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Abstract 
This Doctoral Thesis is devoted to the development of novel 

nanophotonic sensors as alternative solutions for the existing 
environmental monitoring tools currently employed. In particular, 
we propose the use of a novel interferometric sensor, the bimodal 
waveguide interferometer device (BiMW), for the selective, sensitive, 
rapid and direct analysis of pollutants present in the marine and the 
air environments.  

For the detection of pollutants in different media, air and 
water, two strategies have been followed. The first approach was the 
development of a biosensor device based in a competitive 
immunoassay for the detection of traces of a pesticide directly in 
seawater. To achieve this objective, we started with an in-depth study 
of different biofunctionalization strategies because the surface 
chemistry needs to be optimized to maximize the stability, 
reproducibility and sensitivity of the competitive immunoassay. 
Another crucial step for the development of the pesticide biosensor 
was the optimization of the immunoassay conditions. Our final 
immunosensor overcomes some of the constraints of the current 
analytical techniques and offers an advanced analytical tool for the 
real-time and on-site monitoring of water pollution control.  

The second strategy proposes the integration of Metal-Organic 
Frameworks (MOFs) as receptors to develop a chemical sensor for the 
detection of small molecules such as gases. First, the type of MOF and 
the integration in thin films were evaluated and optimized. Then, the 
developed MOF-BiMW gas sensor was assessed in terms of 
sensitivity, selectivity, reproducibility and stability. Results show that 
this new sensor overcomes some of the drawbacks of the current 
methodologies for gas sensing.  

This work has opened the path of a new research line for the 
real implementation of advanced environmental monitoring sensing 
tools.
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Resumen 

La presente Tesis Doctoral está dedicada al desarrollo de 
novedosos sensores nanofotónicos como soluciones alternativas a las 
herramientas existentes de monitoreo medioambiental. En concreto, 
proponemos el uso de un novedoso sensor interferométrico, el 
dispositivo de guías de onda bimodales (BiMW), para el análisis 
selectivo, sensible, rápido y directo de contaminantes presentes en 
ambientes marinos y el aire. 

Para la detección de contaminantes en diferentes medios, agua 
y aire, se han seguido dos estrategias. La primera fue el desarrollo de 
un dispositivo biosensor basado en un inmunoensayo competitivo 
para la detección de bajas concentraciones de un pesticida 
directamente en agua de mar. Para lograr este objetivo, empezamos 
con un estudio en profundidad de diferentes estrategias de 
biofuncionalización porque la química de superficie debe optimizarse 
para maximizar la estabilidad, reproducibilidad y sensibilidad del 
inmunoensayo competitivo. Otro aspecto crucial para el desarrollo 
del biosensor fue la optimización de las condiciones del 
inmunoensayo. Nuestro inmunosensor final supera alguna de las 
técnicas analíticas actuales y ofrece una herramienta analítica 
avanzada para el control en tiempo real e in-situ de la contaminación 
del agua. 

La segunda estrategia propone la integración de redes metal-
orgánicas porosas (MOFs) como receptores para desarrollar un sensor 
químico capaz de detectar pequeñas moléculas como los gases. 
Primero, se evaluó el tipo de MOF y se optimizó la integración en 
láminas delgadas. Luego, se evaluó el sensor MOF-BiMW de gases en 
términos de sensibilidad, selectividad, reproducibilidad y 
estabilidad. Los resultados demuestras que este nuevo sensor supera 
algunos de los inconvenientes de las metodologías actuales para la 
detección de gases. 

Este trabajo ha abierto el camino para una nueva línea de 
investigación basada en la implementación de herramientas 
avanzadas para el control medioambiental 
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Chapter 1 
Introduction  

This chapter provides a general introduction about the environmental 
pollution and its impact. An overview about environmental 
monitoring is also described, mainly focusing in water and air quality 
control and the existing analytical tools for such analysis, pointing out 
their advantages and limitations. Finally, the chemical sensor and 
biosensor technologies, in general, and the description of silicon 
photonics based sensors, in particular, are described.  
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1. Introduction 

 Environmental pollution 

The natural environment encompasses the physical 
surroundings, both biotic and abiotic, happening without man-made 
changes. The anthropogenic disturbances are caused because humans 
are the only species with advanced material-technological cultures 
that affect the natural environment.1 Human activity directly or 
indirectly results in the introduction of contaminants in the natural 
environment. A contaminant or pollutant is an unwanted biological, 
chemical, physical or radiological substance, that once introduced in 
the natural environment, causes an adverse change.2 This 
phenomena, called environmental pollution, has been a crucial 
concern and has been identified as the origin of the global climate 
change.3 However, despite the profound concern at worldwide level 
and the strong investment in remediation actions, the slow, but steady 
degradation of water, soil and air quality continues. 

