposed to mercury-contaminated water sources as a result of artisanal mining activities
[4], [5]. In Colombia, approximately fifteen thousand people are infected with tuberculosis
every year and it is suggested that for at least 80 rivers could be contaminated with mercury
[6][7], [8]. In both cases, the prominence of these difficulties is primarily due to the lack of
adequate technology for the timely detection and appropriate monitoring of biological and
chemical species [9]-[12]. A precise review of the prevalence of these troubles throughout
the Colombian territory reveals that, as a consequence of the scarcity of suitable technology
for the health care services and drinking water supply systems, remote regions and rural
populations are the most affected by the water contamination and the tuberculosis. [13]-
[22]

In developing countries, the tuberculosis and the mercury contamination in water are two
serious problems compounded by the conditions of poverty [18], [23]. On one hand,
tuberculosis is an infectious disease caused by Mycobacterium tuberculosis bacteria that
mainly affects the lungs and is one of the 10 major causes of mortality worldwide [3]. In the
most recent report from the World Health Organization, it is showed that in developed

nations there were less than 10 new cases of tuberculosis per 100.000 inhabitants, whereas
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that in developing countries this incidence is somewhere between 200 and 400 cases per
100.000 inhabitants; supporting the fact that the poverty is determining for the prevalence
of this pathology [24]. As far is concern to mercury contamination, according to the World
Health Organization, it is estimated that 100 million people in 55 countries are dependent
on this toxic metal for their livelihoods, mainly through gold small-scale mining activities [2].
Mercury released into environment can be inhaled and absorbed through the skin,
accumulating in the liver, brain and bone tissues; causing renal failure disease, disorder of
the nervous system, intellectual impairment and even death [4], [25], [26]. In Colombia,
classified as the third country that produces the highest pollution of this metal after China
and Indonesia, the main sources of mercury contamination are those places where illegal
gold mining is carried out [7], [27], [28]. In these artisanal mining sites, due the lack of
adequate technology-based pollution controls to reduce emissions of liquid and gaseous
pollutants, the mercury is disposed directly on water sources. Levels of mercury in water of
up to 3 ug/L have been reported [8], which exceeds concentration permitted level of 2 ug/L
in drinking water as stipulated by the World Health Organization [29].

Reduction of the incidence rate of Tuberculosis in vulnerable populations and the
anthropogenic sources of mercury pollution in aquatic systems present the common
challenge of detecting and monitoring the evolution of low concentration levels of biological
and chemical species. With respect to Tuberculosis, the World Health Organization
indicates that while this infectious disease is curable with a suitable treatment, detection in
early stages, improving diagnostic techniques, and the continuous monitoring are basic
requirements that should be improved to encourage the reduction of mortality rates in the
world [24]. Similarly, for the problem of the contamination of water sources with mercury,
there is a need to improve the detection and analysis techniques in order to measure the
concentration of methylmercury produced in water sources, the most toxic form of mercury,
which readily can be accumulated in the fish’s tissue, shellfish and crustaceans [26]. These
animals are, therefore, bioconcentrators and biomagnifiers that act mobilizing

methylmercury through the food chains to human beings [30].

The most affordable methods for detection of Tuberculosis are sputum smear microscopy
and isolation and cultivation of mycobacteria [31]. Although these diagnostic strategies are
simple, inexpensive and highly specific in areas with very high prevalence, their primary

limitations include low sensitivity, delay in diagnosis due to the slow growth rate of the
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bacteria (this method usually requires 1-2 months for completion), and contamination
susceptibility [1], [32], [33]. This often-unreliable results in delayed diagnosis difficult the
tuberculosis control, care of the patient and facilities the spread of infection. Sophisticated
techniques such as the serologic enzyme-linked immunosorbent assay (ELISA) [34] and
the test based on polymerase chain reaction (PCR) DNA detection [35] are faster, more
sensitive, and accurate, but requires highly trained personnel, additional reagents, and
complex technological devices, which increase the cost of the analysis [36]. On the other
hand, the most advanced techniques for the determination and detection of mercury in
water include, but are not limited to, the chromatography—inductively coupled plasma mass
spectrometry (GC-ICP-MS) [37], [38], the atomic absorbing spectrophotometry (AAS) [39],
[40], atomic fluorescence spectroscopy (AFS) [41], inductively-coupled plasma atomic
emission spectroscopy (ICP-AES) [42], [43], and high-performance liquid chromatography
(HPLC) [44]. Although these powerful techniques have proved effective and reliable, these
require complex sample preparation procedures, expensive and bulky instruments, and
professionally trained personnel [45]. Therefore, alike in the tuberculosis detection
methods, these approaches are not well suited for rapid on-site detection of chemical

species and may not even be available for use in developing countries.

In this thesis, the problem of rapid on-site detection and monitoring of biological species as
Mycobacterium tuberculosis, or a similar protein as the Anti-BSA (bovine serum albumin),
and mercury in low concentration is addressed. To meet the challenge of detecting
chemical and biological species with concentrations in order of 1 ug/L and lug/mL
correspondingly, optical fiber sensors technology was used. This thesis presents the results
of very affordable, low-cost and with potential for remote sensing methodologies fiber optics
interferometric sensors based on SMS (single mode—multimode—single mode) structures
and fibers with slanted ends to rapidly detect biological and chemical species selectively
[46]-{49]. Throughout the development of this work, the fiber optics interferometric sensors
were modeled, fabricated, functionalized, tested and integrated into a cost-effective (less

than $150 USD for materials and manufacturing) and portable platform.

1.1 Justification and research questions

According to the World Health Organization, tuberculosis is one of the leading causes of

death from infectious diseases in the world, affects people in more than 180 countries and
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it is responsible for nearly 10 million incident cases worldwide, resulting in over 1.5 million
deaths each year [24]. In Colombia, almost 15 thousand cases of tuberculosis and more
than one thousand deaths for this pathology are reported each year [9]. Concerning this
public health problem, the Colombian Government has made a commitment to reduce the
incidence of new cases of tuberculosis including as one of the objectives of particular
priority in the Plan Decenal de Salud Publica 2012 — 2021 (Decennial Plan of Public Health
2012-2021) and the Plan Estratégico Colombia Hacia el Fin de la Tuberculosis 2016-2025
(Colombia’s Strategic Plan Towards the End of Tuberculosis 2016-2025), the progressive
reduction of mortality due to tuberculosis over the whole national territory [50]. It is
proposed, consequently, the fundamental challenge of reduction to zero the mortality
associated with tuberculosis through monitoring and evaluation of epidemiological behavior
of all the cases diagnosed, generating complete, reliable, comprehensive, and timely
information in order to guide prevention and control measures of this pathology [6].
However, it is very difficult to achieve these objectives if the conventional methods take a
long time to determine diagnosis, in an average of 6 weeks, and the robust methods for
detecting tuberculosis are complex and difficult to implement in most infected and affected
populations by this disease. Therefore, it is necessary to adapt and improve the
technologies used to detect tuberculosis in order to carry out the diagnosis and monitoring
in those places where access to health services is poor and limited. In response to this
challenge, and as a relevant contribution to the development of biosensors technology, a
cost-effective, portable, biocompatible fiber optics sensor is designed, modeled, fabricated
and tested in this thesis. This sensor in addition, has the potential for remote sensing and
rapid detection of biological species in low concentrations, in the case of tuberculosis it

would be able to detect concentrations as low as 1 ug/mL.

On the other hand, in 2011 Colombia ranked first in the list of countries that emit more
mercury per capita, predominantly during gold mining and processing activities [27].
However, for 2019, when Colombia agreed to ratify the Minamata Convention for the
reduction of mercury pollution, the country was still classified as the third country that
produces the highest pollution of this metal [7], [51], in the absence of any new information
about total pollution levels of mercury in the atmosphere and water sources. Despite
significant efforts of the Government of Colombia during the last decade to control, reduce

and ultimately to eliminate the use of mercury in 2023 [7], [52], to date there is an estimate
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of 80 rivers contaminated with this toxic element throughout the country [53]. One of the
key challenges facing the Colombian government in the Plan de Accién Sectorial Ambiental
de Mercurio (Mercury environmental sector action plan) in order to reduce to zero the
mercury levels for 2023, it is to research and report the level of contamination in water,
sediments and air assessing the impact on flora and fauna throughout the length and
breadth of the national territory [10]. Undoubtedly, this action plan should include an

effective and reliable methodology to measure levels of mercury in water resources.

One of the first measures to be taken is to consolidate the complete inventory and effective
monitoring of the abandoned and active sources of mercury in Colombia, because
contamination levels are dynamic [54]. Today, it is quite uncertain the contamination status
of mercury in rivers and their effluents throughout the national territory, largely because
anthropogenic emissions of mercury can be discharged directly into water and soils via
rainfalls and spreading to other regions by way of rivers. Therefore, the problem of detecting
and monitoring contamination levels of mercury in water is no different to the problem of
rapid detection and monitoring of tuberculosis; in both cases, a portable and cost-effective
technology which enables the rapid detection of low concentration of substances is required
to address these public health problems which particularly affect vulnerable populations in

remote regions.

The challenge of rapid detection, in seconds, of low concentrations of mercury in water is
addressed in this doctoral thesis. A cost-effective sensor (less than $10 USD for materials
and manufacturing) based in fiber optics technology is developed to detect concentrations
of mercury in water up to 1 pg/L. This mercury sensor is incorporated, along with the
biosensor, into a portable sensing platform which was developed in this work to enable the
processing of sensors data and clearly display low-concentration measures of biological
and chemical species. The results presented in this doctoral thesis provide answers to the
following research questions: 1. How can the fiber optics technology be implemented as
biosensors of Mycobacterium tuberculosis or a similar protein such as the Anti-BSA? 2.
How can the cone-shaped fiber optics technology be implemented as mercury sensors? 3.
How can fiber optics sensors be developed at cost-effective and with the ability to detect
concentrations as low as 1 pg/L of mercury in water and 1 pg/mL of Anti-BSA. 4. How can
a portable sensing platform based on fiber optics sensors be developed for low-

concentration monitoring of biological and chemical species?
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1.2 Objectives and structure of the thesis

The main objective of this thesis was to develop a fiber optics sensing platform for

monitoring biological species at low concentrations such as the anti-BSA, as a model

molecule for potential detection of Mycobacterium tuberculosis, and chemical species such

as the mercury. A set of specific objectives were addressed in order to reach the main

objective. In this sense, the research questions were answered as the specific objectives

contemplated in this doctoral thesis were fulfilled. As a summary, the specific objectives of

the thesis were:

1.

1i.

iv.

To evaluate optical fiber sensors based on geometrically modified end tips for
measuring refractive index and temperature. The ability to scale up the cone-
shaped and a slanted end optical fibers technology from illumination sources to
sensors of chemical species was studied with this objective.

To evaluate a sensor based on etched Sigle-Multi-Single mode (SMS) fiber optics
structures for measuring refractive index. The geometrical characteristics of the
etched SMS sensors that optimize their sensitivity were studied insofar as this

objective is achieved.

To identify and evaluate a suitable protocol for immobilizing biomarkers (biological
recognition elements), such as BSA or the protein antigen 38kDA, on the surface
of the etched SMS sensor. With this objective, the specificity of the SMS sensor
for detecting only biological species such as BSA or Mycobacterium tuberculosis

in concentration as low as 1 ug/mL was studied.

To identify and evaluate a suitable activation protocol for immobilizing a chemical
recognition element on the sensors based on optical fiber with geometrically
modified end tips for detecting chemical species such as mercury in water. With
this objective, the reflective fiber structures are evaluated as sensors for specific

detection of low-concentrations, up to 1 ug/L, of mercury ions in water.

To functionalize both the etched SMS structure and the cone-shaped optical fiber

and characterize the optical responses in order to obtain the calibration curves.
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V.

This objective allowed to determine interest parameters of the sensors such as the
sensibility, the limit of detection and the working range.

To design, model, build and evaluate a portable sensing platform which integrates
the biosensor and the fiber sensor based on geometrically modified end tip in order
to detect in seconds and monitor low-concentrations of the biological and chemical

species. Achieved this specific aim, the main objective of this thesis is fulfilled.

Accordingly, the structure of this thesis was shaped providing a detailed description of the

background, theory, methodology, and results of the evaluation of each specific objective.

Consequently, this thesis is divided as follows:

Introduction.

In this section, the identification of the problem, the background of detection
methods, the justification of this thesis and the proposed alternatives for detecting
and monitoring mercury in water and Mycobacterium tuberculosis are described.
At the same time, the research questions and the objectives are enunciated in
order to demarcate the thread that runs through the research carried out in this

thesis.
Optical Fiber Sensors

In this section, the description of the main concepts concerning optical fiber sensors
technology related to this thesis are introduced. Throughout the chapter, a brief
summary of the most used optical fiber sensors techniques and their applications

is presented.
Optical Fiber Sensors for Measuring temperature and Refractive Index

In this section, the evaluation of cone-shaped optical fiber, fibers with slanted ends
and SMS structures for measuring some physical variables such as temperature
and refractive index is presented. The inability of the cone-shaped optical fibers to
form an interferometric structure is demonstrated what leads however to study the
feasibility of this cost-effective structure as illumination source in Digital Lensless
Holographic Microscopy (DLHM). In contrast, the implementation of optical fiber

with slanted end tip as cost effective and practical temperature and refractive index
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V.

VI.

sensors is reported in the second part of this section. In the last part of the chapter
the optimization of sensor based on SMS-structures for measuring refractive index
is described.

Optical Fiber Sensor for Measuring Mercury in water.

The state of the art of sensors for detecting chemical species in water, the operation
principle of sensors based on optical fiber with slated end tip and the SMS
structure, and the functionalization protocol for detecting mercury with these
sensors is described in detail in the first part of this section. In the second part, the
results of the design, modeling and fabrication of the optical fiber sensors is
presented. Finally, the procedure for the preparation of the samples and the results
of the measured concentrations of mercury in water are reported in the last part of

this chapter.
Optical Fiber Sensor for Detecting Biological Species.

The background of the biosensor, the operation principle of sensors based on
etched SMS structures, and the functionalization protocol for detecting Anti-BSA
or Mycobacterium tuberculosis specie with etched SMS sensors is detailed in the
first part of this chapter. In the second part of this chapter, the results of the design,
modeling and fabrication of sensors based on etched SMS structures are
presented. Finally, the procedure for preparation of the samples and the results of

measured biological samples are reported in the last part of this chapter.

Fiber Optics Sensing platform for Low-Concentration Monitoring of
Biological and Chemical Species.

In this chapter, the state of the art of portable sensing platforms for monitoring of
chemical and biological species is revised. Subsequently, the design, modeling,
fabrication, integration of sensors and preliminary evaluation is reported in detail.
Finally, the fabricated fiber optics sensing platform for low-concentration
monitoring of biological and chemical species is evaluated measuring low

concentrations of mercury in water and anti-BSA under laboratory conditions.
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VII. Conclusions and Recommendations.

This chapter summarizes the conclusions, current and future work consequence of

this dissertation.

VIII. Annexes.
The supplementary material used in this thesis and the manuscripts submitted to

indexed journals are reported in this last section.

1.3 References for Chapter 1

[1] M. M. Rahman and R. S. Giasuddin, “Tuberculosis,” in Anwer Khan Modern Medical
College Journal, vol. 3, no. 2, 2012, pp. 3-5.

[2]  World Health Organization, REPORTE DE TUBERCULOSIS GLOBAL 2017 OMS.
2017.

[3] World Health Organization, “Global tuberculosis report 2018 - Geneva,” 2018. doi:
10.1016/j.pharep.2017.02.021.

[4] G. Liu, Y. Cai, and N. O’Driscoll, Environmental Chemistry and Toxicology of
Mercury. John Wiley & Sons, Ltd, 2011.

[5] S.L.Zuberand M. C. Newman, Mercury pollution: A transdisciplinary treatment, 1st
ed. CRC Press, 2016.

[6] M. L. Ospina Martinez, M. E. Martines Duran, O. E. Pacheco Garcia, and H. Quijada
Bonilla, “Protocolo de vigilancia En salud publica en Tuberculosis.,” Ministerio de
Salud y Proteccién Social Colombia., 2016. .

[71 T.E.|.-C. DEPARTAMENTO ADMINISTRATIVO DE CIENCIA, “EVALUACION DEL
GRADO DE CONTAMINACION POR MERCURIO Y OTRAS SUSTANCIAS
TOXICAS, Y SU AFECTACION EN LA SALUD HUMANA EN LAS POBLACIONES
DE LA CUENCA DEL RIO ATRATO, COMO CONSECUENCIA DE LAS
ACTIVIDADES DE MINERIA,” Minist. salud, 2018, [Online]. Available:
https://www.minsalud.gov.co/sites/rid/Lists/BibliotecaDigital/RIDE/VS/PP/SA/protoc
olo-sentencia-t622-vcolciencias.pdf.

[8] F. A. Diaz-Arriaga, “Mercurio en la mineria del oro: Impacto en las fuentes hidricas
destinadas para consumo humano,” Rev. Salud Publica, 2014, doi:
10.15446/rsap.v16n6.45406.

[9] M. de Salud, “Plan-estrategico-fin-tuberculosis-colombia-2016-2025,” Bibl. Digit.
Minist. Salud, 2015.

[10] EI Ministerio de Ambiente y Desarrollo, “Plan de Accion Sectorial Ambiental de
Mercurio,” 2018. [Online]. Available:
http://www.minambiente.gov.co/images/PLAN_NACIONAL_AMBIENTAL_MERCU
RIO.pdf.



30 Fiber Optics Sensing Platform for Monitoring Biological and Chemical Species at

Low-concentrations

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

A. R. Arévalo Barea, “El avance de la tuberculosis multiagresiva en los paises que
no gerencian los adelantos que brinda la tecnolog{\\i}a,” Rev. Médica La Paz, vol.
21, no. 1, pp. 3-4, 2015.

M. Jaramillo-Grajales et al., “Diagnéstico de tuberculosis: desde lo tradicional hasta
el desarrollo actual,” Med. y Lab., 2015, doi: 10.36384/01232576.129.

J. D. Park and W. Zheng, “Human exposure and health effects of inorganic and
elemental  mercury,” J. Prev. Med. Public  Heal., 2012, doi:
10.3961/jpmph.2012.45.6.344.

K. H. Kim, E. Kabir, and S. A. Jahan, “A review on the distribution of Hg in the
environment and its human health impacts,” Journal of Hazardous Materials. 2016,
doi: 10.1016/j.jhazmat.2015.11.031.

I. N. de Salud, “Es hora de actuar. Pon fin a la Tuberculosis,” Boletin Epidemiolégico
Sem., Mar. 2019.

J. M. Herndndez Sarmiento et al., “Tuberculosis in indigenous communities of
antioquia, Colombia: Epidemiology and beliefs,” J. Immigr. Minor. Heal., 2013, doi:
10.1007/s10903-012-9688-1.

S. S. de Salud y Protecciéon Social de Antioquia, “SITUACION DE LA
TUBERCULOSIS EN EL DEPARTAMENTO DE ANTIOQUIA 2015 - 2016,” Boletin
Inf. para la accién, May 2017.

C. A. Ugarte Gil, Tuberculosis: Un enfoque de Derechos Humanos, 1st ed., vol. 26,
no. 1. Colegio Médico del Pert, 2009.

N. Gil, “Los Agentes Comunitarios en Salud como enlaces entre la comunidad y los
servicios de salud: una experiencia hacia la eliminacion de la tuberculosis en
poblaciones vulnerables de Colombia 2012 - 2016,” reponameRepositorio Inf. la
Organ. Int. para las Migr. OIM, 2017, Accessed: Jan. 22, 2023. [Online]. Available:
https://repository.iom.int/handle/20.500.11788/1688.

C. Y. Chen et al., “A Critical Time for Mercury Science to Inform Global Policy,”
Environ. Sci. Technol., 2018, doi: 10.1021/acs.est.8b02286.

M. Gaioli, D. Amoedo, and B. D. Gonzalez, “Impacto del mercurio sobre la salud
humana y el ambiente,” Archivos Argentinos de Pediatria. 2012, doi:
10.5546/aap.2012.259.

I. C. Casas, E. Gémez, L. M. Rodriguez, S. L. Giron, and J. C. Mateus, “Hacia un
plan nacional para el control de los efectos del mercurio en la salud en Colombia,”
Biomedica, 2015, doi: 10.7705/biomedica.v35i0.2458.

R. A. Benavides, “Desafios, mas alla de la produccién limpia y la responsabilidad
social minera, en Colombia,” Medio Ambient. Derecho. Rev. electrénica derecho
Ambient. Medio Ambient. Derecho. Rev. electrénica derecho Ambient., 2012.

WHO, “WHO | Global tuberculosis report 2019, 2020. doi: .1037//0033-
2909.126.1.78.

M. Lippmann, Environmental Toxicants: Human Exposures and Their Health Effects:



Introduction 31

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Third Edition, 3rd ed. John Wiley & Sons Inc, 2008.

“Methylmercury. A Review of health hazards and side effects associated with the
emission of mercury compounds into natural systems,” Food Cosmet. Toxicol., 1973,
doi: 10.1016/s0015-6264(73)80437-7.

P. Cordy et al., “Mercury contamination from artisanal gold mining in Antioquia,
Colombia: The world’s highest per capita mercury pollution,” Sci. Total Environ.,
2011, doi: 10.1016/j.scitotenv.2011.09.006.

J. Pinedo-Hernadndez, J. Marrugo-Negrete, and S. Diez, “Speciation and
bioavailability of mercury in sediments impacted by gold mining in Colombia,”
Chemosphere, 2015, doi: 10.1016/j.chemosphere.2014.09.044.

W. H. O. WHO, “Mercury in Drinking-water, Background document for development
of WHO Guidelines for Drinking-water Quality,” 2005.

K. H. Kim and R. J. C. Brown, Mercury: Sources, applications and health impacts,
1st ed. Nova Science Publishers, Incorporated, 2013.

T. M. Doherty et al., “Effect of sample handling on analysis of cytokine responses to
Mycobacterium tuberculosis in clinical samples using ELISA, ELISPOT and
quantitative PCR,” J. Immunol. Methods, vol. 298, no. 1-2, pp. 129-141, Mar. 2005,
doi: 10.1016/}.jim.2005.01.013.

M.-C. Dombret, “Tuberculosis pulmonar del adulto,” EMC - Tratado Med., 2018, doi:
10.1016/s1636-5410(17)87873-9.

R. McNerney et al., “Tuberculosis diagnostics and biomarkers: Needs, challenges,
recent advances, and opportunities,” Journal of Infectious Diseases. 2012, doi:
10.1093/infdis/jir860.

C. Boehme et al., “Detection of mycobacterial lipoarabinomannan with an antigen-
capture ELISA in unprocessed urine of Tanzanian patients with suspected
tuberculosis,” Trans. R. Soc. Trop. Med. Hyg., vol. 99, no. 12, pp. 893-900, Dec.
2005, doi: 10.1016/j.trstmh.2005.04.014.

C. R. Friedman, M. Y. Stoeckle, W. D. Johnson, and L. W. Riley, “Double-repetitive-
element PCR method for subtyping Mycobacterium tuberculosis clinical isolates.,” J.
Clin. Microbiol., vol. 33, no. 5, 1995.

P. K. Mehta et al.,, “Immuno-PCR, a new technique for the serodiagnosis of
tuberculosis,” Journal of Microbiological Methods, vol. 139. pp. 218-229, 2017, doi:
10.1016/j.mimet.2017.05.009.

B. Jackson, V. Taylor, R. A. Baker, and E. Miller, “Low-level mercury speciation in
freshwaters by isotope dilution GC-ICP-MS,” Environ. Sci. Technol., 2009, doi:
10.1021/es802656p.

G. Nageswaran, Y. S. Choudhary, and S. Jagannathan, “Inductively Coupled Plasma
Mass Spectrometry,” in Spectroscopic Methods for Nanomaterials Characterization,
Elsevier, 2017, pp. 163-194.

M. Ghaedi, M. R. Fathi, A. Shokrollahi, and F. Shajarat, “Highly selective and
sensitive preconcentration of mercury ion and determination by cold vapor atomic



32

Fiber Optics Sensing Platform for Monitoring Biological and Chemical Species at

Low-concentrations

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

absorption spectroscopy,” Anal. Lett., 2006, doi: 10.1080/00032710600622167.

S. Akman, B. Demirata-Ozturk, and N. Tokman, “Atomic Absorption Spectroscopy,”
in Food Toxicants Analysis: Techniques, Strategies and Developments, 1st ed.,
Elsevier, Ed. 2007, pp. 637—665.

H. Morita, H. Tanaka, and S. Shimomura, “Atomic fluorescence spectrometry of
mercury: principles and developments,” Spectrochim. Acta Part B At. Spectrosc.,
1995, doi: 10.1016/0584-8547(94)00116-D.

J. L. Todoli and J. M. Mermet, “Sample introduction systems for the analysis of liquid
microsamples by ICP-AES and ICP-MS,” Spectrochimica Acta - Part B Atomic
Spectroscopy. 2006, doi: 10.1016/j.sab.2005.12.010.

F. X. Han, W. D. Patterson, Y. Xia, B. B. M. Sridhar, and F. Su, “Rapid determination
of mercury in plant and soil samples using inductively coupled plasma atomic
emission spectroscopy, a comparative study,” Water. Air. Soil Pollut., 2006, doi:
10.1007/s11270-006-3003-5.

Q. Hu, G. Yang, Y. Zhao, and J. Yin, “Determination of copper, nickel, cobalt, silver,
lead, cadmium, and mercury ions in water by solid-phase extraction and the RP-
HPLC with UV-Vis detection,” Anal. Bioanal. Chem., 2003, doi: 10.1007/s00216-003-
1828-y.

N. Kallithrakas-Kontos and S. Foteinis, “Recent Advances in the Analysis of Mercury
in Water - Review,” Curr. Anal. Chem., 2015, doi:
10.2174/157341101201151007120324.

Y. C. Maya, I. Del Villar, A. B. Socorro, J. M. Corres, and J. F. Botero-Cadavid,
“Optical Fiber Immunosensors Optimized with Cladding Etching and ITO
Nanodeposition,” 2018, doi: 10.1109/IPCon.2018.8527306.

B. Patino-Jurado, J. F. Botero-Cadavid, and J. Garcia-Sucerquia, “Optical Fiber
Point-Source for Digital Lensless Holographic Microscopy,” J. Light. Technol., vol.
37, no. 22, 2019, doi: 10.1109/JLT.2019.2921307.

B. Patino-Jurado, J. F. Botero-Cadavid, and J. Garcia-Sucerquia, “Step-Index
Optical Fibers with 0.88 Numerical Aperture,” J. Light. Technol., vol. 37, no. 15, 2019,
doi: 10.1109/JLT.2019.2919669.

B. Patifio-Jurado, J. F. Botero-Cadavid, and J. Garcia-Sucerquia, “Analysis of the
dependence of the numerical aperture on cone angle in a tapered step-index optical
fiber,” in Optics InfoBase Conference Papers, 2018, vol. Part F123-, doi:
10.1364/LAOP.2018.Tu4A.6.

Colombia Ministerio de Salud y Proteccion Social, “Plan Decenal de Salud Publica,
PDSP, 2012 - 2021: La salud en Colombia la construyes tu,” Minist. salud, 2013, doi:
10.1177/1757975912453861.

M. M. Veiga and B. G. Marshall, “The Colombian artisanal mining sector:
Formalization is a heavy burden,” Extr. Ind. Soc., 2019, doi:
10.1016/j.exis.2018.11.001.



Introduction 33

[52]

[53]

[54]

F. A. Fajardo Rodriguez, “Convenio de Minamata sobre el mercurio - implicaciones
juridicas de la ratificacion : el caso de la Ley 1658 de 2013,” Univ. los Andes, pp. 1-
26, 2015, Accessed: Jan. 24, 2023. [Online]. Available:
http://hdl.handle.net/1992/17816.

M. C. Beltran Marquez, “Comercializacion de oro por parte de mineros de
subsistencia en el municipio de Caucasia, Antioquia y problematica asociada.”
Universidad Externado de Colombia, 2020, Accessed: Jan. 24, 2023. [Online].
Available: https://bdigital.uexternado.edu.co/handle/001/3601.

S. Vallejos et al., “A selective and highly sensitive fluorescent probe of Hg2+ in
organic and aqueous media: The role of a polymer network in extending the sensing
phenomena to water environments,” Sensors Actuators, B Chem., 2011, doi:
10.1016/j.snb.2011.05.041.






2. Optical Fiber Sensors

2.1 Introduction and Background

Optical fiber sensors display several features that make them especially attractive for a
wide variety of applications in scientific research and technological industrial development
[1]. Among the many unigue properties of fiber optics sensors their good overall durability,
cost-effectiveness, low weight, installation flexibility, possibility of remote sensing, low wear
due to corrosion, temperature resistance, and electromagnetic interference immunity are
the most prominent [2]. Furthermore, fiber optics sensors have proven to be highly sensitive
for detection of environment changes and rapid for monitoring in real-time due primarily to
the lineal response that present these optical devices [3][4]. Therefore, relevant to the
challenge of developing portable, robust, affordable, and highly sensitive technology, a
large number of techniques based on optical fiber sensors have been reported in the last
decade as an effort to demonstrate the advantages of using this technology, compared to
the traditional sensing methods for detecting external perturbations through physical,
chemical, or biological variables [5].

According to their operating principle, variables to measure, parameters or configuration,
fiber optics sensors can be classified within a wide variety of schemes [5]. More recently,
however, it is becoming very common to find a structure that classifies the techniques

based on fiber optics sensors as follows:

i. Application: Temperature, intensity, capacitance, pressure, humidity, refractive
index, strain, displacement, current, magnetic fields, torsion, bending, vibration,

detection of biological or chemical species, among many others [6][7].
ii. Operating principle:

a. Interferometric: Mach-Zehnder, Fabry-Perot, Michelson, Sagnac,

multimode, and high-birefringence interferometers [8].
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b. Optical Fiber Grating: Fiber Bragg, chirped fiber Bragg, tilted fiber Bragg,
and long period gratings [4].

c. Distributed Sensors: Raman, Rayleigh, and Brillouin scattering [9].

d. Reflectometry sensors: Based on optical frequency domain or based on

optical time domain [10].

iii. Modulation parameters: Intensity, phase, wavelength shift, and polarization state
[11].

iv. Number of sensing points: Point sensors, quasi-distributed sensors, and fully

distributed sensors [12].

The vast number of techniques based on fiber optics sensors that have being developed in
the last decade are being recently implemented in the industry. Various applications in
medicine [13][14], chemistry [4], materials science [15], optics [16], biology [17], and
aerospace engineering [18], as well as in industries of energy generation [12], metallurgy
[19], gas [19], and oil [20]; have been reported in the literature. In recent years, fiber optics
sensor for monitoring chemical or biological species are in the focus of attention because
of the increased need for non-destructive, fast, and portable techniques that can monitor
low concentration of substances in solutions. This ability of optical fiber sensors to detect
with high sensitivity and selectivity substances of interest, brings about new opportunities
in biomedical and biochemical applications [21]. Regarding the last-mentioned research
field, this thesis has been developed with the aim of contributing to the knowledge on fiber
optics interferometric sensors for monitoring chemical and biological species in low

concentrations.

In this chapter, the description of the main concepts concerning optical fiber sensors
technology are introduced. A brief description of the most used optical fiber sensors
techniques is presented throughout this section. In the last part of the chapter, the principles
of techniques based on fiber optics interferometric sensors and their applications are
detailed.
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2.2 Techniques and Applications Based on Optical Fiber
Sensors

Fiber optics sensor consists of an optical device through which a physical, chemical,
biological, or other measurand interacts with the light guided in a fiber optics, or guided to
and returned from an interaction by an optical fiber, to produce a modulated optical signal
with information related to the parameter being measured [22]. The basic concept of a fiber
optics sensor is shown in Figure 2-1. The light of a power source is coupled to the fiber
optics and interacts with an external parameter producing a modulated signal which is
guided by the fiber and carried to the detector. In the detection and processing system the
input measurements information of the external parameter is extracted from this modulated
optical signal. Depending on the operating principle of the fiber optics sensor, the sensing
system can operate either in transmission-, the light is guided from the source to detector
in one-way only; or in reflection-mode, when the light is guided to the sensing region and

reflected in the same fiber to the detector [6].
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Figure 2-1: Basic scheme of a fiber optics sensor. Adapted from [22]

Considering the working principle, the fiber optics sensors are normally classified as
extrinsic and intrinsic. In the former ones, the optical fiber is only a medium to transmit light
to and from a separate element or space; while in the latter ones, the optical fiber constitutes

the sensing element [11]. Furthermore, depending on the light property that is being
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modified with the interaction, or modulation process, fiber optics sensors are typically

classified into four main groups:

Intensity-modulated sensors: In the fiber optics sensors based on this modulation
process, the optical signal is transmitted through optical fiber and the irradiance of
the light is modulated by various means such as fiber bending, reflectance, or
changes in the medium in which the light is transmitted. The cost-effective, easy
fabrication, and simple detection system and signal processing requirements are

the main advantages of these intensity-modulated sensors [23].

Phase-modulated sensors: Also referred to as interferometric sensors, this type
of sensors work based on the phase difference of coherent light traveling through
two different paths along the same or different optical fibers [8]. These sensors are
considered as high-sensitivity sensors because of its proven capability to respond
to small changes in the external measurements. Some common fiber sensors of this
category include fiber-optic versions of well-known interferometric configurations
such as Mach—Zehnder [24], Michelson [8], Fabry—Perot [25], and Sagnac [26].

Wavelength shift-modulated sensors: Wavelength-modulated fiber sensors are
also known as spectrometric sensors. These optical fiber sensors show a change in
the propagating optical wavelength (spectral modulation) when an external
perturbation occurs [3]. Some common wavelength-based fiber sensors include
Fiber Bragg Grating sensors (FBG) [27], Long Period Fiber Grating Sensors (LPG)
[28], Surface Plasmon Resonances (SPR) [29], and Lossy Mode Resonances
(LMR) [30].

Polarization-modulated sensors: These transductors are also referred to as
polarimetric sensors. The light that propagates along a birefringent optical fiber
changes its state of polarization due to the difference in the phase velocity of the
two polarization modes supported by the fiber [31]. In the fiber optics polarimetric
sensors, the polarization properties of the light propagating through an optical fiber

can be modulated by stress, strain, pressure, and temperature [32].

There is no doubt that depending on the operating principle, variables to measure,

parameters, or configuration for which the sensors are developed, the possibilities of
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applications are countless. In this thesis, however, the most common techniques, which
include the major applications of fiber optics sensors for chemical and biological
detection are described in more detail below: The spectrometric and the interferometric

Sensors.

2.2.1 Spectrometric Sensors

I.  Optical Fiber Gratings.

Sensors based on fiber grating optical technology, including fiber Bragg gratings (FBG)
and long-period fiber gratings (LPG), emerged three decades ago and have been widely
reported in numerous applications [33]. These types of sensors are extensively applied
in the measurement of different physical variables, for instance: temperature, strain,
pressure [27] and refractive index [3]; concentration of chemical species [34], and
concentration of biological variables such as antigens [35] and proteins [36], thanks to

their properties like high sensitivity and high multiplexing capabilities [27].
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Figure 2-2: Schematic Fiber Bragg grating.

FBG and LPGs consist of periodically spaced modulated refractive index zones in the
core of a fiber optics. These sensing devices are typically about 5 mm in length and
fabricated commonly using one of three most reported methods which create a periodic
variation in the refractive index of the optical fiber's core: i. Applying an intense

ultraviolet (UV) light like the one produced by a UV laser [37], ii. Inducing a periodic
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mechanical stress [27], or iii. Applying a repeatable electrical discharge [38].
Structurally, both types of gratings are identical except that the FBGs are two orders of
magnitude smaller than those of LPGs and the LPGs are known to have high refractive
index sensitivity in comparison to its counterpart FBG [39].

FBGs and LPGs operate as surrounding refractive index optical fiber sensors. When a
FGB is illuminated by a broadband light source a set of the guide beams in the fiber are
reflected of the partially reflecting planes formed by the periodic core index modulation
producing interference with each other. This interference is destructive unless each
beam is in phase with all the others. By the effect of this interference, FBG reflects a
range of wavelengths of light and transmits all others, as shown in Figure 2-2. The
reflected wavelength (1), called the Bragg wavelength derived of the Bragg’s law, is

defined by the following equation [40]:
AB = ZneffA (21)

where n. is the modal effective refractive index and A is the pitch of the periodic core

index modulation of the FGB.
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Figure 2-3: Schematic Long Period Fiber grating.
The effective refractive index of the fiber core and the period of the grating, n.sr and A,
vary with physical parameters such as the temperature, the refractive index, and the strain.

For this reason, FBGs can be used in sensing applications, by measuring the central

wavelength shift of the FBG when any external perturbation, such as stress, strain, voltage,
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temperature, etc., is applied to the FBG [40]. In particular, strain and temperature
measurements with FBG are the most common sensing applications. 0.6 pm/ue, 1 pm/ue,
and 1.2 pm/pe (ue = micro-strain) are the typical strain responses of the Bragg wavelength
for the Bragg wavelength of around 830, 1300, and 1550 nm, respectively [27]. For its part,
the typical temperature responses are approximately 7 pm/°C, 10 pm/°C, and 13 pm/°C,
respectively [37]. In addition to the proven advantages of optical fiber sensors, the FGB
provides robustness to noise and enables wavelength multiplexing of a great amount of
FBG sensors [27].

On the other hand, an LPG promotes coupling between the incident light guided by the
fundamental mode in the core and different forward-propagating cladding modes of high
diffraction order m in an optical fiber, as shown in in Figure 2-3. The coupling of the light
into the cladding region generates a series of attenuation bands centered at discrete
wavelength 4,,, each attenuation band corresponding to the coupling to a different cladding
mode in the transmission spectrum of the fiber. The resonance wavelengths 1, of an

attenuation band are solutions of the following phase matched conditions [8]:
Am = [nSFs — ng;?l]A (2.2)

where A is the period of grating, ng?, is the effective refractive index of the fundamental

core mode at the wavelength of 4,,, and ng};” is the effective refractive index of the radial

cladding mode m (m = 2, 3, 4, 5...) at the wavelength 4,,. The period of the LPGs, A, is in

the range from 100 um to 1 mm, and the length is in the order of 30 mm. ng;;" is also a

function of cladding refractive index and the refractive index of the surrounding medium
[41].

In addition to UV irradiation, electric arc, and mechanical stress; CO. laser [42] and
femtosecond laser [43] have also been used to fabricate fiber optics sensors based on
LPGs. About their applications, LPGs are sensitivity to the resonance wavelengths, which
in turn response to the period of the LPFG and the effective refractive index, which is
modified by changes from the surrounding medium: temperature, strain, and refractive

index, for instance [44].
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II.

Surface Plasmon Resonances.

The optical fiber sensors based on surface plasmon resonances (SPR) technology have
been widely used for the detection of biological and chemical species, as well as for
environmental monitoring in the recent decades [29]. SPRs are coherent oscillations of
free electrons at the boundary between a metal and dielectric interface stimulated by
incident light [45]. For the resonant condition to take place, the propagation constant of
the incident light must match the propagation constant of the surface plasmons, which
can be accomplished using a glass prism, in an approach known as the Kretschmann
SPR configuration [46]. Although this method remains the gold standard for commercial
SPR systems, it is bulky, expensive, and it is not suitable for some applications such as
remote sensing. In response to these limitations, optical fiber based SPR sensors have
been reported, using the fiber optics the role of the prism for coupling the incident light

to the metal-dielectric interface is fulfilled to the surface plasmon resonances occur [47].

W
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Figure 2-4: A schematic SPR-based fiber optic sensor.