1.1.1. Origin and classification 

Environmental pollution happens from natural sources since 
ancient times, but it is, since the last century, that an unprecedented 
impact has occurred from man-made causes.4 It is commonly 
misinterpreted the pollution solely from anthropogenic sources but 
natural cause of contamination also exists; for instance, from 
volcanoes and fires.5 Contaminants can experiment many different 
routes once they are released in the natural environment (see Figure 
1.1). An example can be a harmful particle suspended in the air that 
deposits in a river and ends up permanently adsorbed in a sediment.6 
When classifying the different types of environmental pollution, it is 
mainly based on one of these environments: water, air and soil. 
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Figure 1.1. Scheme of different routes of pollutant transportation. (source: 
NOAA) 
 

1.1.1.1. Water pollution 

Water is one of the most important natural resources for 
human life and has a key role in crucial processes such as climate 
regulation. Pollution results when contaminants are introduced into 
water bodies such as oceans, rivers, lakes, aquifers or groundwater.7 
Every year large quantities of waste and pollutants are dumped in the 
water bodies, derived mainly from anthropogenic actions related to 
industrial, tourism and urban activities.8 Those water pollutants 
include domestic wastes, food-processing wastes, volatile organic 
compounds (VOCs), heavy metals, pesticides and pollutants from 
livestock operations and chemical waste, among many others. The 
discharges of these contaminants together with the intensive 
exploitation of the water resources have caused the continuous 
degradation of the aquatic ecosystems both in terms of chemical 
composition and loss of biodiversity.9  

Pathogens are another major group of pollutants as they cause 
waterborne diseases from contaminated water, largely related to 
wastewater from the domestic sector. Besides, water is a common 
source for the distribution of pollutants to humans and to the rest of 
the biota. Examples are nutrient pollution (e.g. nitrogen, phosphates, 
etc.) increasing the growth of toxic algae that affects other aquatic 
animals, and pesticides affecting the photosynthesis of plants.10 
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1.1.1.2. Air pollution 

Air pollution is defined as the presence of substances in the 
atmosphere, resulting either from human activity or natural 
processes, present in sufficient concentration, for a sufficient time and 
under circumstances, such as to interfere with comfort, health and 
welfare of persons or the environment.11 The most common 
contaminant gases emitted to the atmosphere include carbon dioxide, 
carbon monoxide, sulfur oxides, nitrogen oxides, ozone, methane and 
chlorofluorocarbons, among many others. Other well-known air 
pollutants are VOCs or particulate matter (PM, fine particles of solid 
or liquid suspended in a gas). Despite air pollution is primary 
associated with man-made activities, many of the major air pollutants 
are also emitted by nature. Some of the most important anthropogenic 
sources are (Figure 1.2): (1) industries of manufacturing sectors, oil 
refineries and fuel production; (2) land transport; (3) small 
combustion sources from residential and commercial energy use; (4) 
fossil fuel power stations; (5) biomass burning in agriculture and 
forest management; and (6) agriculture, especially ammonia 
emissions from fertilizers and animals.12  

 

  
Figure 1.2. Total anthropogenic greenhouse gas (GHG) emissions (gigaton 
of CO2 - equivalent per year, GtCO2 - equivalents/year) from economic 
sectors in 2010.13 
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1.1.1.3. Soil pollution 

Another common type of contamination is the land pollution. 
The soil can be directly contaminated; for instance, when using 
pesticides; or after the transport and deposition of pollutants coming 
from the air and the rain. The most significant pollutants include 
hydrocarbons, heavy metals, pesticides and solvents. Common 
sources of pollution are fossil fuels from industry and transport, or 
the domestic sector that produces municipal solid waste that directly 
ends in landfills or are incinerated. In humans, the effects are not only 
directly related to health problems but also to food production; 
altering plant metabolism, reducing crop yields or up the food chain 
when animals eat plants that have absorbed soil contaminants.14  

1.1.1.4. Others 

Despite air, water and land pollution are the major types of 
environmental contamination, there are other significant ones. The 
alarming increasing rate of noise pollution is currently a key issue. 
Sources of outdoor noise are transport, industry and neighbors and it 
can affect human health and animal welfare.15 Finally, other 
important forms of contamination are radioactive and thermal 
pollution. 