SPR sensors based on fiber optics operate using either wavelength shift or intensity
interrogation [48] on a SPR active sensing area that is located either at the end or in
the middle of a fiber. In this region the cladding of the optical fiber core is partially or
completely removed and this unclad core is coated with a metal layer. The metal layer
is further, surrounded by a dielectric sensing layer, as shown in Figure 2-4. The
evanescent field produced by the guided beam excites the surface plasmons at the
metal-dielectric sensing layer interface. The surface plasmons on the metal surface are
affected by the relative permittivities, the wavelength, the fiber geometry, the thin metal

film, and the surrounding medium [29]. In the wavelength-interrogation operation, light



Optical Fiber Sensors 43

of a certain wavelength that impinges at a certain angle produces resonance with the
surface plasmons; this wavelength is thus absorbed causing a minimum in the
reflectance spectrum. The wavelength of the absorbed light also shifts with the change
in the refractive index of the surrounding environment. In the intensity-interrogation
operation, the change in intensity is due to refractive-index variation adjacent to the
metal surface [49]. D-shape optical fiber and tapered optical fibers are other known

configurations to excite plasmons [50], [51].

III. Lossy Mode Resonances.
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Figure 2-5: A schematic SPR-based fiber optic sensor.

Lossy mode resonances (LMR) occur when the light propagating through a waveguide
coated with a support thin-film of appropriate optical properties interacts with this film
[30]. If the coating has certain properties, in terms of the real part of the thin-film
permittivity, the waveguide modes may couple to coating modes, generating what it is
known as a lossy mode which causes an absorption peak at a given wavelength in the
transmission spectrum [30], as shown in Figure 2-5. The resonance wavelengths in the
spectrum depend on the optical properties (refractive index) of the LMR film, its
thickness, and the refractive index of the surrounding medium. In order to generate LMR,
the thin-film must have a real positive permittivity part that must also be greater in
magnitude than both its imaginary part and the real part of the external medium
permittivity. In terms of the refractive index, this means that the chosen thin-film must
have a relatively high real part (n) and a comparatively low imaginary part (k). In this
respect, LMR can be supported by the fabrication of thin-flms made of different
materials, such as indium tin oxide (ITO) [52], polymers [53], zinc oxide [54], among
others [30].
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In terms of applications, LMR are mainly used to develop refractometers because they
are only affected by the surrounding media refractive index [30]. This response capacity
can be used as the basis for the design of multiple types of sensors to detect chemical
and physicals parameters. In addition, given the high number of materials capable of
supporting LMR, the fabrication methods and possible combinations are multiple. For
instance, an ITO thin-film can be used for the fabrication of hydrogen gas sensors [55]
and optical fiber immunosensors [56]; while a zinc oxide thin-film has been used to
fabricate a sulfide gas (H2S) sensors [57]. In recent papers, polymeric coatings of
polyallylamine hydrochloride (PAH) were used to fabricate a pH sensor based on LMR
[53], and the polyacrylic acid (PAA) thin-film was deposited to generate a relative

humidity sensor [58] .

2.2.2 Interferometric Sensors
l. Fiber optics sensors based on Interferometers.

Interferometers based on fiber optics technology to sense various physical parameters
such as temperature, strain, pressure, or refractive index have been widely investigated
in recent decades [8]. These interferometers operate using the interference between
two beams that propagate through different optical paths in a single fiber or through two
different fibers. According to their configuration, the interferometric sensors based on
fiber optics can be categorized into four types: Fabry-Perot, Mach-Zehnder, Michelson,
and Sagnac. In this section, each type of interferometric sensor is briefly reviewed in

terms of its operating principles and areas of application.

i. Fabry-Perot Interferometer Sensor

A Fabry-Perot interferometer (FPI) is generally composed of two parallel reflecting
surfaces separated a given distance [25]. The interference is generated by the multiple
superposition of both reflected and transmitted beams at the two parallel surfaces.
Particularly for optical fiber, FPI sensors can be formed based on reflecting surfaces

inside (intrinsic FPI sensors) or outside of fibers (extrinsic FPI sensors).

a. Extrinsic FPI sensor:
In this type of Fabry-Perot interferometer, an air cavity is formed by an external support

structure. The ends of the fiber serve as parallel reflecting surfaces, as show in Figure
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2-6 (a). The fabrication of this type of FPI sensor is relatively simple and high-cost
equipment is not required. However, the extrinsic FPI sensors have disadvantages of
low coupling efficiency and alignment problem [8]. Despite this, extrinsic FPIs have
been applied to a wide range of measurement problems in composites, on metal

structures, and on civil structures [59].

b. Intrinsic FPI sensor:
In this type of FPI sensor the air cavity can be formed within the fiber structure by
multiple methods that include: Chemical etching [60], micro machining [61], fiber Bragg
gratings (FBGSs) [62], and thin film deposition [63]. However, they have the problem of
high-cost fabrication. The Figure 2-6 (b) shows a schematic of a compact intrinsic FPI

Ssensor.
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Figure 2-6: The schematic of a Fabry Perot interferometer sensor. (a) Extrinsic and (b)

intrinsic.

The modulated spectrum of a FPI sensor is caused by the optical phase difference
between the two reflected or transmitted beams. The maximum and the minimum peaks
are generated when both beams, at a wavelength A, are in 2w phase and out-of-phase,
respectively. The phase difference of the FPI is given as [8]:

2 (2.3)

5=7-2nL

where A is the wavelength of the incident light, n is the refractive index of the cavity
material and L is the length of the cavity. In this way, applying a longitudinal strain to

the FPI sensor changes the physical length of the cavity or/and the refractive index of
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the cavity material, which results in a phase variation [8]. The strain applied on it can
be quantitatively obtained by measuring the shift of the wavelength spectrum of a FPI.

il. Mach-Zehnder Interferometer Sensor

Mach-Zehnder interferometers (MZI) consist of two independent arms: a sensing arm,
and a reference arm. A first optical coupler splits the incident light into these two arms
that carry the light beams on different optical paths to a second optical coupler that
recombines them making them to interfere at the detector plane. In this configuration it
is necessary that the reference arm is kept isolated from external disturbances, while
only the sensing arm is exposed to variations of the environment [24]. Figure 2-7
shows a schematic of this type of interferometer. MZI based on fiber optics are
dependent on the coupling between the guided fundamental mode and higher order
modes that induces a phase difference [64]. This phase difference is responsible for
the generation of an interference pattern which is used to analyze the parameter of
interest such as: refractive index, pH, pressure, temperature, strain, among others [64].
In the literature, various configurations and fabrication techniques have been reported
to construct MZI sensors including, for instance: singlemode — multimode — singlemode
(SMS) fiber structure [65],[66] mismatched or misaligned core diameter [67], small-
waist fiber tapers [68], pair of long period fiber gratings [69], and photonic crystal fiber
based structures [70]. In particular, the physical principle of MZI sensors based on SMS
structures are in detail described in Chapter 3 of this thesis.

A more compact form of an MZI optical fiber sensor can be obtained by techniques
such as the core mismatch, small core, and long period fiber gratings (LPFG) [8].
Figure 2-8 shows a schematic of configuration of the first two MZIs: (a) MZI based on

core mismatch and (b) the MZI based on small core.

Reference Arm

coupler 1

/ coupler 2

Sensing Arm

Figure 2-7: Schematic of a Mach-Zehnder Interferometer sensor.
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() (b)

Figure 2-8: Mach Zehnder interferometer based on: (a) core mismatch, (b) based on

small core.

A simple MZI can be fabricated by splicing two fibers with a small intentional deviation,
Figure 2-8 (a). In this MZI, light traveling through the core splits and part of it stays
guided through the core, while another part excites cladding modes and travels through
that region due to the offset. Figure 2-8 (b) shows another MZI, in which a small core
fiber is spliced between two optical fibers with larger cores. In this case, the input beam
is guided at the small core fiber through both, the core mode and the cladding modes
[24].
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Figure 2-9: Mach Zehnder Interferometer based on long period fiber gratings (LPFG).

For its part, MZI sensors based on LPFG are fabricated by UV-light irradiation, CO- or
other infrared laser pulses, or mechanical periodical stress [37]-[39], [42] ,[43]. In this
type of interferometers light is coupled in a first LPFG from a guided mode into forward

propagating cladding modes of the same fiber and later, cladding modes are recoupled
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into the core mode by a second LPFG, as shown in Figure 2-9. For this Mach Zehnder
interferometer version, both the sensing arm and the reference arm have the same
lengths, but different optical paths since the cladding modes have lower effective

refractive indexes than that of the core mode beam [8].
iii. Sagnac Interferometer Sensor

sensing stretch

output
Signal

\ coupler

Y
A

Signal

Figure 2-10: The schematic of a Sagnac interferometer sensor

Sagnac interferometer was first demonstrated by Monsieur Sagnac in 1913 [71] and it
consists of an optical fiber loop [26]. In this type of interferometer light from a light
source splits at the two ends of the loop by a coupler, the beams propagate in opposite
directions until being combined again by the same coupler that split the original beam,
as shown in Figure 2-10. In the Sagnac interferometer the optical path length is
determined by the polarization states depending on the propagating speed of the mode
guided along the loop. The polarization states of the propagating light are controlled by
a polarization controller (PC) [71]. This type of sensor has been widely investigated in
applications such as structure sensing (deformation, torsion, strain, and stress) [72],

current [73], acoustic sensing [74], temperature [75], refractive index [8], etc.

Birefringent fibers, fabricated in materials with different indexes of refraction associated
with different crystallographic directions, are typically utilized in the sensing stretch.
Therefore, the output signal is determined by the interference between the beams
polarized along the ordinary and the extraordinary axis [76]. The phase of the

interference is given by [8]:
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2 24
5=7-BL, where B = |ngrr — n| (2.4)

where L is the length of the sensing fiber, n.sr and n, are the effective indices of the

extraordinary and ordinary modes respectively, and 4 is the wavelength.

iv. Michelson Interferometer Sensor

Fiber optics sensors based on Michelson interferometers (MI) are quite similar to
sensors based on the MZI configuration. In both cases, the basic principle is the
interference between the beams in two arms, but in the M| each beam is reflected at
the end of each arm [8], as shown in Figure 2-11. The relative phase difference
between core mode and cladding modes, with effective refractive index difference
An.sr and the interaction length L, is given as [8]:

4 (2.5)

6:7'Aneff ‘L

Several types of Mis have been reported for different configurations on special
fibers[11],[3], [15]. For instance, a compact in line configuration of Ml based on LPFG can
be fabricated from an optical fiber [77], as shown in Figure 2-12. In this configuration, light
is coupled from a guided mode into forward propagating cladding modes of the same fiber.
Both type of modes, core, and cladding ones, are then reflected by the mirror at the end of
the fiber and after travel backwards are recombined by the LPFG where the interference

pattern is obtained.

Reference

Coupler / /
B ——

Mirror

Figure 2-11: The schematic of a Michelson interferometer sensor
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Figure 2-12: Michelson Interferometer based on long fiber grating (LPFG).

Other types of interferometric fiber optics sensors based on Michelson interferometers
include fiber taper [78], core-offset structure [79] and peanut-shape fiber structure [80].
These Mls are shown in Figure 2-13. This type of interferometer is especially used for

measurements of temperature and refractive index of liquid specimens [8].

(b)

Figure 2-13:  Schematic of MlIs based on: (a) the fiber taper, (b) the core-offset structure and (c)
peanut-shape.
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In an MI based on fiber taper, as shown in Figure 2-13 (a) the light in the core is partially
coupled into the cladding by the taper. Then, the core and cladding modes are reflected by
a mirror and re-coupled by the same taper. In the Figure 2-13 (b), the core-offset structure
presents the same behavior on coupling and recoupling between the core and the cladding
modes. On the other hand, a Ml can be also formed by one peanut-shape structure in SMF
based on simple fiber microlens. Here again, high order cladding modes are excited and
recoupled to the core modes by the peanut-shape, which functions like splitter and

combiner, as shown in Figure 2-13 (c).
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3.0ptical Fiber Sensors for Measuring
Temperature and Refractive Index

3.1 Cone-shaped optical fibers for measuring
physical variables

3.1.1 Introduction and Background

Fiber optics have been incorporated in many different research fields during the last
decades. The telecommunications booming has resulted not only in a growing
interest of doing research and development in this area, but also in alternative
applications of the optical fibers as sensor and light sources. The versatility of the
optical fibers is because of among others, features such as their good overall
durability, low weight, installation flexibility, possibility of remote sensing, low decay
due to corrosion, temperature resistance, and electromagnetic interference immunity
[1]. Furthermore, thanks to its wide use in telecommunications, optical fibers have
decreased in price as well as increased their accuracy, composition, and precise

dimensions.

An optical fiber end tip, or simply a fiber tip, is an optical microsystem shaped on the
end of an optical fiber which is used to modify the manner in which light behaves
while interacting with the surrounding environment at the end of the fiber [2]. By
modifying the geometry of the distal end of a cylindrical optical fiber in which the light
of a monochromatic laser propagates, it is possible to adjust how light emerges from
this tip to the surrounding medium and interacts with the enviroment. In this respect,
a wide variety of methods has been reported to alter the geometry of the fiber optics
ends. These include mechanical processes [3]-[6], thermal processes [7], laser

processing [8], [9] and chemical etching processes [10]-[15].
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Shaped optical fiber tips are versatile and useful to change how light behaves at the
ends of the optical fibers. Therefore, much research has been undertaken on fiber
tips which in turn has motivated the development of numerous medical and industrial
applications. These include, but are not limited to, material processing, laser ablation
of body tissue, light coupling in communication links, microscopy, and spectroscopy
[16]. The most common fiber tips are conical, ball, helical groove, and angled tips.
The main functions of these fiber tips can include: increase the spot size [17],
increase or decrease the light divergence (lenses) [18], achieve omnidirectional
illumination (360 °) through the sides of the fiber tip [19], redirect light sideways, and
increase or reduce the back reflection .

Some microscopy techniques have incorporated conical-shaped optical fibers as
scanning probe. In particular, the Near-field scanning optical microscopes (NSOM)
are designed so that a cone tip fiber probe scans the sample by illuminating a
nanometric local area, and the transmitted or reflected light in the near field zone is
then detected [6], [14]. Another microscopy technique called Photon scanning
tunnelling microscope (PSTM) is analogous to the Electron scanning tunnelling
microscopy (ESTM), with the difference that PSTM involves tunnelling of photons
instead of electrons from the sample surface to the probe tip. In this form of
microscopy, the distribution of the evanescent field is produced by the effect of total
internal reflection, modulated by the sample and detected into a tapered optical fiber
probe [20], [21].

On the other hand, very limited sensing technologies based on cone-shaped optical
fibers have been reported in the literature for measuring temperature, as described
in [22], and refractive index, among which are the reported in [23],[24]. However, the
former presents a very low sensibility to temperature changes and there are only
reports of measurements at high temperature ranges (>200 °C). For the second,
refractive index changes due to normal concentrations, above 100 pug/mL, are merely
demonstrated. Therefore, the starting point of the experimental research conducted
in this thesis is the validation of the ability of the cone-shaped optical fiber to detect
small changes in temperature and low concentrations of substances in agueous
solutions to scale this shaped-fiber technique from illumination sources to the sensing

technology. Considering that the sensing principle of the optical sensors which
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probably lead to detect minor changes of temperature of refractive index is
interferometry, in this section the formation of an interferometer from a cone-shaped

optical fiber is evaluated.

3.1.2 Operating Principles

Ndl N

Ncl _~+ = = Simple refraction

One total internal reflection
—— Multiple total internal

reflections with refraction
— Multiple total internal

reflections without refraction

Figure 3-1: Step-index optical fiber with a cone-shaped tip. n, ny and n, are the refractive
indexes of the surrounding medium, the cladding, and the core, in that order. A ray incident
on the cone-shaped surface can suffer, depending on «, a simple refraction (red dotted-line),
one total internal reflection (green dashed-line), multiple total internal reflections with
refraction (blue solid-line), or multiple total internal reflections without refraction (red solid-
line).

A conical surface at the distal end of an optical fiber at an angle « is shown in Figure
3-1. A coarse ray tracing analysis in the sagittal plane shows that, when the light
propagating in the fiber core impinges on the conical face of the fiber surrounded by
air (n = 1) can suffer different phenomena according with the angle of the cone tip,
a, measured with respect to the optical axis of the step optical fiber: a simple
refraction (red dotted-line), one total internal reflection (green dashed-line), multiple
total internal reflections (blue solid-line), or multiple total internal reflections without
refraction (red solid-line). Among these cases, the latter is the only that could give
rise to the formation of an interferometer due to the recombination of two beams.
However, a more detailed geometrical analysis, as shown in Figure 3-2 (a), verifies

that the formation of two beam with different optical path is not possible unless a thin
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film of a dielectric material of refractive index ny (with ny > n.,, n., the refractive
index of the core) is deposited on the conical surface, as shown in the same figure
(. These analyses are validated by means of a numerical study in COMSOL
Multiphysics™ on a commercial step index optical fiber (Thorlabs SM600, n., =
1.4637, n., = 1.4584, wavelength 1 = 633 nm). This analysis demonstrates that only
two retroreflected beams are generated to superpose and therefore interfer when the
cone-shaped optical fiber is coated with a dielectric material giving rise to the
formation of an interference spectrum, which is analyzed from the reflected power

flux crossing the output plane placed on the cleaved end, as shown in Figure 3-2 (b).
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Figure 3-2: (a) (I) Cone-shaped optical fiber without coating and (ll) with a thin film on the
conical surface. (b) Numerical validation in COMSOL Multiphysics™. Only two retroreflected
beams are generated, superpose and interference when the cone-shaped optical fiber is
coating with a dielectric material of refractive index n; = 1.5.
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The need to coat in a controlled manner the cone-shaped optical fiber with a thin film
of a dielectric material, lessens the development of cost-effective, simple, and easy
to implement technology for measuring physical variables such as temperature and
refractive index by using this geometry. However, the geometrical analysis carried
out until now gives the opportunity to study the design of cone-shaped step-index
optical fibers with tunable numerical aperture depending on the refractive index of the
surrounding medium n, in such a manner that these shaped fibers immersed in

substances with refractive index n can be used as refractive index sensors.

In the most general case, the light guided by the step-index optical fiber undergoes
multiple total internal reflection at the conical tip end, as reported in a previous work
published by the author of this thesis [25]. As demonstrated in that article, the
numerical aperture (NA) at the output of the cone-shaped step-index optical fiber
surrounded by a medium with an index of refraction n, is given by:

NA(a) = ncos {a + arcsin [% sin (arcsin:—i - (2m+ l)a)]} (3.1
where m = 1,2,3, ..., N states for the number of total internal reflections and « is the
semi-angle subtended by the cone-shaped optical fiber. The chosen number of total
internal reflections m determines the range of angles a for which (3.1) is valid, such
that:

(arcsin:—i — arcsin nlm)/(Zm +)<a< (arcsin:—i — arcsin nlco)/m. (3.2)
According to the available manufacturing facilities, (3.1) and (3.2) allow the designer
to choose the number of the total internal reflections and therefore, the range of
angles that can be fabricated for a given step-index optical fiber. As the fabrication
method utilized in this work was static chemical etching applied to a step-index optical
fiber (Thorlabs SM600, n., = 1.4637 and n, = 1.4584 ), m = 1 was chosen for the
design, which could deliver conical tip semi-angles from 15 to 29 degrees and
therefore NAs from 0.02 n to 0.88 n. For purposes of refractive index measurements,
in the range of n = 1 to n = 1.5, in this thesis cone-shaped optical fiber with conical

tip semi-angle at 22° (NA=0.6 n) were fabricated and evaluated.
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3.1.3 Materials and Methods

The fabrication of the cone-shaped optical fibers was done by means of the Turner method
[26]. This static etching is currently the most widely used technique to fabricate cone-shaped
optical fibers. It is based on the chemical etching of an optical fiber in an aqueous hydrofluoric
acid (HF) solution covered with an organic solvent protection layer [6]. The tip fabrication
takes place at the interface of the etching liquid and the protecting layer thanks to the
formation of a meniscus which is determined by the acid—protection layer—fiber interface. The
cone angle is mainly determined by the height of the meniscus which decreases with time
as the fiber diameter decreases due to the etching [27], as shown in Figure 3-3 (a).

Optical Fibers \’?’m

A27mm| 30mm

Vegetable Ol __ _ i 47mm 57 mm

21% 21% 21% °_-TPH_
HF (21%) g '
{‘* .8 mm %
P
(@) (b)

Figure 3-3: (a) Schematic diagram of the fiber during the etching process (I) at the early

stages of etching, (II) in the meantime of the process and (lll) after 5 hours the cone tip is
formed. (b) Schematic diagram of the experimental setup used to assist the vertical placement

of the optical fiber to be etching.