1.1.2. Environmental impacts 

There are many impacts in the human health related to 
pollution (Figure 1.3). The presence of pollutants can have acute and 
chronic effects on humans depending on the toxicity, concentration 
and exposure time to the contaminant. The primary threat to death 
and disease globally is air pollution. Major health risks include lung 
cancer, acute respiratory infections in children, chronic respiratory 
and heart diseases and stroke.16 In developing countries, a primary 
health risk is water pollution owing to the contamination of drinking 
water by untreated sewage, being diarrhea the most widely known 
disease.17 
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Figure 1.3. Overview of the main health effects on humans related to 
pollution. (Source: Häggström, Mikael (2014)) 
 

A major environmental impact is global warming caused by 
the emission of greenhouse gases. Water vapor, carbon dioxide, 
methane, nitrous oxide and ozone are the primary greenhouse gases. 
Their continuous emissions are causing significant modifications in 
the last decades that were unprecedented in the last few millennia. 
Some of these effects include increased temperatures in the 
atmosphere and oceans, more often and longer heat waves, extreme 
precipitation events, decrease in the snow and ice levels with the 
arctic ice decline and retreat of glaciers, acidification of the oceans and 
rise of the global seal level. Moreover, the biota is heavily affected by 
the extinction of species and the reduction of the ecosystem 
diversity.13  

Another well know threat is the ozone depletion, caused by a 
steady lowering of the stratospheric ozone levels that prevents most 
harmful ultraviolet light (UV light) to reach the Earth surface.18 
However, ozone is considered a greenhouse gas when is present at 
abnormally high concentrations in the troposphere (the lowest layer 
on Earth’s atmosphere). The tropospheric ozone is a major constituent 
in the formation of smog that affects human health and the 
photosynthesis of plants due to the sunlight reduction.19 
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Other major concerns are eutrophication, invasive species, acid 
rain caused by sulfur dioxide and nitrogen oxides, and 
biomagnification, among others.  

 Environmental monitoring 

Environmental monitoring encompasses the processes and 
activities to evaluate the quality of the natural environment. The field 
of environmental monitoring has experienced a substantial progress 
in the last century, although the on-site control of contaminants is still 
an elusive problem. In addition, the growing number of pollutant 
sources is accompanied by an increasing need of having efficient early 
warning systems. Real-time and on-site monitoring of the pollution is 
vital to manage environmental degradation and to protect the natural 
environment quality for the future of the world. The conventional 
analytical techniques, based on chromatographic and spectroscopic 
technologies, remain the preferred analytical methods for 
environmental control due to its accuracy and sensitivity. However, 
these methods are limited to centralized laboratories, require 
expensive instrumentation, are time consuming and need trained 
personnel. To overcome the high costs and low speed of those 
analysis, chemical sensors and biosensors devices emerged as 
promising alternative tools several years ago.20 They can provide the 
demanded portable analytical tools and early warning systems 
because they are fast, specific, sensitive, reusable and enable 
permanent and unattended operation in the field.21 The available 
analytical instruments and methods for water and air pollution 
monitoring will be described in more detail. 

1.2.1. Water pollution monitoring 

Most of the harmful contaminants are present in extremely low 
concentrations and, therefore, their monitoring is a crucial step 
towards sustainability of the water quality and the use of the aquatic 
ecosystems.22 Conventional analytical methodologies are very 
sensitive and selective tools to control the water quality but they only 
operate at laboratory settings, with the associate problems of samples 
transportation without degradation. Bringing the monitoring tools 
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directly to the contaminated resource can result in cost and time 
savings, allowing tracing water pollutants evolution in real time and 
dramatically reducing the response time in case of pollution peaks 
episodes. 

1.2.1.1. Chromatographic methods 

Chromatographic techniques are conventional analytical tools 
for the determination of most of the pollutants. These techniques 
usually require pre-treatment of the matrix sample to separate the 
target analyte from other components of the matrix according to their 
physical and chemical properties. Initially, this step was done using 
liquid-liquid extraction (LLE) but nowadays solid-phase extraction 
(SPE) has gained presence as the most common sample preparation 
process. In the SPE method, the analyte in the liquid sample (mobile 
phase) is separated passing through a solid (stationary phase), being 
the target analyte or the impurities the ones which are retained in the 
stationary phase. Solid-phase microextraction (SPME) is a more 
recent technique that involves the use of a fiber coated with an 
extracting phase that can be reused; this coating material can be solid 
(sorbent) or liquid (polymer). The main chromatographic techniques 
are: 

• Gas chromatography (GC): is a common analytical tool for the 
detection of analytes that can vaporize without decomposition. 
The mobile phase is a carrier gas (usually the inert gas helium) and 
the stationary phase is a microscopic layer of liquid or polymer in 
an inert solid support inside a column of glass or metal. Each gas 
compound that is eluted has different retention times inside the 
column determining the separation of the analytes. Common 
selective detectors are the flame ionization detector (FID) and the 
thermal conductivity detector (TCD). However, one of the most 
effective and sensitive is the mass spectrometer (MS), called GC-
MS or in tandem, GC-MS/MS. 

 
• Liquid chromatography (LC and HPLC): in this technique, the 

stationary phase is a solid and the mobile phase is a liquid. High-
performance liquid chromatography (HPLC) is one of the most 



Chapter 1 
 

 8 

common analytical tools applicable to a wide range of pollutants 
(Figure 1.4). In this case, the mobile phase is a pressurized liquid 
solvent that is pumped inside the column. Common detectors are 
UV/Vis, photodiode array (PDA) or MS and MS/MS. 

 
• Thin-layer chromatography (TLC): is a low-cost technique that 

allows the simultaneous evaluation of numerous samples but with 
low resolution. It is used to separate non-volatile mixtures. 

 

 
Figure 1.4. Photo of a high-performance liquid chromatography. (Source: 
Controltecnica Instrumentación Científica, S.L.) 
 

The chromatographic methods are the most widespread 
employed analytical techniques owing to their high sensitivity and 
selectivity. However, they have several drawbacks, since they are 
expensive, need of sophisticated equipment run by trained personnel 
and are time consuming due to the many steps involved (extraction, 
cleanup and preconcentration steps). Some of these disadvantages 
can be overcome with the use of immunoassays techniques. 

1.2.1.2. Immunoassays 

An immunoassay is a biochemical test based on antibodies 
(Ab) for the detection and quantification of a target antigen (Ag). In 
most of the cases, a detectable label conjugated or linked to the Ab or 
to an Ag analogue is needed to produce a measurable signal. The most 
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common immunochemical method uses enzymes as labels and are 
named enzyme-linked immunosorbent assays (ELISAs) or enzyme 
immunoassays (EIAs). Other types of assays, based on the label 
employed, are: radioimmunoassay (RIA) when using radioactive 
isotopes; chemiluminescence immunoassays (CLIA) when the label 
emits detectable light in response of an electronic current; and 
fluorescent immunoassay (FIA) or fluorescence polarization 
immunoassay (PFIA) based on fluorogenic labels. 

Labeled Immunoassays can be homogeneous when the 
interaction of Ab-Ag takes place in the solution or heterogeneous 
when the interaction happens in the interface of a solid support and 
the sample matrix to separate the analyte from the solution. They can 
also be classified depending on the detection strategy (see Figure 1.5): 

• Competitive immunoassay: in the direct format, the sample 
containing the antigens is first mixed with a fixed concentration of 
labeled antigens and then, they compete for the binding sites of 
the antibodies immobilized on a solid support. In the indirect 
format, the antigens are immobilized on the solid support, and the 
sample with the analytes is first mixed with a fixed concentration 
of the antibodies. In this case, the fixed Ag interact with the free 
unbound Ab that did not associate with the Ag in the sample. This 
first Ab can be directly labeled, or a secondary labeled Ab can be 
added to interact with the first unlabeled Ab. With both the direct 
and the indirect immunoassay, the obtained signal is inversely 
proportional to the analyte concentration in the sample.  

 
• Non-competitive immunoassay: in this assay, also named sandwich 

immunoassay, the Ab is immobilized on the solid support and the 
sample containing the Ag is added, taking place the recognition 
between the Ab and the Ag. After, an excess of labeled Ab that 
interacts with a different epitope of the antigen is added to 
evaluate the amount of Ag/Ab pairs. In this case, the signal 
response is directly proportional to the Ag concentration. 
However, this immunoassay is limited to antigens with more than 
one binding site and, therefore, most of the small pollutants cannot 
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be evaluated with this technique, as they do not have more 
binding sites. 

 

 
Figure 1.5. Main formats of labeled immunoassays: (a) competitive direct 
detection, (b) competitive indirect detection and (c) non-competitive 
detection. 
 