A Teflon vessel was designed to assist the vertical placement of the optical fibers to
be etched, as shown in Figure 3-3 (b). 10 pieces of single mode fiber (Thorlabs
SM600) were fastened to the lid of a Teflon vessel guaranteeing the vertical dipping
of the fibers into the etchant. The tips of the fibers were prepared before the etching
by removing 10 mm of the protective acrylate jacket at the end to be immersed in the
etchant. 19 ml of aqueous solution of HF (21%) was poured into the vessel and
covered by a 5 mL thin layer of sunflower vegetable oil. This oil cover-layer has two
fundamental functions: to form the meniscus between hydrofluoric acid and the fiber
to generate the conical tip protecting the rest of the fiber from the etchant, and to

protect both the fiber after etching and the environment from toxic HF vapors. The
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vessel was covered with the lid containing the aligned optical fibers to be dipped into
the etching solution, the etching temperature was maintained at (25 = 1) °C to form
the conical tips with semi-angle at 22° after 20 hours. After each fiber was removed
from the vessel, it was immersed in a supersaturated solution of calcium carbonate

(CaCO0:s) to arrest the chemical etching and then rinsed with distilled water.

To study the refractive index (RI) sensing performance of the fabricated cone-shaped
optical fibers, a Rl response analysis was carried out with the experimental setup
shown in Figure 3-4. The cone-shaped optical fibers were put in contact with aqueous
NaCl solutions with concentrations of 0, 0.2, 0.4, 0.8, 1.0, 1.7, and 3.4 mol/L, whose
corresponding theoretical Rl (n) are 1.3095, 1.3119, 1.3131, 1.3143, 1.3188, 1.3210,
1.3285, and 1.3439 [28]. To measure the NA of the fabricated cone-shaped step-
index optical fibers, a Gaussian function was used. Under this assumption, the NA is
related to the change of the full width at half maximum (FWHM) along a propagation

distance Az according to [29]:

AFWHM (3.3)
\/mAz}]

where the FWHM is related to the radius of the spot of the beam w(z) at a distance

NA = nsin [arctan{

(z) from the conical tip [29]:

FWHM
w(z) = . (3.4)
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Figure 3-4: Experimental arrangement used for the measurement of the numerical aperture

of the cone-shaped step-index optical fibers immersed in NaCl solutions.
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Using the aforementioned framework, the different optical fibers with conical tips were spliced
into single mode patchcord cables with FC/PC connectors on one end (Thorlabs P1-630A-
FC-1); a laser diode emitting at a wavelength of 632.8 nm was coupled to these patchcords.
The cone-shaped end of each optical fiber was placed into a side-loading fiber chuck
(Thorlabs HFC007) and mounted vertically, as shown in Figure 3-4. The apex of the cone tip
submerged in the NaCl solution was placed first at a 4 mm distance from a CMOS camera
sensor (Lumenera LU120) where a first spot image was recorded. The camera sensor was
then placed 2 mm away from the submerged cone tip and a second spot was registered.
The FWHM was determined through a Gaussian fit of the intensity profiles for each recorded
spot. With the data of the Gaussian fit and 4z = 2 mm, the NA was finally calculated using

equation (3.3).

3.1.4 Results and discussion
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Figure 3-5: (a) Numerical aperture measurements for the fabricated tip immersed in NaCl
solutions. In inset photograph of a cone-shaped step-index optical fiber in air and the recorded
illumination spot are shown. Dashed lines represent fiber’'s core approximate location. The
black line is the transverse intensity profile of the spot along the white line and the red dashed
line is the Gaussian fit with the parameters in the inset. (b) Plot of the numerical aperture vs
NaCl concentration for the cone-shaped optical fibers.

A picture of a cone-shaped step-index optical fiber fabricated after 20 hours of etching
that produced a semi-angle of 22° and the recorded intensity spot obtained are shown

in Figure 3-5 (a). Along the white line over the intensity spot, the illumination profile
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was measured and plotted with the black line in panel (b) of the same figure. To validate
the premise of Gaussian shape of the intensity spot, the solid line in panel (b) shows
the numerical fitting with the parameters presented in the inset. This methodology was
repeated for each fabricated cone-shaped optical fiber and for each different agueous
NaCl solution whose concentrations ranges from 0 to 3.4 mol/L. The obtained results
of the NA measurements are summarized in the plot of Figure 3-5 (b). The minor
refractive index changes could not be detected from the changes in the NA that
produce the presence of the different NaCl solutions at the output of the cone tip,
only high NaCl concentrations, 1.7 mol/L (0.99 mg/mL) and 3.4 mol/L (199 mg/mL),
produce a notable change in the NA. Therefore, it was verified that this sensing
methodology was also not a stable and reliable option for measuring refractive index

changes of substances at low concentrations.

The results achieved thus far were discouraging because verify that the cone-shaped
optical fibers are not a proper alternative to measure refractive index changes of
chemical species at low concentrations. However, the literature review and the
analytical studio carried out during the course of the research into cone-shaped
optical fiber technology led to identify two new research opportunities: Optical fibers
with slanted ends for measuring temperature and refractive index and cost-effective
cone-shaped optical fibers with tailored NA as point light sources of spherical waves
for Digital Lensless Holographic Microscopy. The former is addressed in the following
subchapter and the second led to some contributions reported in the following
manuscripts submitted to indexed journals of international circulation or presented at

an international conference and can be found at the end of this text:

Brayan Patifio-Jurado, Juan F. Botero-Cadavid, and Jorge Garcia-Sucerquia.
] "Cone-shaped optical fiber tip for cost-effective digital lensless holographic
microscopy." Applied optics 59.10 (2020): 2969-2975.

Al

Carlos Buitrago-Duque*, Brayan Patifio-Jurado, and Jorge Garcia-Sucerquia.
"Robust and Compact Digital Lensless Holographic Microscope for Label-Free
Blood Smear Imaging" HardwareX (2023): e00408.

a=

| GE—

Carlos Buitrago-Duque, Brayan Patifio-Jurado, and Jorge Garcia-Sucerquia.
"Robust Digital Lensles Holographic Microscope for Label-Free Blood Smear
Imaging"”. 10th International Symposium "Optics & its applications. International
Centre for Theoretical Physics, 2022.

)
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3.2 Optical fibers with slanted end for measuring
temperature and refractive index

3.2.1 Introduction and Background

The demand for reliable high-temperature sensors has become increasingly
important over the last decades in different engineering fields, such as turbine engine,
structure health monitoring of furnaces, electrical transformers, nuclear reactors, in
material processing, and monitoring of exothermic chemical reactions [30], [31].
Compact, resistant, lightweight, with ability to operate remotely, cost-effective, and
chemically inert sensing technologies are demanded for the harsh environments in
which high-temperature measurements take place [32], [33]. For this purpose,
electrical and optical sensors have found a great interest over the last decades
becoming the de-facto sensors used to measure temperature in industrial
applications [34]. However, the traditional electrical temperature sensors have some
disadvantages, including limited sensitivity, low temperature stability, and latent
danger of fire accident [35], [36]. Similarly, the measurement of refractive index (RI)
is of great significance in diverse research fields and technological applications such
as environment monitoring, food safety, biochemistry, and biomedicine, in which
cost-effective, accurate and easy to use methods to determine the refractive index of
liquids are demanded [37]—[39].

In the last two decades, fiber optics temperature and RI sensors have attracted great
interest thanks mainly to their advantages, compared to traditional sensing
technologies. These advantaged include: good durability, reliability, small size,
biocompatibility, high accuracy, temperature resistance, and electromagnetic
interference immunity, [38], [40], [41]. Thus, in general, according with the type of
modulation, the different reported temperature and Rl based on fiber optics can be
classified into two predominant classes: wavelength-modulated and intensity-
modulated sensors. The former, such as tapering [24], [42], [43], photonic crystals
[16], [44], [45], surface plasmons [46]-[48], long-period grating [49]-[51], fiber Bragg
grating [52]-[54], and interferometers [55]-[58] based temperature and Rl sensors;
have demonstrated high sensitivity (173-370 pm/°C for temperature and 15000-
35000 nm/ Refractive Index Unit (RIU), for RI), customized designed, high resolution,
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and wide measurement range [58]. However, these wavelength-modulated
temperature and RI sensors require precise (and often expensive) equipment for
intensity and wavelength measuring, in some cases robust fabrication methods, and
are usually sensitive to temperature and strain fluctuations [59], [60]. Conversely,
intensity-modulated sensors, such as D-shaped [61], [62], Fabry—Perot
interferometers [63], [64], Michelson interferometers (MI) [59], [65], Mach—Zehnder
interferometers [66], [67], surface plasmon resonance [68], [69], intensity-modulated
fiber Bragg grating sensors [70], [71], and intensity-modulated long-period grating
sensors [72], show high sensitivity of Rl measurement (-127.2 to -347 dBm/RIU), and
temperature measurement (0.02-0.12 dBm/°C) good repeatability, and are often
easier to implement than the wavelength-modulated ones, because complex
equipment such as spectrometers may not be required [60]. However, in terms of
temperature and Rl measurements, these approaches have drawbacks including
high loss in optical output power because of abrupt increases in RI, complex
fabrication methodologies and the requirement of a very stable light source intensity

wise.

In response to the mentioned drawbacks, this thesis aims to contribute to the
development of a simultaneous wavelength-modulated temperature and an intensity-
modulated Rl sensor which achieves a sensitivity within the range of formerly
reported sensors of its kind, but being inexpensive, compact, and easier to fabricate
than others of its type. The second section presents a model that describes the
formation of an interference spectrum, the wavelength-modulation due temperature
fluctuation, and the intensity-modulation due to RI fluctuation for the sensing probe
based on optical fiber with a slanted end. Along with the theoretical analysis, it is
included a numerical verification using COMSOL Multiphysics®. Afterwards, the
distal end of an optical fiber is mechanically polished to experimentally prove the
feasibility of this simple structure to measure temperature changes and RI in NacCl
solutions, demonstrating that the sensitivity of this cost-effective sensor can reach to
21.5 pm/°C and -136 dBm/RIU in the RI range from 1.3095 to 1.3439. These
sensitivities are comparable to that achieved with other sensors based on Michelson
interferometers, as reported in [73], [74] but at a fraction of the cost involved in

manufacturing them (at least ten times less costly).



70 Fiber Optics Sensing Platform for Monitoring Biological and Chemical

Species at Low-concentrations

3.2.2 Operating Principles

Theoretical framework

Interferometers can be formed from a slanted surface at the distal end of the fiber at
angles of 45°,30°, and 22.5°, as illustrated in Figure 3-6. A coarse light-ray analysis,
based on the Snell's law, shows that when the light propagating in the fiber core
impinges on the slanted face of the end of the fiber, one total internal reflection (TIR)
takes place. After this TIR, the reflected light reaches the interface of the fiber core
and the fiber cladding where it splits into two beams at the interface. One beam I, is
refracted into the cladding towards the cladding/air interface where the light can
suffer: one simple retroreflection, panel (a), one total internal refraction, panel (b), or
multiple total internal reflections, panel (c). In the same way, the second beam I, in
the core can suffer: one simple retroreflection, panel (a), one total internal refraction,
panel (b), or multiple total internal reflections, panel (c) on the core/cladding interface.
The refracted wave vectors of I; and the reflected wave vector of I, are guided along
the original path and propagate backwards along with a phase difference A¢,
superposing and producing an interference at the fiber output whose intensity can be
defined by [75]:

I = 11 + [2 + 2|Y|1[1112 COSA¢

where A¢ =2nL/A, and L is the optical path difference that can be obtained
geometrically for any of the three interferometric structures showed in Figure 3-6.
Here n.; is the refractive index of the cladding, r,; is the cladding radius, and ., is
the core radius of the optical fiber. For a standard single-mode fiber (Corning SMF-
28e), with core diameter of 8.1 uym, cladding diameter of 125 um, cladding refractive
index n.; = 1.4584, core refractive index n., = 1.4637, and by tuning the angle of the
slanted end of the fiber to 45°, 30°, and 22.5°, optical paths differences of 182.6 um,
302.3 um, and 416.7 um can be achieved respectively. Furthermore, |y| is the
complex degree of coherence, 0 < |y| <1, which measures of the ability of the two
wave fields to interfere. This term is related to the visibility V' of the interference
pattern and gives account of the reduction of contrast between I,,;, and I, Which

are two neighboring minimum and maximum of the interference pattern [76]:

(3.5)
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V= (Imax - Imin) — 2\/ 1112 |Y| (3.6)
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Figure 3-6: Geometric analysis by ray tracing for three slanted fibers ends with distal end at

an angle (a) 45°, (b) 30°, and (c) 22.5°.

In terms of the phase difference A¢, an interference maximum can be obtained when
the condition A¢ = 2nL/A = 2mm, with m an integer, is fulfilled. Therefore, the
corresponding wavelength of the maximum A,, can be calculated by A, = L/m.
Furthermore, the fringe spacing between two adjacent interference maximums, m =

2 and m = 1, can be expressed as:

_ A
L
thus, for optical fibers with angle of the slanted end fiber of 45° (L = 182.6 um),

30° (L = 302.3 um), and 22.5° (L = 416.7 um), fringe spacing of 9.7 nm, 5.9 nm, and

AL (3.7)

4.2 nm can be expected when illumination corresponding at A, = 1; = 1330 nm is

used.

On the one hand, optical fiber with their distal end cut at an angle of 45°,30°, and
22.5° can be analyzed as wavelength-modulated Michelson interferometers fiber
sensors for detecting temperature changes. For this purpose, the variation of the
position of interference maximum is analyzed with the temperature fluctuation. When
the temperature of the slanted fiber end is modified, both refractive index and radius
of the fiber are altered because of the thermo-optic effect and the thermal expansion
of the fiber [77]. Thus, changes of refractive index of the cladding and the geometry
of the fiber in turn modify the optical path difference. This temperature sensitivity can
be derived as [77]:
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1 dnd+1 drcl) L =Gt L (3.8)
ng dT 1y dT m=E+a m ’

Lo
aT
where ¢ is the thermo-optic coefficient and a is the thermal expansion coefficient of
the optical fiber, for the silica glass fiber § =1 x 107K 'and a =1 x 107 K1,
These two coefficients are positive, so they both have a positive contribution to the
temperature sensitivity in equation (3.8). As a result, the fluctuation temperature can
be monitored by observing the shifting of the maximum, or the minimum, of the

wavelength A,,.

On the other hand, optical fiber with distal end cut at an angle of 45° can be used to
detect Rl changes of a substance in contact with the cylindrical surface of the
cladding, as shown in Figure 3-7 (a). For the other interferometers, those based on
optical fiber with their distal end cut at an angle of 30°and 22.5°, Rl measurements
are not simple to realize due to the rapid loss of power caused by the successive
retroflections. However, it has to be taken into consideration that Michelson
interference only occurs when light propagating in the fiber core impinges on a fiber-
core/air interface, because this condition ensures that TIR takes place. This is owing
to the critical angle of TIR being arcsin (1/n.,) = 42.9 ° < 45 °. Therefore, the slanted
face of the end of the fiber cannot be used to measure the refractive index of the
surrounding medium n, where n > 1. Despite this, the cladding/substance interface,
where the light suffers one retroreflection, can be used as the sensing area to obtain
refractive index measurements ng of substances in contact with this surface of the
fiber, as show in Figure 3-7 (a). Light propagating in the fiber core I, suffers on the
slanted face of the end the fiber two retroreflections I; and I, at the dielectric
boundaries core-cladding and cladding/substance. Neglecting the losses, the
reflected intensity of the beam I, can be obtained by Fresnel equation [76], [78] :

Ny — N\ 2
Neo + Ney

Similarly, considering the refractive index of the substance (ns), the reflected intensity

of the beam I, can be obtained as:

Ny — Ng\2
12=(u> I'y, (3.10)
ne + ng
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where I'y = 4ngngolo/(ne, +ng )? is the light refracted into the cladding towards
the cladding/substance interface. Thus, the normalized reflection spectrum R(A1) can

be calculated from equation (3.9) and (3.10) as follows:

R(A) _ 1 (/1) _ <(nco - ncl)z N (ncl - ns)z dngne, )(1 + Vcos (ﬁ)) (3.11)
IO Neo + Ney Ney + Ng (nco + ncl)z A '
where
_ Neo — Ngy Nep — Ng Y, 4'nclnco X Neo — Ny 2 Nep — Ng 2 4'nclnco !
V= ((nm + nd) (nc, + n5> (Neo + ncl)> <(nw + ncl> + (ncl + ns) (ngo + ncl)2> Il

This equation expresses the normalized reflection spectrum in terms of the

wavelength A, the refractive index of the solution to be sensed ns, the geometry of
the fiber with slanted end L, and refractive indexes of material of which the fiber is
made of. Figure 3-7 (b) shows the plot of the logarithm of the equation (3.11), with A
between 1290 nm and 1305 nm, under the arbitrary assumption that |y| = 0.5, in
order to illustrate the behavior for the commercial single mode fiber (Corning® SMF-
28e) in contact with substances with theoretical Rl (ny) 1.33, 1.35, and 1.37. As can
be seen from that figure, the reflected intensity decreases with the increase of the

refractive index.
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Figure 3-7: (a) Ray tracing for the slanted fiber end with distal end at an angle of 45°. (b)
Plot of equation (3.11) for the commercial single mode fiber (Corning® SMF-28e) in contact
with NaCl solutions.
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Numerical Analysis

The numerical modeling for the above designed interferometers based on fiber optics
with slanted ends was done using COMSOL Multiphysics™ [79]. Standard single-
mode step-index optical fibers Corning SMF28e+ surrounded by air with their distal
ends cut at 45, 30, and 22.5 degrees were discretized using the standard meshing
tool with the mesh setting at Physics-controlled mesh and the element size set to
fine. Then, a ray tracing numerical modeling was performed for the tilted end fibers.
For this numerical analysis, one ray from a 4-mW He-Ne laser was coupled into each
of the modeled distal-end modified fibers, as shown in Figure 3-8. For sake of
simplicity only one ray is initially launched from the central point on the proximal face
of the cleaved end of the fibers. Note that a secondary ray is emitted for each
reflection of the ray at the core/cladding interfaces. The refracted light in this interface
is transmitted towards the cladding/air interface where the light suffers one total
internal refraction (a), two total internal reflections (b) or a simple retroreflection (c).
For its part, the reflected ray suffers one total internal refraction (a), two total internal
reflection (b) or a retroreflection (c) on the core/cladding interface. The refracted ray
and the reflected ray are guided along the original path and combined into one ray
again which propagates backwards causing interference on the output proximal plane

which is placed on the cleaved end of the fibers.

The interference pattern obtained at the output of the fiber depends on the radii of
curvature, the phase, and the angle of incidence of the two rays as they arrive at the
cleaved end [80]. Also, in Figure 3-8 the interference patterns produced by the
interferometers based on optical fibers with distal ends cut at (a) 45, (b) 30, and (c)
22.5 degrees are shown. As can be observed, fringe spacing between two adjacent
interference peakes is about 10 nm, 6 nm, and 4 nm, respectively. These ray tracing
numerical modeling results are consistent with the theoretically forecasted behavior

described above.



Optical Fiber Sensors for Measuring temperature and Refractive Index 75

Intensity W/m2
X107 | g x10°
= 1 | H1,3
?; 0 |12 | 45° Tilted Fiber End
-1
-2
-0.05
(a)
x10"
B 1
£
N 0 30° Tilted Fiber End o
1
2
0.05
-0.05
(b)

Intensity Intensidad incidente

x107 | V7 \\ x10°
L /‘\/,A\ Lo
g o //\ | i;j 22.5° Tilted Fiber Ends
1.26 0
2 //A\
x(omm

1.25 {/A)

z
()  Yix

Figure 3-8: Scheme of interferometers based on based on optical fibers with distal ends cut
at (a) 45°, (b) 30°, and (c) 22.5 °modeled by ray-tracing using COMSOL Multiphysics™.