The immunochemical techniques are low-cost and easy to use 
but, on the other hand, are time consuming due to the steps involved, 
are not reusable and can be affected by the pH and other interferent 
analytes present in the sample. An important step in these types of 
analyses is, therefore, the study of the cross-reactivity and the matrix 
effect.  

1.2.2. Air pollution monitoring 

The air quality monitoring implies great challenges owing to 
the inherent complexity of the atmosphere, the broad range of 
existing pollutants and the contaminant sources, both stationary (e.g. 
industries and disposal sites) and mobile. Historically, monitoring of 
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air pollution uses stationary, complex and expensive equipment, 
limiting the collection and analysis of data for an adequate planning 
and for implementing corrective actions.23 Therefore, it not only 
requires close cooperation between government, industry and 
researchers for an effective integration of the multiple data sources 
but also analytical tools which are portable, robust, low-cost and 
highly reliable are very demanded.  

The analytical instrumentation for air pollution monitoring 
employs a broad range of techniques based on spectroscopic and 
chromatographic methods depending on the target contaminant. 
These include chemiluminescent analyzers to measure NOx, gas-
liquid column chromatography with flame ionization detector for 
detecting volatile organic hydrocarbons, UV fluorescence 
spectrometer for SO2 detection, or nondispersive infrared (IR) 
photometer for CO and UV photometer for O3 detection, among 
others.24 The commercially available gas sensors are (Figure 1.6):  

• Electrochemical or electrical sensors: based on an electrochemical cell 
or a metal oxide semiconductor for the detection of NO2, O3, CO 
and VOCs, among others. The semiconductor metal oxide group 
is one of the most investigated electrical sensors because of their 
suitability as portable devices, affording enough sensitivity. They 
are low-cost and of short response time. However, their main 
drawback is their low selectivity. On the other hand, 
electrochemical gas sensors are more selective but they have less 
sensitivity, with longer response-time and lower durability.25,26  

 
• Optical sensors: these sensors measure the absorption of light in the 

visible range for gases such as CO2 or O2, infrared wavelengths for 
CO2 and employ chemiluminescence for NO2 detection. A main 
group are the non-dispersive IR absorption sensors due to their 
sensitivity and selectivity, but their main disadvantages are the 
long response-time, and the high cost.27 
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Figure 1.6. Photographs of different types of electrochemical gas sensors 
commercialized by Honeywell and infrared sensors commercialized by 
Senseair. 

 
A growing research field during the last three decades are the 

electronic noses (e-noses). These instruments, inspired by the natural 
olfactory system, are based on an array of partially selective receptors 
to selectively and quantitatively detect VOCs.28 The detection of these 
VOCs is based in different sensor technologies such as metal oxides, 
conducting polymers, quartz crystal microbalances (QCMs) and 
surface acoustic waves (SAW).29  Depending on the sensor 
technology, they present some advantage and limitations. The main 
advantage of the metal oxide sensors are the high sensitivities, short 
response and fast recovery time.30 However, they present some 
drawbacks such as poor selectivity and high power consumption.31 
On the other hand, the strengths of conducting polymers are the large 
variety of commercially available conducting polymers for a wide 
range of analytes, the capability to operate at room temperature and 
the short recovery times.32,33 However, the main disadvantages 
include sensitivity to humidity and temperature changes, drift over 
time, costs, poor reproducibility between batches and limited 
lifetime.34,35 In the case of QCM sensors, the main advantages are the 
selectivity, short response time and miniaturization capabilities.30,35 
Nevertheless, QCM sensor have low sensitivities and reproducibility, 
are expensive and are prone to drift.31,34 Finally, SAW sensors have a 
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wide variety of sensitive coatings, high sensitivity and fast response 
time, but the main disadvantage is the low reproducibility.30,34,35 

 Chemical sensors and biosensors 

A chemical sensor is a device that combines a molecular 
recognition element with a transducer, to convert a specific chemical 
interaction into a measurable signal. Materials used as recognition 
elements vary from metals and metal oxides, inorganic crystalline and 
amorphous materials and organic polymers to other composite 
materials. On the other hand, the International Union of Pure and 
Applied Chemistry (IUPAC) defines a biosensor as a device that uses 
specific biochemical reactions mediated by isolated enzymes, 
immunosystems, tissues, organelles or whole cells to detect chemical 
and biological compounds usually by electrical, mechanical or optical 
signals.36 Although chemical sensors and biosensors are clearly 
differentiable according to their definition, some general 
considerations and the classification based on the transducer scheme 
can be defined for both of them (Figure 1.7).  

 

 
Figure 1.7. Schematic representation of a chemical sensor (left) and a 
biosensor (right). Chemical sensors and biosensors share the same 
transducer schemes but are clearly differentiable in the recognition element. 
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The chemical sensors and biosensors devices can detect a 
specific chemical compound in a quantitative or semi-quantitative 
manner because of the physicochemical changes detected by the 
transducer when the target analyte interacts with the receptor. As it 
is defined, the composition of a chemical sensor and biosensor 
contains two basic components in direct spatial contact: the receptor, 
providing the desired selectivity; and the transducer, able to process 
a signal from the interaction of the analyte with the recognition 
element. This integration in a single device avoids some of the 
drawbacks of conventional analytical techniques. Moreover, an ideal 
chemical (bio)sensor should possess the following characteristics:37 

• High sensitivity to detect the minimum amount of the analyte 
molecule since many pollutants are detrimental when present at 
very low concentrations. The sensitivity is a fundamental 
parameter to define the performance of a sensor and is related to 
the magnitude of the transducer response caused by a change in 
the analyte concentration. The resolution, on the other hand, 
corresponds to the smallest variation that can be accurately 
detected and depends on the noise of the employed system (e.g. 
light or electrical source variations, thermal noise, read-out noise, 
etc.). The resolution is usually estimated as three times the 
standard deviation of the total system noise. The combination of 
the sensitivity and the resolution defines the Limit of Detection 
(LOD), which is the minimum amount of the analyte that can be 
accurately quantified. 

 
• High selectivity of the receptor to be able to only detect the target 

analyte even when it is present in a complex matrix.  
 
• High reproducibility and accuracy between sensor devices to detect 

the same concentration using different sensors and as identical as 
possible to the real value contained in the sample; and high 
repeatability to measure the same concentration during consecutive 
measurements employing the same sensor device and sample. 

 
• High stability under different ambient conditions and storage. 
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• Fast response time for real-time analysis or even continuous 
monitoring, ideally using untreated samples. 

 
• Wide dynamic range (DR) for the evaluation of analyte 

concentrations; thus, the sensor is capable to detect a broad range 
of concentrations of the target analyte. 

 
• Reusable for consecutive measurements with the same sensor. 
 
• Low-cost of the sensor fabrication technology in order to facilitate 

a mass production for potential commercial devices. 

Other important characteristics include miniaturization for 
portable devices allowing on-site monitoring, multiplexing to 
simultaneously detect different analytes in the same sample with one 
sensor and user-friendly avoiding trained personnel.21 

1.3.1. Classification 

Chemical sensors and biosensors are broadly classified 
regarding the type of transducer. The main types are based on 
electrical and electrochemical, mechanical and optical principles. 

1.3.1.1. Electrical and electrochemical sensors 

Nowadays, electrochemical sensors are, together with the 
optical sensors, the most employed ones. They measure 
electrochemical changes such as current or voltage changes. 
Representative devices include amperometric sensors, which detect the 
change in the current at a constant or varying potential. 
Amperometric transducers are commonly used as biosensors, being 
the glucose sensor the first successful commercial biosensor, and still 
nowadays, the flagship in the commercial market.38 Potentiometric 
sensors measure the potential or change accumulation of an indicator 
electrode (ion-selective electrode) against a reference electrode. They 
possess several advantages such as simplicity, wide dynamic range 
and low power consumption. Another major group are impedimetric 
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sensors, which quantify the change in the resistance, and the 
subgroup of conductimetric devices that evaluate the altered 
conductive properties of a medium between electrodes.39—41 

Electrical devices are based on metal oxide semiconductors, 
organic semiconductor and electrolytic conductors. The first ones are 
mostly employed for gas detection based on the reversible redox 
processes of the analyte.42,43 These semiconducting metal oxide gas 
sensors constitute one of the major research fields. These sensors can 
work under atmospheric conditions, are low-cost, user-friendly and 
can detect a large number of gases. A major drawback is the effect of 
the environmental humidity that can cause a decrease in the sensor 
sensitivity when the water molecules react with the oxide surface. 
Furthermore, a prolonged exposure of the sensor to humid 
environments progressively deteriorates the sensor surface, requiring 
very high temperatures for recovering. Another important factor is 
the temperature because an increase enhances the response but after 
a certain maximum, the sensor response drastically decreases when 
increasing the temperature.44 