On the other hand, the model of the optical fiber with its distal end cut at 45 degrees
in contact with a sample that is placed on the external cylindrical surface of the fiber
opposing the slanted end was analyzed using the Electromagnetic Wave Propagation
Study of COMSOL by exciting a Gaussian beam of a 1300 nm wavelength, with an
amplitude of electric field of 1 V/m, and a beam waist of 3500 nm by means of a
Scattering Boundary Condition in the proximal flat end of the optical fiber. All the other
domain boundaries are modeled using Scattering Boundary Conditions set to zero.

As shown in Figure 3-9 (a), the beam propagates through the core fiber, impinges on
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the slanted face of the end of the fiber, and experiences a total internal reflection in
this interface core/cladding. The reflected beam is split into two beams in the core-
cladding interface, one retroreflects into the core and the other one propagates into
the cladding towards the cladding/sample interface where the light also retroreflects.
The wave vectors of these retroreflected beams superpose and interfere; the
interference pattern is analyzed from the reflected power flux crossing the output
plane placed on the proximal cleaved end of the fiber. The normalized power crossing
this boundary as well as the numerical results of the RI response when the sample
is modeled as a NaCl solution with variable refractive index (1.3095, 1.3119, 1.3131,
1.3143, 1.3188, 1.3210, 1.3285, and 1.3439) are also showed in Figure 3-9 (b) and
(c). As can be noticed from the slope of the graph, the numerically calculated

sensibility of the modeled fiber optics with slanted end is -128.7 dBm/RIU.
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Figure 3-9: (a) Scheme of the optical fiber with slanted end modeled by means of the wave
optics module of COMSOL Multiphysics®. (b) Normalized power outflux spectrum with the
power outflux spectrum in inset. (¢) Numerical results of the power flux responses with the
rising and reducing of RI.
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3.2.3 Materials and Methods

Fabrication

The fabrication of the slanted fiber ends was done by polishing the distal end on
lapping films, as shown in Figure 3-10(a). Thirty slanted fibers ends, ten of each kind,
were fabricated at the end of an optical fiber Corning® SMF28e+ with core/cladding
diameter of 8.3/125 um, using CNC machined hand polish pucks with FC/PC
connectors. The polishing pucks were designed so that the end of the optical fiber
was sloped, with respect to the lapping film, at angles of 45°, 30° and 22.5°,
respectively. The fabrication process of each sensor was completed in two steps:
Firstly, three ceramic ferrules with distal ends cut at 45°, 30° and 22.5° were obtained
from flat ferrules with 126 ym through-hole. Each FC/PC connector with its ferrule
embedded was connected to the slanted polishing puck and placed in contact with a
9 ym diamond lapping film on a slip-free flat working surface. The polishing action
took place by gripping this jig with the thumb and forefinger while gently resting it on
the polishing lapping moving it with a slight pressure in a shape “8” pattern during five
minutes. After obtaining the slanted face on the ferrules, the optical fibers ends were
stripped from its polymer jacket and inserted and kept inside the ferrules. A droplet
of cyanoacrylate glue kept the fibers inside the connectors. For polishing the fiber, 1
pMm diamond lapping film was used in a first grinding stage. After grinding the fiber
end face with a slight pressure for about 1 min, coarse 45°, 30° and 45° angled fibers
end faces were obtained. To achieve the highest optical properties possible, a
second polishing stage using a finer 0.3 ym diamond lapping film and a polishing
process of 2 minutes was carried out. Smooth 45°, 30°, and 22.5° angled fibers end
faces were thus obtained, as shown in the optical microscopy photographs in Figure
3-10 (b). The slanted angles were measured on the aforementioned images using

the angle tool of the open-source software ImageJ [81].
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Figure 3-10: (a) The experimental setup for fabrication of slanted fibers ends by hand

polishing using a slanted pucks and lapping films. (b) Optical microscopy images obtained for
the optical fibers with their distal end cut at an angle of 22.5°, 30°, and 45°.

Experimental Setup

A temperature analysis was carried out to evaluate the sensing performance of the
fabricated sensors based on slanted fibers ends using with the experimental setup
shown in Figure 3-11 (a). A SLED S5FC1021S (Thorlabs®) with wavelength in the
range of 1240 nm to 1405 nm was used as the light source. The interference pattern
was measured using an Optical Spectrum Analyzer (OSA) AQ66370D (Yokogawa
Electric). The light from the SLED was coupled into each fiber sensor via a directional
coupler TW1300R5F2 (Thorlabs®). The light splits into two beams due to the different
reflections of the core and cladding at the slanted surface at the distal end of the fiber
sensor, the two beams are retroreflected and their wave vectors are superposed in
the fiber core again which propagates backwards causing interference in the output
of the fiber which can be observed in the OSA. To study the temperature response
of the interferometer pattern, the tip of the optical fiber was placed within a dry block
temperature calibrator ETC-400A (Ametek®), which displays an accuracy of + 0.5°
C. For each of the three sensors with distal ends cut at 45°, 30°, and 22.5°, the
temperature of the dry block calibrator was gradually risen from 25 °C to 220 °C, with
25 °C steps and then cooled down to room temperature with the same pace of 25 °C
per step. At every tested temperature point, the reflection spectrum of the sensor was
recorded after the temperature has been steady for 10 min to lead to a more accurate

measurement.
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Figure 3-11: (a) The experimental setup used to test the temperature sensing performance
of sensors based on slanted fibers ends. (b) The experimental setup used to test the RI
sensing performance of fabricated sensor.

Conversely, a study the RI sensing performance of the fabricated sensor based on a
slanted fiber end was carried out with the experimental setup shown in Figure 3-11
(b). The same SLED, OSA and directional coupler were also used to measure the
reflection spectrum. To study the response of the reflection spectrum in terms of the
refractive index of the solution, the optical fiber is placed along the V-groove in the
test piece with the slanted surface of the tip facing up, while the NacCl solution in the
container was only in contact with the lower cylindrical surface of the optical fiber, as
shown in detail in Figure 3-11 (b). RI response was recorded when the cylindrical
surface of cladding of the fiber tip was in contact with NaCl solutions whose

concentrations range varies from 0 to 3.4 mol/L.

3.2.4 Results and discussion

Temperature Sensor based on Optical Fibers with Slanted Ends

To study the effect of temperature on the interference spectrum recorded by the OSA,
one of the interference peaks on each pattern was taken. For the 45° slanted end it
was chosen the interference peak at a wavelength near 1313nm; around 1283 nm
for the 30°slanted end, and around 1315 nm for the 22.5° slanted end. As can be
observed in the insets of Figure 3-12, the fringe spacing between two adjacent

interference maxima for each interference pattern were 9.9 nm, 6.5 nm, and 4.1 nm
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respectively, which agrees with the fringe spacing calculated in equation (3.7). The
behavior of the interference patterns for the complete temperature swept, raising the
temperature up to 220 °C, is also shown in Figure 3-12. A very stable shift of each
pattern occurs with the increase of temperature. To study the sensitivity, a quadratic
fitting is used to all data from each temperature response graph. The temperature
response curve shows a slight nonlinear nature due to the nonlinearity of thermo-
optic effect in a large and high temperature range. The slope of each fit curve was
used to calculate the temperature sensitivity, which is found to be a temperature-
dependent value in accordance with equation (3.8). At 200° C, the temperature
sensitivities of the fabricated sensors with angle of the slanted end fiber of 45°, 30°,
and 22.5° were 10.3 pm/°C, 14.9 pm/°C, and 21.5 pm/°C, respectively. These
experimental results showed the feasibility of fiber optics with slanted ends to sense

in the range of temperature from 25°C to 220°C, getting sensitivities up to 21.5 pm/°C.
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Figure 3-12: The temperature response, and the corresponding quadratic fit curve, of the
sensors based on slanted fibers ends at (a) 45°, (b) 30°, and (c) 22.5°.
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Refractive Index Sensor based on Optical Fibers with Slanted
Ends

The sensor based on an optical fiber with a slated end was tested with NaCl solutions
molar concentration of 0, 0.2, 0.4, 0.8, 1.0, 1.7, and 3.4 mol/L, whose corresponding
Rl were 1.3095, 1.3119, 1.3143, 1.3188, 1.3210, 1.3285, and 1.3439. These RI| were
determined using an Abbe refractometer (Shtopview FKR-710) with a resolution of
1 X 10™* RIUs at a wavelength of 1310 nm. At every tested solution point, the
reflection spectrum of the sensor was recorded after the optical signal has been
steady for 10 min to lead to a more accurate measurement. All tests were carried out
at room temperature, considering that, in accordance with the previously described
results, to measure a notable spectrum response due to temperature fluctuation is
needed to produce a variation of the order of 10 °C. The central interference peaks
on each pattern were taken and the intensity fluctuation was analyzed to study the
effect of RI change due to the NaCl solutions. The spectrum response of the sensor
to these NaCl solutions is shown in power scale in Figure 3-13 and in logarithm scale
in inset of the same figure. As expected, the intensity quickly decreased with the
increase of NaCl concentration. In addition, the Figure 3-13 (b) shows with stars the
average of the intensity variations of the measured normalized reflection spectrums
of the sensors to the NaCl solutions, presenting high repeatability of the response,
as can be inferred from the error bars, and a high consistence both increasing and
decreasing NaCl concentration. Analytical (circles) and numerical (squares) results

are also presented in the same plot.
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Figure 3-13: Experimental results of the intensity responses of the sensor based on fiber
optics with slated end with the rising and reducing of RI. Insets: Intensity spectrum and
normalized reflection spectrum.
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As can be inferred from the slope of the experimental graph in Figure 3-13 (b), the
sensibility of the fabricated fiber optics with slanted end is -136.03 dBm/RIU, in
accordance with the theoretically (-140.2 dBm/RIU) and numerically (-128.7
dBm/RIU) forecasted behavior of this cost-effective Rl sensor. The obtained results
are summarized in the plot of Figure 3-13 (b). The concurrence between the
analytical study, the numerical analysis, and the experimental results validated the
feasibility of getting sensitivities up to -136 dBm/RIU, in the range of RI from 1.3095
to 1.3439, using very simple, sensitive, easy-to-fabricate, cost-effective, and compact
sensor based on slanted fibers end. This practical sensing structure could be used
to measure low concentrations of chemical species, which is precisely what will be
treated in the next chapter. In addition, the research work carried out with the optical
fiber with slanted end led to the publication of some contributions reported in the
following manuscripts published in indexed journals of international circulation and

presented at an international conference:

o= Brayan Patifio-Jurado, Luis Fernanda Alvarez Villa, Juan F. Botero-Cadavid,
=O and Jorge Garcia-Sucerquia. "Temperature Sensor based on Optical Fibers
— with Slanted Ends." Optica pura y aplicada 55.1 (2022): 18.

o= Brayan Patifio-Jurado, Arturo Gaviria-Calderdn, Juan F Botero-Cadavid, and
=0 Jorge Garcia-Sucerquia. "Intensity-Modulated Refractive Index Sensor Based
on Optical Fiber with Slanted End " Optics & Laser Technology 157 (2023):
108700.

OI Brayan Patifio-Jurado, Juan F Botero-Cadavid, and Jorge Garcia-Sucerquia.

f‘/— “Temperature sensor based on tilted optical fiber end with tailored sensitivity”.
—

2]

Latin America Optics and Photonics Conference. Optica Publishing Group,
2022.

Brayan Patifio-Jurado, Arturo Gaviria-Calderén, Juan F Botero-Cadavid, and
Jorge Garcia-Sucerquia. “Refractive Index Sensor Based on Optical Fiber with
Slanted End”. Latin America Optics and Photonics Conference. Optica
Publishing Group, 2022.
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3.3 Etched SMS structures for measuring refractive
index.

3.3.1 Introduction and Background

The measurements of refractive index (RI) are widely used in biochemical analysis,
food safety inspection, environmental monitoring, and other technological fields [37]—
[39]. As aforementioned, the traditional Rl sensing technologies include, but are not
limited to tapering [24], [42], [43], photonic crystals [16], [44], [45], surface plasmons
[46]-{48], long-period grating [49]-[51], fiber Bragg grating [52]-[54], and
interferometers [55]-[58]; such as Fabry—Perot [63], [64], Michelson [59], [65], and
Mach—Zehnder [66], [67] sensors. These RI sensors have demonstrated high
sensitivity 15000-35000 nm/RIU), selectivity, and wide measurement range [58].
However, these sensors usually have the disadvantage that require robust fabrication
methods and precise and expensive equipment for wavelength measuring [59], [60],
which complicates the implementation. Therefore, compact, cost-effective, and
practical sensing technologies are demanded for the diverse environments in which
the Rl measurements take place. In response to the mentioned drawbacks, this
section aims to contribute to the study of a very inexpensive (less than $5 USD for
materials and manufacturing), compact, easier to fabricate Rl sensor based on a
SMS fiber structure.

Firstly, this last section of Chapter 3 presents a model that describes the formation
of an optical spectrum as a result of the multimodal interference phenomenon and
the wavelength-modulation due to RI fluctuation for the sensing probe based on a
singlemode-multimode-singlemode (SMS) fiber structure. Along with the theoretical
analysis, itis included a numerical verification of the proposed model using COMSOL
Multiphysics®. Secondly, the structures were fabricated to experimentally
demonstrate the feasibility to tailor the geometry and the sensitivity of this simple
technology and, therefore, reliably measure Rl in NaCl solutions; proving at the same
time that the sensitivity of this cost-effective sensor can reach to 766 nm/RIU in the
RI range from 1.3095 to 1.3439.
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3.3.2 Operating Principle

The sensor based on singlemode-multimode-singlemode fiber optics (SMS) structure
consists of input and output singlemode fibers (SMFs) spliced to the ends of a
coreless multimode fiber (MMF) of a determined length, as shown in Figure 3-14. In
order to reduce the fiber cladding, exposing the transmitted light to the external
environment, a chemical etching with Hydrofluoric acid (HF) is used to controllably
obtain an MMF section with a specific diameter. When the light field that propagates
through the input SMF reaches the MMF section, the fundamental mode gets coupled
to high-order eigenmodes that can propagate along this multimode segment
producing an interference in the output single mode segment, called multimodal
interference [82], that modulates the optical output leading to the several resonant

dips in the transmitted spectra of the SMS fiber.

Assuming ideal alignment of the SMF segments and the MMF section, and circular
symmetry of the input field, only LP,,, modes are excited in the MMF segment when
light propagates from SMF to MMF section. The input light field at the MMF section
has a fundamental mode field distribution E (r, 0), which can be decomposed into the
eigenmodes LP,,, when the light goes through the MMF segment. Denotating the
excited eigenmodes as ¢,,(r), the input light field at the MMF can be expressed as
[83]:

M
E(r,0)= ) (@), (3.12)

where M is the total number of excited modes, and b,, is excitation coefficient of the
LPO0,, mode, which can be calculated as [83]
_Jy EG,0)pm()rdr

Iy dm @) b (ryrdr

m (3.13)
Here ¢,,(r) is determined by the fiber core diameters and the refractive index of the
fiber core and cladding. With this, the field distribution at propagation distance z can

be expressed as
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M

E(r,z) = Z by b (1), (3.14)
m=1

where B,, is the propagation constant of each excited eigenmode in the MMF

segment. In turn, the relation for two propagation constants f3,,, and S, for the m and

n order modes, can be derived as:

_Un

Um
Bm — Bn =

M; (3.15)
with . and n, are the radius and the refractive index of the MMF, respectively. In
addition, v, and v,, are the normalized transverse propagation constants, where v, =
(2l —1/2)m/2. Here, if L is the length of the MMF segment, and N is a natural
number, the constructive interference between these two modes occurs when the

phase difference of the two is the integer multiple of 27:

(Bm — Bn)L = 27mN. (3.16)

And then the wavelength of the constructive interference can be calculated from
equations (3.15) and (3.16) as follows

8(2N + Dn.r?

= 3.17
(m—-—n)[2(m+n) —1]L ( )
Whereof the wavelength difference of adjacent extreme is obtained as:
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Figure 3-14: Fundamental mode LP,,exited in the flat end of the SMF segment and electric
field distribution along the direction of light propagation within an SMS fiber structure.
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From equation (3.18), it can be realized that the interference peaks, are less spaced
when L becomes longer and r, becomes smaller. Moreover, when the refractive index
(RI) of the surrounding medium changes, the effective RI of the cladding of the fiber
changes, the eigenmodes excited in the MMFC are alternated resulting in the
changes for the propagation constants. Therefore, from equation (3.16), when the
propagation constants change, the phase condition of the constructive (or
destructive) interference is altered and N changes, producing the shift of the
wavelength of the constructive (or destructive) interference, according to equation
(3.17).

This behavior of the response of the spectrum to the RI of the surrounding medium
changes can be verified from a numerical study by means of the finite element
method (FEM). For this purpose, a numerical electromagnetic wave propagation
study in COMSOL Multiphysics™ was realized to simulate the light transmission
characteristics within the sensor based on the E-SMS structure [79]. Two standard
singlemode step-index optical fibers segments (Corning SMF-28e, refractive index
1.464 for the core and 1.458 for the cladding) and one coreless optical fiber (Thorlabs
FG125LA, refractive index 1.444) surrounded by air for the MMF segment, were
discretized using the standard meshing tool with the mesh setting at Physics-
controlled mesh and the element size set to Extremely fine. The electromagnetic
wave propagation was performed by exciting a TE wave at the flat end of the input
(left) SMF segment. The propagation modes found by the COMSOL solver were
those which fulfilled the Maxwell equations with an effective modal index, ny,
between the refractive indexes of the cladding and the core ng,re < nerr < Neygaaing-
In the performed analysis, the effective modal index obtained for input SMF segment
corresponded to that one of the fundamental modes. The simulated amplitude
distribution of the propagating light within an SMS fiber structure is shown in Figure
3-14. The LP,; mode profile at a z position of 200 ym is shown in the same figure,

where z is the propagation direction of the field.

In order to study the dependence of the optical interference spectrum with the
geometry and the refractive index of the surrounding medium, around the MMF

section, the simulation was performed slightly modifying these parameters on a wide
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range of values. However, in order to illustrate the numerical spectrum response, only
some separated points are plotted. It can be seen from Figure 3-15 (a), the simulated
spectrum is influenced by the core diameter of MMF (d) verifying that the dips and
peaks blue-shift when the core diameter becomes smaller. Moreover, when the
surrounding RI (n) changes from 1.3 to 1.5, the transmission spectrum red-shifts, as
shown in Figure 3-15 (b).
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Figure 3-15: Simulation of the transmission spectrum of the E-SMS structure with different
(a) core diameter of MMF and (b) surrounding refractive indexes.

3.3.3 Materials and Methods
Fabrication and Experimental Setup

Coreless MMF segments ((Thorlabs FG125LA, refractive index 1.444)), standard
SMF pigtails (Corning SMF-28e, refractive index 1.464 for the core and 1.458 for the
cladding), and Hydrofluoric acid 40% (Sigma-Aldrich) were used for fabrication of the
E-SMS structures. SMF pigtails were splicing on each end of 15-mm segments of
MMF using a conventional fusion splicer (FITEL S178A V2) in automatic mode. The
choice of MMF length was defined by the volume of sample to study, considering that
that longitude only affects the spacing between peaks and dips, as described above
The SMS structures were placed in a plastic container with small lateral slits to hold
them in place and the cavity of the container was filled with aqueous solution HF at

a 40% concentration until the diameter of the structures were approximately 30 um.

In order to make the fabrication highly reproducible and allowing the production of
mechanically solid etching SMS (E-SMS) sensors, the method was optimized by the
continuous monitoring of the wavelength response during the chemical etching. Light
from a broadband source (Thorlabs S5FC1550S-A2) was used as light source, and

an optical spectrum analyzer (OSA, Yokogawa AQ6370) with a wavelength resolution
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of 10 pm was used to measure transmission spectra of the E-SMS sensor, as shown
in Figure 3-16 (a). This etching stage took 45 min at a rate of about 2 pm/min for the
MMF at room temperature.
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Figure 3-16: Experimental setup used to measure transmission spectra of the E-SMS
sensor. (b) Spectral response to aqueous NaCl solutions for three E-SMS sensors. The
interference peak can be tuned.