1.3.1.2. Mechanical sensors 

The mechanical sensors have proven to be more versatile, in 
comparison to the electrochemical devices, since they can detect a 
wider range of analytes without the constraint of their dissociation or 
redox properties. The transducer evaluates the mass change when the 
analyte accumulates onto a chemically modified sensor surface. The 
main mechanical sensors include piezoelectric sensors, such as 
Quartz Crystal Microbalance (QCM), which measures the frequency 
changes of a quartz oscillator plate, and Surface Acoustic Waves 
(SAW) devices. Those type of devices have been applied both to liquid 
and gas samples, although SAW are more employed. QCM suffer 
from some drawbacks as the density and viscosity of the liquid 
samples drop the sensor signal and, therefore, the sensitivity. But in 
the case of gas sensors, specially QCM, have proven to be a 
competitive technology due to its multiplexing and miniaturization 
capability and temperature stability.45,46 
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1.3.1.3. Optical sensors 

Optical transducers are based on the evaluation of the change 
in electromagnetic light properties such as intensity, phase, 
wavelength or polarization.47,48 This evaluation results in a wide 
family of sensors based in different phenomena including 
transmission, absorption, reflection, luminescence, fluorescence, 
Raman spectroscopy and plasmon resonance, among others. The 
most employed optical sensors rely in the evanescent wave working 
principle.  

The evanescent wave sensors measure refractive index (RI) 
changes. These sensors exploit the confinement of the electromagnetic 
waves in a dielectric and/or metal structure generating a propagating 
or localized electromagnetic mode. Part of the confined light 
propagates to the external medium generating the evanescent wave 
(EW) (Figure 1.8). RI changes in the external medium induce a local 
change in the optical properties of the excited electromagnetic mode 
via this EW; in particular, a change in the effective refractive index 
(Neff) (a measure of the phase delay per unit length between vacuum 
and a guiding structure). When the surface of the guiding structure 
has immobilized a receptor layer, the exposure of the functionalized 
surface to the complementary analyte and the subsequent 
(bio)chemical interaction between them induces a local refractive 
index change. Its amplitude can be correlated to the concentration of 
the analyte and to the affinity constant of the interaction, yielding a 
quantitative value of the interaction.49 Since the evanescent wave 
penetrates to the external medium up to hundreds of nanometers and 
decays exponentially, only changes occurring close to the sensor 
surface will be sensed and, therefore, background from the 
surrounding media will hardly affect. 

The evanescent wave sensors offer significant advantages as 
they can operate under a label-free scheme, avoiding the complicated 
labelling procedures related for example to fluorescence sensors, 
making the overall detection process shorter and cost effective. Labels 
can also affect the interaction between the receptor and the analyte 
and their performance can be reduced when analyzing a complex 
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matrix. In addition, photonic sensors offer other advantages, as 
immunity to electromagnetic interferences, high sensitivity, wide 
bandwidth, and more importantly, the capacity of miniaturization 
and portability due to the scalable technologies employed for their 
fabrication.49 
 

 
Figure 1.8. Scheme to illustrate the principle of the evanescent wave sensing. 

 
The most well-known evanescent wave configuration is the 

Surface Plasmon Resonance (SPR) sensor based on the variation of the 
reflectivity on a metallic layer (generally a thin gold layer of 45 nm) 
in close contact with the external media.50,51 The chemical 
functionalization of the metallic surface film via self-assembled 
monolayers (SAMs) allows the selective and sensitive detection of 
analytes with limits of detection in the pico-nanomolar range. The 
SPR sensor has been widely developed and commercialize and is one 
of the sensing techniques more widely reported in the literature. But 
the SPR sensor is difficult to miniaturize and to be converted in a 
portable tool and has a limited number of channels to perform 
simultaneous measurements.  

In the nanoplasmonic field, the interaction of light waves with 
metal nanostructures (as gold nanostructures), smaller than the 
incident wavelength, generates a resonance phenomenon called 
Localized Surface Plasmon Resonance (LSPR). This phenomenon has 
been widely exploited for sensing during the last years. Although the 
LSPR sensors do not significantly increase the sensitivity as compared 
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to the SPR sensors, they are considered as the next generation of SPR 
sensing platforms. This is due because LSPR has a strong potential for 
integration and miniaturization, as well as, multiplexed 
capabilities.52,53 

During the last years, the field of optical sensors has been 
fueled with more competitive and exceptionally highly sensitive 
nanophotonic transducers. These transducers are mainly based on 
compact waveguide structures contained on chips: the so-called 
integrated optics sensors or silicon photonics based sensors.  