The continuous monitoring of the wavelength response during the chemical etching
allows to tailor the geometry and the sensitivity of the sensor based on E-SMS
structure and also to tune the wavelength at which the interference peak is centered,
as shown in the response spectrums to sodium chloride (NaCl) for three different
sensors (SMS1 solid red line, SMS2 green dashes, and SMS3 blue dots) in Figure
3-16 (b). As can be observed, it was possible to tune the spectrum between 1400
and 1600 nm by arresting the chemical etching when the peak being tracked is at the
desired wavelength. Centering the interference dip in 1530 nm, the sensitivity of the
E-SMS structure was evaluated performing a complete characterization in aqueous
solutions of NaCl.

3.3.4 Results and discussion

The E-SMS sensor was submerged in each calibrated sample of NaCl solutions
molar with concentration of 0, 0.2, 0.4, 0.8, 1.0, 1.7, and 3.4 mol/L, whose
corresponding Rl are 1.3089, 1.3117, 1.3139, 1.3193, 1.3208, 1.3295, and 1.344.
These RI were determined using an Abbe refractometer (Shtopview FKR-710) with a

resolution of 1 x10* RIUs at a wavelength of 1500 nm. The spectrum response of
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the sensor to these NaCl solutions is shown in inset of Figure 3-17 (a). In the same
figure, the wavelength shift of the tuned dip is plotted versus the refractive index,
tracing the lineal correlation. The slope of the straight-line response is 766.13
nm/RIU, which corresponds to the sensitivity of the sensors to measurements of NaCl
concentration. The Figure 3-17 (b) resumes the sensitivity to NaCl measurements for
seven E-SMS sensors fabricated using the same methodology described above. As
can be observed, this fabrication method allows to obtain reproducible and
repeatable E-SMS sensors with tailored spectral response and sensitivity in the same
order of magnitude. Those characteristics are very suitable in order to obtain reliable
sensors to detecting chemical and biological substances at low concentrations;
however, an additional process of activation is required in order to produce a
selective detection of the molecule of interest. The activation/immobilization protocols
of the sensor based on slanted fibers end and the sensor based on a E-SMS structure
are addressed in the following chapters.
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Figure 3-17: (a) Response of the E-SMS sensor to the NaCl solutions. Inset: the
wavelength shift of the tuned dip. (b) sensibility to NaCl measurements for seven E-SMS
sensors fabricated under the same conditions.
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3.4 Performance comparison of analytical parameters
of proposed sensor with existing sensors

Table 3-1: Comparation of analytical parameters of the fabricated sensor with other fiber optics technologies
proposed for measuring RI and temperature.

Physical Measuring Simplicity Cost-effective
property Sensing technique  Sensitivity range of  fabrication ratio (cost/  References
and application sensitivity)
E-SMS 766 nm/RIU 1.309-1.343  Simple 1 (reference) -
Slanted Ends -136 dBm/RIU 1.309-1.343  Very simple 10 -
Tapering 1500 nm/RIU 1.332-1.334  Mildly complex 2 [23], [24]
998 dBm/RIU 1.331-1.338 10
Photonic crystals 3000 nm/RIU 1.333-1.422 Complex 10 [86]-[88]
-347 dBm/RIU 1.333-1.349 13
Refractive Surface plasmons 25000 nm/RIU 1.333-1.371  Complex 15 [46]-[48]
index -333.4 dBm/RIU 1.306-1.340 15
Long-period grating 20000 nm/RIU 1.327-1.401  Complex 2 [49]-[51]
-165 dBm/RIU 1.333-1.435 10
Fiber Bragg grating 885 nm/RIU 1.348-1.378 Complex 10 [52]-[54]
-234 dBm/RIU 1.333-1.377 10
D-shaped 1350 nm/RIU 1.352-1.414  Simple 25 [61], [62]
-327 dBm/RIU 1.333-1.370 12
Fabry—Perot 1225 nm/RIU 1332-1339 Mildly complex 6 [63], [64]
108.07 dBm/RIU 1.450-1.531 12
Michelson 165.77 nm/RIU 1.334-1.371  Simple 12 [59], [65]
204.25 dBm/RIU 1.331-1342 13
Mach-Zehnder 1520 nm/RIU 1.315-1.341  Mildly complex 5 [66], [67]
252.69 dBm/RIU 1.333-1.345 15
E-SMS 9.2 pm/°C 25-65°C Simple 2 [89]
Slanted Ends 21.5 pm/°C 25 -225°C Very simple 1 (reference) -
Tapering 20 pm/°C 50-150 °C Mildly complex 5 [50], [90]
Photonic crystals 284 pm/°C 20-90 °C Complex 3 [35], [91]
Temperature gy face plasmons 720 pm/°C 25-100 °C Complex 1 [92]
Long-period grating 84.5 pm/°C 20-80 °C Complex 10 [93], [94]
Fiber Bragg grating 34.3 pm/°C 20-60 °C Complex 15 [70], [95]
D-shaped 28.7 pm/°C 21-50 °C Simple 4 [62]
Fabry—Perot 13.7 pm/°C 25-150 °C Mildly complex 11 [45], [56]
Michelson 13.32 pm/°C 19-290 °C Simple 8 [73], [96]
Mach—Zehnder 11.7 pm/°C 22-100 °C Mildly complex 12 [97]-[99]

To emphasize the feasibility of the fabricated sensors, the sensor based on optical

fiber with slanted end and the E-SMS sensor, a performance comparison of analytical

parameters has been performed with the most representative Rl and temperature

sensors based on optical fibers that can be found in the literature. As a preliminary

step to organize the data, an overview of estimated costs of materials and

manufacturing of those sensors was developed from the comparative cost analysis

that can be found in different reviews, such as that reported in [99]-[103]. The Table

3-1 organizes the comparative parameters of the sensors taking as degree of
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complexity of manufacturing and implementation the robustness of the equipment,
materials, methodologies, and trained personnel used in those techniques. As can
be observed, the sensitivity to the Rl and temperature changes of the proposed
sensors is in the middle range in comparation to the widely reported sensors.
Furthermore, the main advantages of the proposed sensors are their cost
effectiveness, estimated from the cost/sensitivity ratio, simplicity of construction, and

relative ease of implementation.
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4. Optical Fiber Sensor for Measuring Mercury
in water

4.1 Introduction and Background

As aforementioned, water contamination by the toxic mercury is one of the most persistent
global concern because contamination with this heavy metal ions may have severe effects
on human health and the environment as a result of its bioaccumulation and methylation
[1]-[3]. Among variants of this metal, mercury ions (Hg?*) are the most stable form of
inorganic mercury in the aqueous medium and, due to high penetration property, have the
ability to quickly enter in the human body through the skin, the gastrointestinal tissues, and
by respiration, causing severe health problems even at low concentrations, such as brain
damage, endocrine system damage, and kidney failure [4], [5]. This is a cause for concern
because humans are exposed to multiple contaminated sources by industrial activities,
including coal and gold mining, solid waste incineration, domestic waste discharge, fossil
fuel combustion, and chemical manufacturing [6], [7]. Among these contamination sources,
the disposal of mining washing of small-scale gold activities and artisanal mining is the
primary origin of mercury pollution in many countries across the globe, including Colombia
[8]-[10], where the communities are exposed to contaminated drinking water sources
whose concentration for Hg?* can exceed the upper limit of 2 ppb (10 nM), that has
mandated the World Health Organization [11]. In poor and remote regions of the country
the adequate water quality monitoring is limited by the lack of cost-effective detection

technology for the analytical content of Hg?* in their water sources.

Monitoring in situ of low concentration of mercury in drinking water demands the design of
reliable techniques for rapid, efficient, and sensitive detection of ions Hg?* in aqueous
solutions. In this respect, the traditional techniques for Hg?* monitoring in water include
inductively coupled plasma mass spectrometry (ICP-MS) [12], atomic absorption

spectroscopy (ASS) [13], [14], anodic stripping voltammetry [15], and atomic fluorescence
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spectrometry [16], [17]. In spite of the fast and accurate measurement capabilities of these
robust techniques, highly expensive equipment, sophisticated instrumentation, and
complicated and multistep sample preparation are required for detection of the ions in
water, which complicates the in situ implementation [18]. In response to this drawback,
several analytical methods are currently available for heavy metals detection in water such
as electrochemical [19], colorimetric [20], and optical sensors employing organic
compounds [21], metal nanoparticles [22], polymeric materials [23], nucleic acids [24], and
foldamers [25] as chemical recognition elements of Hg?*. Although selective, sensitive,
compact, and with rapid detection capabilities, most of these techniques require
sophisticated instrumentation for their fabrication and are usually accompanied by robust
equipment which limits the implementation in remote regions [26]. With such difficulties in
mind, recent research interest has focused on developing optical fiber sensors that take full
advantage of the already mentioned virtues of this technology, such as compact size,
portability, rapidity, cost-effectiveness, simplicity, label free detection, resistance to
degradation, immunity to electromagnetic interference, and remote sensing potential [27].

Within the optical fiber sensing technologies that have been reported for Hg?* detection in
water, are included the fiber evanescent wave [28], interferometers [29], surface plasmon
resonance (SPR) [24], fluorescence [30], and fiber grating [31]-[33] sensors. All of these
techniques have demonstrated the ability to detect concentrations of Hg?* in water up to 1
ppb, but requiring complex and expensive equipment to nano deposit the metal coating and
heavy metal ion sensitive films, which make them more complicated to be fabricated and
difficult to be effectively implement [28]. Therefore, the need for fast, easy, and economical

monitoring technology of drinking water samples on-site and real time persists nowadays.

As a response to the challenges presented, in this chapter a proposal of a cost-effective
(less than $10 USD for materials and manufacturing), simple to construct, and relatively
easy to implement functionalized sensors based on fiber optics are evaluated in order to
selectively detect ions Hg?* in water at low concentrations, up to 1 ppb. This section
describes how E-SMS structures and fiber optics with slanted end previously characterized
were functionalized and tested as sensors for the selective detection of serial solutions of
Hg?" in water. The proposed functionalization protocol was evaluated immobilizing a
CS/Fe,0s3 thin film for the absorption of mercury ions on the sensitive surface of the fiber

probes. The experimental results obtained in this chapter demonstrates the ability to detect
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selectively chemical interactions up to 1 ppb (0.001ug/mL) of Hg?* in water to both types of
sensors, with sensitivities of up 290 pm/(ug/mL) for the sensor based on the E-SMS
structure and -0.07 dBm/(ug/mL) for the sensor based on the slanted end structure.

4.2 Materials and Methods

4.2.1 Activation and samples preparation

Sensors based on slanted fiber ends and E-SMS structures are fabricated separately
following the methodology described in the Chapter 3, Sections 3.2.3 and 3.3.3.
Subsequently, an activation protocol is developed in order to provide these sensors the
capability to detect the presence of the specific heavy metal ions in water. The sensing
surfaces of the twelve pieces of each type of these structures were activated with a
composite that can detect the presence of Hg?*, as illustrated in Figure 4-1. This activation
stage is necessary because, although the slated fiber ends and the E-SMS structure can
detect optically refractive index changes into water samples [34], the heavy metal ions
solution present similar refractive indices for lowest concentration, which makes very
difficult the selective measure of Hg?".
Input Light

C\add\“g /Ref\eCtEd

core.
— Light
e
Activated Surfaces
o2 2Hg2
Hg*"

Aqueous Sample

A N
— = N—
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Figure 4-1: Activated slanted fiber end (above) and E-SMS structure (below) with Cs/Fe20s thin
layer for detection of Hg?* in water.

Several different recognition elements for mercury chemical sensors can be founded in
literature [35]-[39]. In particular, one that can be implemented with relative ease is the
reported in [40] which consists in the coating of the sensing area of the structures with a

nanostructured chitosan (CS)/maghemite (y-Fe;Os) composite thin film. The results
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obtained in that work validate the ability of a CS/Fe.O3 coating for detection of Hg?* using
surface plasmon resonance technology, but a selective detection was not demonstrated in
that manuscript. In response to this opportunity, the activation protocol-based on a
CS/Fe>03 composite was carried out in this thesis in order to verify the capability of the
slanted fiber ends and the E-SMS structures to rapidly detect, with high sensitivity and

selectivity, Hg?" in water.

Table 4-1: Reagents used in the immobilization of the nanostructured chitosan/maghemite
(CS/Fe203) composite.

Reagent Formula Manufacturer Property
Iron (1) oxide Fe203 Merck Millipore 99.9 %
Medium molecular weight chitosan Cs Sigma Aldrich Deacetylation 75-85%
Ammonia NH3 Fisher Scientific 25 % wiw
Acetic acid CH3;COOH  Thermo Scientific 99.7 %
Mercury (I1) chloride HgCl2 Sigma Aldrich 98 %
Nickel (I1) chloride NiClz Merck Millipore 97 %
Copper (I1) chloride CuClz Merck Millipore 97 %
Platinum (I1) chloride PtCl2 Sigma Aldrich 98 %
Sodium chloride NacCl HiMedia Labs 99 %
Iron (1) chloride FeCls Merck Millipore 99 %
Hydrochloric acid HCI HiMedia Labs 99 %
Ethylenediaminetetraacetic acid EDTA Merck Millipore 99 %

The reagents used in the activation process are listed in the Table 4-1. In the preparation
of the CS/Fe,03 solution, 200 mg of Fe,O3; were dissolved in 50 ml of distilled water. Then,
10 mL of NH3 (25%) and 0.615 mg of EDTA were added as precipitating agent and as
capping agent to the solution, respectively. The resulting solution was stirred for 2 h at 50
°C until all the dark red precipitate of Fe,Os-EDTA was formed. Immediately after, the nano
Fe,O3-EDTA precipitated was rinsed with distilled water and left to dry at 70 °C for 4 h.
Simultaneously, 400 mg of chitosan were dissolved in 50 mL of 1% acetic acid. The solution
was stirred for 8 h until all the chitosan was dissolved in the acetic acid. Finally, 30 mg of
precipitate of Fe203-EDTA were added to 10 mL of the chitosan solution and sonicated at

20 pulses/min at room temperature for 15 min.

To the activation process, the slanted fiber ends and the E-SMS structures were immersed
into the prepared chitosan/maghemite solution. Twelve units of each of the two fiber optics

structures were cleaned using acetone and dipped into Cs/Fe»03 solution at a feed rate of
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70 mm/min, remaining immersed for 7 min, using a CNC milling machine (Haas® TM-1P),
which served as dip coating equipment. The coated slanted fiber ends and the coated E-
SMS structures were kept in vacuum oven at 50 °C for 5 h and washed with deionized water
before detection test of metal ions in water.

The following chlorides of analytical grade: HgCl,, NiCl;, CuCl, PtCl,, NaCl, and FeCls,
were used for the preparation of solutions of heavy metal ions in water. 1 mg/L stock
solutions of all the six heavy metal ions (Hg?*, Ni?*, Cu?*, Pt?*, Na*, and Fe3") were made
by adding 1.4, 2.3, 2.2, 2.5, 1.4, and 3 mg sample accordingly, each in 1 mL of deionized
water. The heavy metal ions aqueous solutions were diluted with deionized water to

produce solutions with concentrations of 100, 10, 1, 0.1, 0.01, and 0.001 pg/mL.

4.2.2 Experimental setup

Once the activation process was carried out, a series of detection tests were performed
using the experimental setup shown in Figure 4-2, (a) for the sensors based on slanted
fiber ends and (b) for the sensors-based E-SMS structures. For the former, a SLED with
wavelength in the range of 1225 nm to 1405 nm was used as the light source. Here the
reflection spectrum was measured using the aforementioned OSA. The light from the SLED
was coupled into the sensor based on slated fiber end via a directional coupler
TW1300R5F2 (Thorlabs®). To study the response of the reflection spectrum to the aqueous
solution with heavy metal ions, whose concentrations range from 0.001 (1 ppb) to 100
pg/mL, the optical fibers were placed along the V-groove in the test piece ensuring that the
slanted surface of the end was facing upwards while the container for the aqueous solution
was placed underneath, as shown in detail in Figure 4-2 (a). The light that propagates
backwards after illuminating the sensing region superposes and causes interference in the
output of the fiber which can be observed in the OSA. The intensity response was recorded
when the cylindrical surface of the cladding of the fiber tip was in contact with the aqueous
solutions. Similarly, a wavelength response was recorded in the OSA when the sensitive
surface of the MMF of the E-SMS structure was put in contact with serial agueous solutions
of heavy metal ions using the already descripted setup shown in Figure 4-2 (b). All tests
were carried out at room temperature, considering that the temperature fluctuation was not
higher than £ 2 °C, which implies an error less than +20 pm in the spectrum response of

the sensors.
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Sensing Surface

3-dB

Coupler Test Piece SLED

(b)
Figure 4-2: The experimental setup used to test the mercury detection performance of fabricated
sensors based on slanted fiber (a) and the sensor based on E-SMS fiber (b). The Cs/Fe>O3 layer
deposited onto the sensing surface of the fiber structures is shown in detalil.

The protocol used for the detection consisted of the following steps: (1) A first rinse using
deionized water was performed to clean the activated surface of each of the optical fiber
structures. (2) The dirty deionized water was removed followed by the filling of the cavity of
the test piece with deionized water for 3 min while a measurement of the optical spectrum
was recorded with the OSA. This first spectrum corresponded to the base line. (3) deionized
water was removed and the desired Hg?" in water sample was put in place while the
spectrum measurements were taken for 10 min. For each of the agueous samples with
Hg?* this protocol was repeated. The difference in wavelength between a peak on the base
line with deionized water and the same peak measured after 10 min of Hg?* interaction was
taken as the sensor response. This response is directly related to the sample concentration
due to the refractive index change in the sensing surface of the slanted fiber end and the

E-SMS structure that result from the absorption of Hg?* ions.

The selectivity of the slanted fiber end and the E-SMS structures activated with Cs/Fe>Os
towards Hg?* ions was determined by testing these optical fiber sensors with other metal
ions commonly present in water: Ni?*, Cu?*, Pt**, Na*, and Fe®". Using the same procedure
described above, the response of the other activated sensors was evaluated putting in
contact the sensitive surfaces with the aqueous solutions of these heavy metal ions at

concentration of 1 pg/mL (1 ppm).
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4.3 Results and discussion

The above-mentioned sensing protocol was implemented to experimentally evaluate the
ability of the activated slanted fiber ends and the E-SMS structures to detect low
concentrations of Hg?* ions in water. The Figure 4-3 (a) and Figure 4-3 (c) show
correspondingly the spectrum response for the activated optical fibers with slanted ends
and the E-SMS structures to the different concentrations of Hg?* in aqueous solutions. A
decrease in the normalized reflection spectrum for the slanted end fiber and a red-shift for
the E-SMS structure, is clearly observed as Hg?* concentration changes and the absorption
of the heavy metal ions on the sensing surface of both the slanted fiber end and the E-SMS
sensor takes place. For its part, the spectrum response of the sensors to the concentration
of Hg?" in water is showed in the dose-response curves shown in Figure 4-3 (b) and Figure
4-3 (d). The sensitivities were determined from the slopes of the dose-response curves,
verifying that sensitivities of up 290 pm/(ug/mL) for the sensor based on the E-SMS
structure and -0.07 dBm/(pg/mL) for the sensor based on the slanted end structure, were
obtained. These results show that both types of sensors can detect chemical interactions
up to a minimum of 0.001ug/mL (one part per billion) of Hg?* in water, proving to be two
very promising, rapid, and potentially suitable cost-effective sensing technology to chemical

detection at low concentrations of Hg?* ions in drinking water.

Additionally, the response of the sensors to various metal ions in solution at a concentration
of 1 pg/mL (1 ppm) were studied to evaluate the selectivity of these fiber structures
activated with CS/Fe,O3 towards Hg?* ions. As shown in Figure 4-4 (a) and Figure 4-4 (b),
compared to Ni?*, Cu?*, Pt>*, Na*, and Fe*" ions, the selective adsorption of Hg?* by the
nanostructured CS/Fe.Os thin sensitive film, and therefore the response, was much greater,
at least 40% bigger for the worst case, which was obtained with the Ni* ions in both
sensors. This figure proves the selectivity of these practical and cost-effective sensors
towards Hg?* ions over other heavy metal ions commonly found in water. Combined with
the ability to detect up to a minimum of 0.001ug/mL (one part per billion) of Hg?* in water,
this selectivity is comparable to that achieved with other aforementioned robust techniques,
but at a fraction of the cost (at least ten times less costly). In that sense, the characteristics
of ease of fabrication and low-cost of the optical fiber with slanted ends and the E-SMS
structure activated with CS/Fe»03, offer high potential, and makes them very promising for
the development of simple, reliable, and cost-effective platform system for on-site detection

and low concentrations monitoring of mercury in water sources potentially contaminated,
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that is precisely the final objective in this thesis. The integration of theses sensors into a

portable platform is detailly reported in the chapter 6.
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Figure 4-3: (a) Spectral response of the optical fiber sensors with slanted ends for different
concentrations of Hg?* ions in water. (b) Dose-response curve of Hg?* ions in water of the slanted
fiber end sensor. (c) Spectral response of the E-SMS sensor for different concentrations of Hg?*

ions in water. (d) Dose-response curve of Hg2* ions in water of the E-SMS sensor
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Finally, the research work conducted with the optical fibers with slanted ends and the E-

SMS structures functionalized for the detection of mercury in water gave rise to some

contributions reported in the following manuscript submitted to an indexed journal of

international circulation and presented at an international conference:

o= ] Brayan Patifio-Jurado, Arturo Gaviria-Calderon, Juan F Botero-Cadavid, and Jorge

Garcia-Sucerquia. “Competitive Fiber Optics Sensors for Highly Selective detection
of Mercury in Water.” Applied Optics 62.3 (2023): 592-600.

[ Arturo Gaviria-Calderén, Brayan Patifio-Jurado, Juan F Botero-Cadavid, and Jorge

f% Garcia-Sucerquia. “Mercury detection in water based on an E-SMS optical fiber

structure.” Latin America Optics and Photonics Conference. Optica Publishing
Group, 2022.
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5. Optical Fiber Sensor for Detecting
Biological Species.

5.1 Introduction and Background

In recent decades, biological recognition of elements has attracted great interest in diverse
research fields such as analytical chemistry, biological engineering, medical diagnosis, and
food safety inspection. In all of these research areas the detection and analysis of biological
species such as proteins, bacteria, toxins, viruses, glucose, among others, is of significant
importance, which creates a need for reliable simple, rapid, highly selective, and in-situ
biological sensing technology [1]-[3] [4]-[6]. In particular, to detect proteins various robust
monitoring techniques have been reported in the literature, including but not limited to
enzyme-linked immunosorbent assays (ELISAS) [7], [8], and the polymerase chain reaction
(PCR) test [9], [10]. Although these methods are the most frequently used to detect
proteins, they require multi-step processes and well-trained personnel, which increases
both the time and cost of the detection [11]-[13]. As a consequence, many alternative
methods such as optical [14], electrochemical [15], thermometric [16], [17], piezoelectric
[18], or magnetic [19] biosensors have been developed as response to the mentioned
difficulties of the robust techniques. The most of these conventional diagnosis methods still
have, however, some disadvantages such as long procedures, expensive equipment and
reagents, specialized personnel, lack of portability, low sensitivities, and the need of
biomarkers [20]. In response to those difficulties, fiber optics biosensing technology is
presented as a promising technology to mitigate the issues of the traditional sensing

methods.
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Many optical fiber biosensors have been reported in recent decades showing promising
results for protein detection. These widely investigated techniques based on fiber optics
sensors can be divided according the sensing principle into three broad groups: Fiber Bragg
gratings-based (FBG) biosensors [21]-[24], surface plasmon resonance based (SPR)
biosensors [25]-[27], and interferometric biosensors [1], [28]-[30]. These sensing
structures have proven customized designed, high resolution, and wide measurement
range; demonstrating high sensitivity and low limit of detection (LOD), up to
6000 dB/(ug/mL) with a LOD of 2 pg/mL (immunoglobulins) for FBG, 8 nm/(ug/mL) with a
LOD of 1.5 pg/mL (C-reactive protein) for SPR, and 38 nm/(ug/mL) with a LOD of 1
pg/mL(ANnti-BSA/BSA) for interferometer-based sensors [6], [31]-[36].

In this chapter, an innovative E-SMS sensing structure interferometer-based was
investigated as a biosensor and applied to immunoassays (detection of an antigen/antibody
binding). The modulation produced by the external perturbation used to detect biological
interactions was carried out in a similar way to what it has been reported in the literature
[37], [38]. In this thesis, however, as an additional novelty, the above demonstrated highly
reproducible sensors were functionalized to experimentally prove the feasibility of the
simple E-SMS structure to measure low concentration of biological species such as the
molecule bovine serum albumin (BSA). This molecule has been used as a model protein in
various studies, such as immunodiagnostic procedures [39] and [40]. Detection of BSA on
its own, not as a model protein, has also gained interest recently as this protein serves as
an indicator of milk and meat quality, and furthermore, it is known as an allergenic and a
carrier protein [41]. Therefore, the development of new, efficient, fast, and straightforward
methods for selective detection of BSA, as reported in this thesis, is desired. The analytical
and experimental studio performed in this chapter demonstrates that the LOD of the

optimized sensitive biosensor based on E-SMS structure can reach to 0.7 ug/mL.

5.2 Materials and Methods

5.2.1 E-SMS immobilization

Twelve sensors based E-SMS structures were fabricated following the methodology

described in the section 3.3.3. Afterward, a functionalization and immobilization process
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was developed depositing a biolayer onto the sensing surface of the E-SMS structures in
order to provide these sensors the ability to detect the presence of low concentrations of
Anti-BSA. The sensing surfaces of this structures were functionalized with BSA that can
detect the presence of Anti-BSA during the antigen/antibody binding, as illustrated in Figure
5-1 (a).
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Figure 5-1: E-SMS structure with immobilized antigen BSA for detection of Anti-BSA.
(b) Antigen immobilization and surface functionalization procedure [42].

Table 5-1: Reagents used in the immobilization of the antigen BSA.

Reagent Manufacturer Concentration
Bovine serum albumin (BSA) Sigma Aldrich 20 mg/mL
Anti-BSA Sigma Aldrich 1 mg/mL
Piranha solution 3:1 (H2SO4 + H202) Merck Millipore H2S04 96%, H202 30%
Sodium hydroxide (NaOH) Merck Millipore 5M

Triethoxysilane 3-(Aminopropyl)- (APTES)
Tris-(hydroxymethyl)aminomethane buffer (TRIS

Sigma Aldrich

10% (v/v)

buffer) Thermo Scientific 1M,PH7.4

Phosphate-buffered saline (PBS) Sigma Aldrich 1IX,PH7.4
1,4-phenylenediisothiocyanate (PDITC) Sigma Aldrich 0.3 M
Hydrochloric acid (HCI) Honeywell Research 0.1M
N,N-Dimethylformamide (DMF) Merck Millipore 1.29
Ethanolamine Sigma Aldrich 98%

The reagents used in the immobilization process are listed in Table 5-1. The immobilization
process of the antigen BSA was based on the procedure detailed in [42] and consisted of
three main steps: (1) activation, (2) antigen attachment, and (3) passivation, as shown in

Figure 5-1 (b). In the first step, the E-SMS structures were cleaned in the piranha solution
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for 5 minutes and immersed in a solution of NaOH 5M for 30 seconds. Then the E-SMS
structures were incubated in APTES 10% (v/v) in distilled water for 4 h and dried for 1 h at
room temperature. This silanization process modifies the surface affixing amino groups that
allow the BSA to be attached onto the fiber surface. For the second step, fibers were
incubated for 2 h in the PDITC solution (0.3 M PDITC in DMF) at room temperature, washed
with DMF and immersed in a BSA solution culture for 4 hours, and then rinsed using PBS
buffer to remove the unattached BSA molecules. Finally, the last step of the immobilization
was the passivation which consists in the specific bonds blockage using Ethanolamine
(10%), washed with TRIS buffer, washed with doubly distilled water and dried for 1 h at

room temperature. The immobilized E-SMS were preserved refrigerating them at 4 °C.

5.2.2 Experimental setup and Anti-BSA detection

After the immobilization of BSA antigen process, the bio detection tests were performed
using the experimental setup showed in Figure 5-2 and by placing in contact the sensitive
surface of the E-SMS with serial solutions of antibody anti-BSA diluted in PBS buffer at
concentrations of 100 pg/ml, 10 pg/ml, 1 pg/ml, 0.1 pg/ml, and 0.001 pg/ml. All tests were
carried out at room temperature, considering that the temperature fluctuation was not higher
than £ 2 °C, which implies an error less than £20 pm in the spectrum response of the
sensors [43]. The protocol used for the bio detection consisted of the following steps: (1)
HCl was applied on the sensing surface of the functionalized E-SMS for 3 min to clean and
break previous bonds, thus regenerating the biosensor. (2) The HCI solution was then
removed followed by the application of the PBS 1X for 3 min while a measurement of the
optical spectrum was being recorded by the OSA. This first spectrum corresponded to the
base line. (3) PBS 1X buffer was removed and the desired antibody sample was put in
place while the spectrum measurements were recorded for 10 min. For each Anti-BSA
sample, this protocol was repeated. The difference in wavelength between a peak on the
base line with PBS and the same peak measured after 10 min of antibody interaction was
taken as the biosensor response. This response is related to the sample concentration due
to the refractive index change in the sensing surface of the E-SMS that result from the anti
BSA/BSA bonds.
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Figure 5-2: Experimental setup used to measure transmission spectra of the E-SMS
sensor.

Once the ability of E-SMS biosensor to detect low concentration of Anti BSA was validated,
an indirect competitive immunoassay was developed using the same sensing structures in
order to determinate the limit of detection (LOD). The optimal concentrations of antigen and
antibody were previously determined through numerous direct assays using the different
concentrations of immobilized BSA and solutions of anti-BSA. The same experimental
setup shown in Figure 5-2 was used and the concentration of immobilized BSA was fixed
at 1 mg/ml, and the sample target of anti-BSA was fixed at 1 pg/ml in this competitive
immunoassay. In this case, the protocol used for the bio detection was modified as follows:
(1) HCl was applied in the sensing surface for 3 min to clean and break previous bonds. (2)
The HCI solution was removed followed by the application of the PBS 1X for 3 min and the
measurement of the optical spectrum was recorded as a base line. (3) PBS 1X buffer was
rinsed and a sample of anti- BSA 1 ug/ml was applied while the measurements of the
spectrum were taking for 10 min. The difference in wavelength between a peak on the base
line with PBS and the same peak measured after 10 min of antibody interaction was taken
as the sample target or maximum biosensor response. (4) The anti-BSA sample was
removed and a mixture of equal parts of BSA 1 pg/ml and anti-BSA 0.01 pg/ml was placed
onto the sensing surface for 10 min. Here, the difference in wavelength shifts due to the
sample target and due to the anti-BSA/BSA mixture with respect to the base line with PBS
was taken as the biosensor response. This procedure was repeated for different mixtures
of anti-BSA/ BSA, in which the concentration of the former remains constant at 1 ug/ml and

the latter varies between 0.01 and 100 pg/ml (in serial solutions).
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5.3 Results and discussion

The ability of the E-SMS structure to detect anti-BSA was experimentally studied using the
aforementioned biosensing protocol. Figure 5-3 (a) shows the spectrum tracking for the
functionalized E-SMS sensors to the serial solutions of anti-BSA indicating the limiting
concentration of Anti-BSA. A red-shift is clearly observed due to the change in the
concentration of the antibody and the formation of anti-BSA/BSA bonds in the MMF section
of the E-SMS structure. The spectrum response of the biosensor to the concentration of
anti-BSA is summarized in a dose-response curve shown in Figure 5-3 (b). These results
show that the E-SMS biosensor can detect low concentrations of up to 100 ng/mL of Anti-
BSA proving to be promising and potentially suitable to bio-molecular detection at low
concentrations. Moreover, a sensitivity of 2.3 nm/(ug/ml) is obtained from the slope on the
inflection point of Figure 5-3 (b), obtaining a higher value than that reported for similar bio
sensing technologies based on optical fibers such as those reported in [35] and [36],
outperforming the former in 2 orders of magnitude and the latter in 3 orders of magnitude.
This high sensitivity is justified by the fact that the antigen BSA of the target molecule anti-
BSA was immobilized onto the transducer surface makes it highly specific to detect this
protein. The antigen-antibody bond produces changes in refractive index near the sensing
surface that are mostly affected by the coupling of the specific protein Anti-BSA and not by

other proteins in the sample.
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Figure 5-3: (a) Spectral response of the E-SMS biosensor for different concentrations of anti-BSA.
(b) Dose-response curve of antiBSA of the E-SMS sensor.
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On the other hand, the temporal response of the sensor and the results of the indirect
competitive immunoassay are correspondingly summarized in panel (a) and (b) of Figure
5-4. Using the methodology described in [43] and [44], the inverse function of the
percentage of inhibition graph is taken and the LOD can be obtained evaluating the point
determined by the mean value of the % inhibition due entirely to the sample target of Anti
BSA plus three times the maximum standard deviation of the % inhibition due to the mixture
of BSA and Anti BSA. The obtained LDO = 0.7 pg/ml implies that que biosensor based on
E-SMS structure can detect concentrations of Anti-BSA under 1 pg/ml, that is lower than
the ones reported in [45], [46], and [34]. In addition, as can be interpreted from the little
error bars of the standard deviation of the measurements of all functionalized sensors, the
implemented protocol allows to obtain reproducible and repeatable E-SMS biosensors with
response and sensitivity in the same order of magnitude. These obtained results validated
that cost-effective (less than $10 USD for materials and manufacturing), compact, and
highly sensitive E-SMS fiber structures can be immobilized to detect with high specificity
Anti-BSA at concentrations as low as 100 ng/ml, which makes it very promising and
potentially suitable for sensing in biomedical applications such as the bio-molecular

detection of species such as Mycobacterium tuberculosis.
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Figure 5-4: (a) Temporal response of the E-SMS biosensor during the competitive assay. (b)
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The results that have been achieved are pleasantly encouraging, validating that the
biosensing structures based on E-SMS fiber are some of the simplest, selective, reliable
and cost-effective alternatives for detecting biological species at low concentrations, which
makes it very promising and potentially suitable for sensing in biomedical applications such

as the bio-molecular detection of species such as Mycobacterium tuberculosis. These
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biosensors offer high potential for the development of a simple, reliable, and cost-effective
platform system for on-site detection and low concentrations monitoring of biological
species. The integration of these sensors into a portable platform is reported in detail in the
next chapter of this thesis.

Conversely, the results of the E-SMS structure functionalized for detection of Anti-BSA in
gave rise to some contributions reported in the following manuscript submitted to indexed
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6. Fiber Optics Sensing Platform for Low-
Concentration Monitoring of Biological and
Chemical Species

6.1 Introduction and Background

The problem of detecting and monitoring contamination levels with toxic heavy metal ions,
such as the mercury, in water is no different to the problem of rapid detection and monitoring
of infectious diseases such as tuberculosis. Portable, specific, sensitive, and cost-effective
technology for the rapid detection of substances with low concentration is required to
address these health problems which particularly affect vulnerable populations in remote
regions [1], [2]. In response to this problem, a wide range of approaches have been
reported in the literature for detecting chemical and biological substances, including
electrochemical sensing platforms [3], microchip electrophoresis [4], portable mass
spectrometers [5], handheld Raman [6]-[8], smartphones [9]-[11], and near infrared
spectrometer (NIR) instruments [12], as well as and point-of-need devices [13]-[15], like
paper-based platforms for in-field analysis of substances [16], [17]. The mentioned
examples have successfully demonstrated the huge potential of portable devices for on-

site applications.

Regarding the optical fiber sensing platforms, there are not too many of these devices
reported in the literature, in contrast with the large amount of scientific papers on optical
fiber sensors for measuring chemical and biological species that are published almost on a
daily bases on all types of journals of wide international circulation [18], [19]. It means that
there is a vast opportunity for the development of scientific and technological research
related to the effective implementation and on-site deployment of sensors based on fiber
optics for chemical, biomedical and biochemical measurements. Some prototypes that are
more related to the fiber optics sensing platform proposed in this thesis including fiber optics

sensing platform based on Raman spectroscopy [20], carbon quantum dots [21], Bragg
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gratings [22], fluorescence [23], interferometers [24], [25], surface plasmons [26], lossy
mode resonance [27], and evanescent field systems [28], [29] .

Most of these fiber sensing platforms, however, require sophisticated instrumentation for
their fabrication and implementation, or are limited in selectivity, sensitivity, compactness,
and rapidness, which might be challenging for field implementation in remote regions [30].
This is precisely the motivation for this last chapter of this thesis, in which it is reported the
design, modeling, fabrication, and implementation of a portable and compact alternative for
on-site testing of chemical and biological species. This fiber optics platform alternative was
designed striving to ensure compliance of the democratization criteria of the sensing
advanced technology such as the high affordability, user-friendliness, robustness,

selectivity, sensitivity, rapidness, equipment-free, and available to people in need [31].

The proposed platform is based on a spectrophotometer with a working spectrum in the
visible range that integrates an E-SMS fiber sensor. This cost-effective and practical sensor
was selected instead of the sensor based on slanted end, mainly because of the difficulty
of controlling the optical power of the coupled high power 670 nm LED and for its best
features of sensitivity, repeatability, and smaller transmission losses; without implying that,
the other selective sensor cannot be implemented in the sensing platform if a low-noise
current and temperature control unit is incorporated. Thereon, several spectrophotometers
can be found in the literature including the versatile color measurement spectrophotometer
[32]; ultra violet spectrophotometer [33] and near infrared spectrometer [34], based on CCD
detectors (for non-visible ranges of the spectrum) [35], and based on LEDs for the visible
spectrum range [36]-[38]. These sensing platforms based on spectrophotometers are
generally expensive and complicated, principally due to the sophisticated sensors that are
included in them, which limits their portability or accessibility [39], [40]. The cost of these
portable devices varies between $500 and $9,000 USD at the time of this research [41]—
[43]. Here, however, the integration of a cost-effective (less than $10 USD for materials and
manufacturing) selective, simple to fabricate, and easy to implement, functionalized E-SMS
sensor can contribute to decrease the cost of the sensing technology based on

spectrophotometers.

In response to that opportunity, in this last chapter the design, modeling, fabrication,
integration of sensors, and preliminary evaluation of a compact optical fiber sensing

platform based on spectrophotometer in the visible range, for detection of chemical and
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biological species at low concentrations, is reported in detail. Although to date the studies
on the performance of the sensors based on E-SMS structures were performed using an
infrared light source, in the proposed device an illumination source in the visible range was
chosen to develop a truly cost-effective platform (a high power 670 nm LED is at least 100
times less costly than an infrared superluminescent diode). Since, according to the analysis
of Section 3.3.1, the reduction of the wavelength of the illumination source, which implies a
linear decrease of the sensitivity, can be compensated with the reduction of the diameter
of the MMF section; and the optical elements, such as the diffraction grating, and the
detection system are substantially less expensive and more affordable at local stores. In
the Table 6-1 a comparison of the cost of available commercial components and the cost-
effective of production or adaptation of the systems implemented in the sensing platform is
presented.

Table 6-1: Comparation of cost of similar commercial components and the system implemented in
the sensing platform.

Cost ratio
Commercial component Implemented component (Commercial/implemented)
Fiber-Connected high power

Fiber-Connected IR LED [44] 670 nm LED 50
Colorimetric sensor for Hg?* [45] E-SMS sensor for Hg?* 1
Biosensor for BSA [46] E-SMS biosensor for BSA 13

IR Monochromator [47] Visible Monochromator 100

IR detector [48] Visible detector 5

IR Optics [49] Visible optics 20
Commercial sensing platform [41] Proposed sensing platform 30

In the following paragraphs the operating principles of the sensing platform were
theoretically and numerically analyzed. Then the design of the functional blocks, the
description of the mechanical assembly, the optical mounting, and the electronic modeling
were detailed in the second section of the chapter. Finally, the fabrication of the fiber optics
sensing platform was reported and evaluated with some test measuring low concentrations

of mercury in water and anti-BSA under laboratory conditions.

6.2 Operating Principles and Resolution Review

The sensing platform based on fiber optics described in the present chapter is supported

on visible spectrophotometry for optical spectrum analysis. Optical spectrum analysis is the
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measurement of optical power as a function of wavelength of the illumination source that
illuminates the sample [44]. Figure 6-1 (a) shows the optical spectrum produced by an E-
SMS fiber sensor to which a broad-spectrum light source based on a red LED is coupled.
The detected illumination profile is not purely monochromatic, but it consists of a continuous
power distribution within a limited wavelength domain and with an amplitude profile
determined by the characteristics of the coupled illumination source. Applications of the
spectrometry for optical analysis include chemical and biological sensing, biometry, and
various light level measurements: testing laser and LED light sources for spectral
characterization and power distribution, as well as testing transmission characteristics of
optical devices [45], [46].

On the operating principle of the spectrophotometer for optical analysis, the Figure 6-1 (b)
shows the typical structure of a conventional spectrophotometric device of the type used
for food inspection [47], drinking water quality monitoring [48], bioanalysis [49], chemical
characterization [50]-[52], and illumination measurements [53]. In that configuration, the
incoming light from a broad-spectrum light source illuminates the sample and passes
through optical components, including collimation lenses and a diffraction grating, to reach
a photodetector system. The photogenerated current creates a voltage signal through an
analog circuit, which is then digitized and analyzed using a computer. Despite its simple
description, the conventional spectrophotometry system for optical analysis is too bulky for
portable and cost-effective applications.
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The spectrophotometers for optical analysis, as the proposed in this thesis, are usually
called optical spectrum analyzers (OSA). These can be classified into three main
categories: (I) OSA based on diffraction gratings and based on two interferometers [54],
[55], (II) the OSA based on Fabry-Perot [56], and (IIl) based on Michelson interferometers
[57]. In terms of resolution, which is defined as the measure of the smallest spatial variation
(measured in wavelengths) produced by a small variation of optical power that can be
resolved by the photodetector [54]; the optical spectrum analyzers based on diffraction
gratins are capable of measuring spectra of lasers and LEDs, with a variable resolution,
typically ranging from 0.1 nm to 10 nm [58]. For its part, The OSA based on Fabry-Perot-
interferometer have a fixed, narrow resolution, between 0.02 nm and 0.2 nm [59]. Michelson
interferometer-based optical spectrum analyzers, which are used for direct coherence
length measurements, analyses the optical spectrum by calculating the Fourier transform
of the measured interference pattern with resolutions between 0.015 and 0.15 nm [57].

The sensing platform based on optical fiber proposed in this thesis uses a diode laser as
illumination source, the E-SMS sensor as sample holder, a diffraction grating as
monochromator, a light to frequency sensor as photodetector, and a microcontroller as
signal processor; the conceptual image of the compact and portable sensing platform is
illustrated in Figure 6-2 (a). Each of these components and their connections, described on
the block diagram in Figure 6-2 (b), are explicated in detail in the following section, where,
moreover, the resolution capacity of the OSA in the sensing platform is calculated to be up

to 0.2 nm.
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Figure 6-2: (a) Portable and compact sensing platform concept. (b) Block diagram of the sensing
platform based on optical fiber for monitoring biological and chemical species.
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6.3 Design

lllumination Source.

The light source of the proposed sensing platform is composed of a high power 670 nm
LED of 1 W, two 5 degrees light beam collimator lens, and a FC/PC single mode fiber
connector, as shown in Figure 6-3 (a). These components are embedded into a cylindrical
metal casing with threaded end caps that ensures the proper alignment and position, as
shown in Figure 6-3 (b). The lens focuses the light beam on the core at the cleaved end of
a singlemode fiber (Thorlabs® SMS 600), which is spliced at the proximal end of the E-
SMS fiber sensor. Another piece of single mode fiber is also spliced at the distal end of the
E-SMS fiber sensor.

Threaded

FC/PC Fiber Spring

Power LED Converging Lens Connector FC/PC

Connector
€Y (b)

Figure 6-3: (a) lllumination source based on a fiber coupled power LED. (b) Model of the fiber
coupled power LED embedded into a cylindrical metal casing with threaded end caps.

Sensor and Sample Holder

E-SMS fiber sensor functionalized for detection of a particular chemical or biological
species is integrated to the sensing platform into the sensor module. This module consists
in a plastic container with small lateral slits to hold it in place the E-SMS structure and a
central cavity which is filled with the sample to analyze, as shown in Figure 6-4 (a). One
end of the E-SMS fiber is connected to the illumination source and the other end fiber
transmits the light to a fiber with its distal end shaped on a conical geometry, where the
light is collimated and focused on a small surface of the diffraction grating. The cone shaped
optical fiber at an angle of 15° is used to ensure collimation of the light propagating into the
fiber. Since, as indicated above, and as can be verified in [60], the apex angle of a cone-
shaped optical fiber controls the numerical aperture, leading to a collimation of the light

when that angle is set to 15°, as shown in Figure 6-4 (b).
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Figure 6-4: (a) Sensor module with the sample holder. (b) Cone shaped optical fiber at the end of
the E-SMS fiber sensor collimates the light propagating into the fiber.
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Figure 6-5: (a) Monochromator based on a cam follower mechanism. (b) Principle of the reflective
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diffraction grating.

The monochromator is composed of a stepper motor with a gearbox, a cam follower, and
a diffraction grating obtained from a blank DVD disc, as shown in Figure 6-5 (a). A stepper
28BYJ-48 — 5V with 64 steps per revolution, 5.6° of rotation per step, is used. The stepper
motor produces the rotation of the diffraction grating and it is controlled by a microcontroller
(MCU) together with an ST Microelectronics® ULN2003 motor driver. Using the cam
follower connected to, and driven by, the stepper motor, the new resolution of the rotation
of the diffraction grating is about 0.2 degrees per step. The reflective diffraction grating acts
as the dispersive element to separate the spectrum in individual wavelengths by cause of

the large number of equally spaced parallel slits on its surface, which diffract the incident
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light on it allowing to observe an individual wavelength, or color, when the conditions for
constructive interference for a given wavelength are satisfied, as shown in Figure 6-5 (b).
The reflective diffraction grating used in the sensing platform was built using a small circular

portion of a blank DVD (0.72 um grating spacing, 1351 lines per mm).

The proposed sensing platform works in the in the red wavelength region, with a constant
spectral bandwidth of 10 nm. To increase the spectral resolution, the position of the stepper
motor was adjusted so that detector can capture the reflected light from the second order
produced by the diffraction grating, considering that the smallest resolvable wavelength
difference of grating is given by [60]:
N
mN
where A is the wavelength of light, N is the total number of slits illuminated and m is the
order of the diffraction. With N=1351 lines/mm, A=633 nm, and m=2, the designed

(6.1)

monochromator has a selectivity of 0.2 nm per step sweeping all of the 10 nm of the
spectrum in 50 steps. In order to detect a specific wavelength, the grating equation can be
used [60]:

a[sind; + sinb,,] = Am. (6.2)

This equation states that a diffraction grating with spacing o will deflect light at discrete
angles 6,,, dependent upon the value 1 and the order m of principal maxima. For the

diffraction grating based on DVD, a = 740 nm.

Photodetector.
A light to frequency sensor AMS OSRAM ® TSL235R is used as photodetector, which

combines a silicon photodiode and a current-to-frequency converter on a single monolithic
CMOS integrated circuit [61]. This semiconductor device converts measurements of light
intensity to a digital form for direct interfacing to a microcontroller, as shown in Figure 6-6.
The output of this electronic component is a square wave whose frequency is linearly

proportional to the light intensity.



Fiber Optics Sensing Platform for Monitoring Biological and Chemical Species 133
at Low-concentrations

/Dim Light
5
~ A 2
& (0]
(o))
8
S
Br;’/m Light v Time (ms) 10
i
S S
\ ©
(o]
8
9
TSL235R F%,

3 Time (ms) 16
Figure 6-6: Response of the photodetector TSL235R to the intensity of the incident light.

Microcontroller.

A microcontroller Microchip© PIC18F2550 was used as processor of the digital signal
generated by the light to frequency sensor and as controller of the motor driver and the
display. Digital ports were used for reading the square wave and sending direction signals
to the motor driver to sweep the complete spectrain 2 s. The code uses 18% of the memory.
The microcontroller was also used to compute the shift of the optical spectrum when the
biological or chemical sample was put in contact with the functionalized E-SMS sensor. The
shift in wavelength of the optical spectrum is then analyzed as a change in the spatial
position, measured by the angular position of the diffraction grating, of the global minimum
of frequency.

6.4 Hardware Setup

With the aim of verifying distances and positions of the functional elements that constitute
the spectrophotometer of the fiber optics sensing platform, a numerical study in COMSOL
Multiphysics® was carried out using the Ray Tracing Module and the optical elements
provided by the application, such as mirrors, reflective diffraction grating set up in 1351
lines/mm, and optical power and wavelength detectors, as shown in Figure 6-7 (a). From
this simulation analysis it was possible to optimize the dimensions of the mechanical
support structure in a compact box of 120 mm x 200 mm x 50 mm, placing the diffraction
grating 75 mm from the second mirror, and this to 85 mm from the detectors to ensure the

greatest dispersion of the light still under confined dimensions.
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Geometrical arrangement of the functional elements was experimentally verified mounting
each item on the optical table in the laboratory, by following the disposition indicated by the
aforementioned framework of the simulation. For this purpose, a DC voltage source was
used to energize the electronic circuits. The microcontroller, the E-SMS fiber sensor, and
the detector were incorporated into the experimental setup, as show in Figure 6-7 (b). The
diffraction grating was mounted on a manual rotating stage Newport ™ RSP-1T (resolution
0.1 degrees) in order to control the angular position. This experimental setup also resulted
in the identification of individual functional modules to be fabricated to get a compact and

portable fiber optics sensing platform as illustrated in Figure 6-7 (c).
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Figure 6-7: (a) Numerical study in COMSOL Multiphysics® of the designed spectrophotometer. (b)

Experimental setup in the laboratory of the fiber optics sensing platform. (c) CAD model of the

portable and compact fiber optics sensing platform.

The compact and portable fiber optics sensing platform was assembled after fabricated

each individual functional module: lllumination source, sample holder, optical spectrum
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analyzer (spectrophotometer), opto-electronics processor, and display. Apart from a more
compact sample holder for the E-SMS fiber sensor, only the supports for the mirrors and
the grating were redesigned to ensure the appropriated guidance of the optical signal within
the portable sensing platform. All other functional modules remained unmodified when they
were integrated into the aluminum support structure, which was fabricated using a Haas ®
CNC Milling Machine.

6.5 Results and Discussion

The light source based on a high power 670 nm LED of 1 W, two 5 degrees light beam
collimator lens, and a FC/PC single mode fiber connector was implemented and tested
using a Power Meter EXFO® FPM600, obtaining a measure of up to -15.1 dBm, which is
40% smaller than the typical measurement values in fiber-coupled diode lasers
(~ —10dBm), but with intensity enough for sensing purposes. The photograph in Figure
6-8 shows a photograph of the red beam emerging of the fabricated light source based on
a fiber-coupled power LED.

o
Figure 6-8: Light so:rce based on aﬁber—coupled powerLD.
With the aim of verifying the ability of the design spectrophotometer to reproduce the optical
intensity distribution of a broad-spectrum light source, a stabilized tungsten-halogen source
(Thorlabs SLS201L), 360 - 2600 nm, was located in the illumination source module of the
sensing platform. The diffraction grating was rotated from -75° to 75 ° with the manual
rotating stage and the frequency measured by the photodetector was captured by the

microcontroller. The graph of the frequency versus the angle of the grating for this broad-
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spectrum source is shown in Figure 6-9. The characteristic spectral power distribution of
the source provided by the manufacturer is shown in inset. In direct comparison, the results
show an identical intensity distribution in the corresponding spectral region, with the same
slope between 550 and 850 nm, which would allow to characterize the angular position of
the grating with the wavelength. However, this characterization is not necessary because
the aim of the sensing platform is to track the position, anyone whether angular or in
wavelength, of the global minimum of the spectrum when the concentration of the sample
is modified.
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Figure 6-9: Frequency versus the grating angle for the broad-spectrum stabilized tungsten-halogen

source. Inset: Characteristic spectral power distribution taken from [63] pointing out with a yellow
oval the corresponding spectral region.
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Figure 6-10: Spectrum response of the functionalized E-SMS sensors for different concentrations

of (a) mercury in water and (b) Anti-BSA.

The E-SMS fiber sensors were subsequently connected to the illumination source module

to experimentally evaluate the ability of the fiber optics sensing platform to detect the
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changes of the concentration of Hg?" ions in water and Anti-BSA in PBS in the sensing
surface of the functionalized sensors as described in chapters 4 and 5. The Figure 6-10 (a)
and (b) show correspondingly the spectrum response for the E-SMS structures to the
different concentrations of Hg?* in water, from 0 to 0.001 to 1 pg/mL, and concentrations of
Anti-BSA between 0 to 10 pg/mL. As expected, a shift in the angular position of the global
minimum is clearly observed due to concentration change of the chemical and the biological
specie in the sensing surface of both E-SMS sensors. These results show that the fiber
optics sensing platform can monitor chemical interactions up to a minimum of 0.001 pg/mL
(one part per billion) of Hg?* in water and 0.1 pug/mL of Anti-BSA, proving to be very
promising, rapid, sensitive, and potentially suitable cost-effective sensing technology for
detection of chemical and biological species at low concentrations.

The results obtained with the fiber optics sensing platform mounted on the optical tabletop,
validated the geometrical arrangement, the optimal sizes, the functional characteristics, and
the applicability limits of the different functional modules of the designed compact platform.
All of these modules were integrated into the aluminum support structure especially built
for this purpose. In order to achieve a portable device, a lithium-ion battery was
incorporated as DC voltage source for energizing the electronic circuits that control the
illumination source, the photodetector, the digital processor, and the display. The
photograph of the fabricated compact and portable fiber optics sensing platform is shown
in Figure 6-11. More information on the final adjustments, operation principle, and definitive
results, are not provided in this thesis because it forms part of the undisclosed information,

in the patent application that led the sensing platform developed in this research:

Universidad Nacional de Colombia y Universidad EIA. Patifio-Jurado, Brayan;
— Cardona-Maya, Yamile; Montagut-Ferizzola, Yeison; Botero-Cadavid, Juan F.
. 4 Garcia-Sucerquia, Jorge “Dispositivo de sensado basado en interferometria de
fibra Optica.”
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Figure 6-11: Photographs of the Fiber optics sensing platform for monitoring biological
and chemical species at low-concentrations.
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7.Conclusions and Recommendations

7.1 Conclusions

A fiber optics sensing platform for rapid on-site detection and monitoring of biological
species at low concentrations, such as the anti-BSA, and chemical species such as the
mercury, was designed, modeled, and constructed in this thesis. The state-of-the-art of the
technology of the optical fiber sensors was explored, reported, and exploited throughout
this document. As a result of this review, the most affordable, low-cost, and with potential
for sensing low concentrations of substances methodologies based on fiber optics
interferometers were identified and evaluated. In particular, cone-shaped optical fibers, E-
SMS structures, and fiber with slanted ends were investigated as refractive index and
temperature sensors. The results achieved for the cone-shaped optical fiber were
discouraging due to it was verified that this technology is not a proper alternative to measure
refractive index changes of chemical species at low concentrations without the tip
modification with a thin film coating. However, cone-shaped optical fibers with tailored
numerical aperture were obtained and used as illumination source for the sensing platform

developed in this thesis.

As another contribution, this thesis presented the development of a simultaneous
wavelength-modulated temperature and an intensity-modulated RI sensor based on optical
fiber structure with a slanted end, which demonstrated a sensitivity within the range of
formerly reported sensors of its kind, but being very inexpensive, compact, and easier to
fabricate than others of its type. This structure was theoretically analyzed, numerically
verified using COMSOL Multiphysics®, fabricated and experimentally proved to verify the
feasibility of this simple structure to measure temperature changes and Rl in NaCl solutions,
with sensitivities of 21.5 pm/°C and -136 dBm/RIU in the RI range from 1.3095 to 1.3439.
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Furthermore, the model that describes the formation of the optical spectrum as a result of
the multimodal interference phenomenon and the wavelength-modulation due to RI
fluctuation for the E-SMS fiber structure was reported in this thesis. Along with the
theoretical analysis, it was included a numerical verification of the theoretical model using
COMSOL Multiphysics®. This compact structure was fabricated to experimentally
demonstrate the feasibility to tailor the geometry and the sensitivity of this simple
technology and therefore reliably to measure Rl in NaCl solutions; proving at the same time
that the sensitivity of this cost-effective sensor can reach to 766 nm/RIU in the Rl range
from 1.3095 to 1.3439. This innovative and highly reproducible sensor was also
investigated as a biosensor and applied to immunoassays (detection of an antigen/antibody
binding), proving the feasibility of this simple structure to measure low concentration of
biological species such as the bovine serum albumin (BSA). The analytical and
experimental study performed demonstrated that the functionalized E-SMS biosensor
provided high selectivity in the detection of Anti-BSA, with the ability to detect biological
interactions up to 100 ng/mL, with a sensitivity of 2.3 nm/(ug/ml) and LOD of 0.7 ug/mL,
which represents a 30% improvement with respect to the previous reported literature.

Once the E-SMS fiber structure and the optical fiber with a slanted end were identified as
the most cost-effective, simple to construct, and relatively easy to implement refractive
index sensors, these were functionalized and tested for selective detection of ions Hg?* in
water at low concentrations, up to 1 ppb. A very suitable functionalization protocol was
evaluated immobilizing a CS/Fe,Os3 thin film for the absorption of mercury ions on the
sensitive surface of the fiber probes. The experimental results obtained in this thesis
demonstrated the ability to detect selectively chemical interactions up to 1 ppb
(0.001pg/mL) of Hg?* in water for both types of sensors, with sensitivities of up 290
pm/(pg/mL) for the sensor based on the E-SMS structure and -0.07 dBm/(ug/mL) for the

sensor based on the slanted end structure.

The ultimate contribution of this thesis was the design, modeling, fabrication, and test of
the compact, portable, and rapid fiber optics sensing platform based on a
spectrophotometer, with a working spectrum in the visible, which integrates the E-SMS
sensor in order to detect and monitor low-concentrations of the biological and chemical
species. Reporting the functional modules optimized, the experimental setup proven on the

optical table, and the final prototype were obtained the results that verified the ability of this
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technological contribution to detect interactions up to a minimum of 0.001 pg/mL (one part

per billion) of Hg?* in water and 0.1 pg/mL of Anti-BSA.

7.2 Recommendations

As a complement to the research that has been undertaken on this thesis, the following is

recommended:

1.

3.

Although in the introduction chapter and throughout the text the possibility to
measure Mycobacterium tuberculosis by using functionalized biosensors based on
E-SMS structures was suggested, this purpose could not be achieved in the time of
development time of this thesis, principally due to the delays in the import process
of the biological reagents, as a consequence of the restrictions made by foreign
governments in exporting these type of products because of the Covid-19 world
health emergency. However, as indicated previously, the results of the optimized
biosensor and the functionalization protocol for the immobilization of the model
molecule BSA, and the detection of Anti-BSA, are important advances in the effort
to detect low concentrations of other biological species such as Mycobacterium
tuberculosis. The latter is the main objective of the Minciencias research project
entitled “Plataforma Basada en Biosensores a Fibra Optica para la Deteccion
Rapida de tuberculosis y el Seguimiento Evolutivo de Pacientes” that partially
supported the development of this doctoral thesis, which continues to be developed
by our research group and probably lead to results susceptible to be published.

The fiber optics sensing platform developed in this thesis was tested under
laboratory conditions. A performance evaluation in the field, in remote regions,
should be carried out in order to determinate the functional limitations when
concentrations of real samples of biological and chemical species are demanded in

unregulated or loosely controlled environments.

A compact and portable illumination source based on a power LED with minimum
optical losses should be designed and implemented, with the aim of being able to

evaluate the sensor based on fiber optics with a slanted end within the sensing
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platform for monitoring the chemical and biological substances. This sensor is much
easier and faster to fabricate than the E-SMS fiber sensor is; therefore, it is worth

to integrate with the portable sensing prototype.