1.3.2. Integrated optics sensors 

An optical waveguide is a structure typically made of a dielectric 
material that guides electromagnetic waves with minimal loss of 
energy by total internal reflection (TIR) through a high refractive 
index material (n1), the core, and surrounded by lower refractive index 
materials (n2 and n3), the claddings (Figure 1.9). Light propagates in 
the form of guided modes, which are defined by the propagation 
velocity and the field distribution that depend on the waveguide 
structure (dimensions of the core, d, and the refractive index of the 
core and the claddings materials, n1, n2 and n3) and the working 
wavelength (l). Waveguides that support only one mode of 
propagation are called single-mode, while the ones supporting 
several ones are named multi-mode. Any refractive index change 
occurring in close contact to the sensor surface, when the core is 
exposed to the external medium, will modify the effective refractive 
index via the EW that characterizes each of the guided modes. 

  

 
Figure 1.9. Scheme of an asymmetric slab waveguide configuration. 
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Depending on the light polarization which is travelling inside 
the waveguide, there are two types of modes: transverse electric (TE) 
and transverse magnetic (TM) modes (Figure 1.10). For TE modes, the 
electric field exhibits only a component perpendicular to the 
incidence plane (Ex, Ez = 0 and Ey ¹ 0), whereas in the case of TM 
polarization, the modes are characterized by an electric field vector 
parallel to the incident plane (Ex, Ez ¹ 0 and Ey = 0). 

 

 
Figure 1.10. Propagation of polarized electromagnetic radiation: (a) TE and 
(b) TM polarizations. 

 
The main detection schemes employed to configure a sensor 

device to monitor the effective refractive index change will be 
described in the following. 

1.3.2.1. Grating sensors 

A grating is a system of periodic or corrugated structures, 
which allows the excitation of a light guided mode in a waveguide. 
When a light beam with a specific angle of incidence is applied on a 
grating, the in-coupling condition is reached, and the light is 
propagated through the waveguide. The in-coupling angle is very 
sensitive to any perturbation in the surface of the waveguide due to 
the interaction through the evanescent field. Therefore, a grating 
structure can be employed as an evanescent wave sensor by 
monitoring the change occurring in the light in-coupling angle due to 
a change in the refractive index.  
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The company Microvacuum Ltd. (Hungary) commercializes 
sensor devices based on this technology, evaluating the in-coupling 
angle of a polarized laser light. The system is named optical 
waveguide light-mode spectroscopy system (OWLS) (see Figure 
1.11).54 

 

 
Figure 1.11. Photograph of the OWLS sensor device commercialized by 
Microvacuum Ltd. 
 

Early work showed the performance of an OWLS 
immunosensor for the detection of the herbicide trifluralin, listed by 
the European Union as an endocrine disrupter. This biosensor 
improves the LOD (1 fg mL-1) in six orders of magnitude as compared 
to the ELISA test.55 Later investigations were focused on the sensing 
of mycotoxins,56,57 showing similar or improved sensitivities than the 
standard ELISA test. Also, sensing of bacteria in water, using 
antibodies as biorecognition elements.58,59 More recently, Maquieira et 
al. have developed an immunosensor for the detection of the pesticide 
atrazine with a LOD of  1.1 ng mL-1.60 In this work, the biomolecular 
receptors are patterned onto the solid surface forming a grating 
structure, called biograting. 

1.3.2.2. Microring resonator sensors 

In a microcavity resonator (RR), the light of a specific 
wavelength is coupled into a circular waveguide through the use of 
an external waveguide coupler (see Figure 1.12). The confined light in 
the microcavity is propagated in the form of whispering gallery 
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modes. Any perturbation on the waveguide microcavity surface 
taking places in the evanescent area induces a shift in the coupled 
light wavelength making this structure an excellent candidate for 
sensing applications.61 

 

  
Figure 1.12. (a) Scheme of the working principle of a microring resonator 
sensor, (b) the resonant mode shifts in response to local RI changes induced 
by the binding event of the analytes with the receptors, and (c) signal 
obtained by monitoring the spectral shift in real time. 

 
The quality factor (Q) of the microring, which is proportional 

to the number of times that the light circulates within the microcavity, 
influences notably the sensor sensitivity and, therefore, high Q factors 
are the preferred ones.62 This has been confirmed by the single 
molecule detection of influenza A virions in air63 or single nucleic acid 
interactions64 employing high Q-factors microring biosensors. 
Moreover, these sensors are fabricated with standard 
microelectronics technology and can be miniaturized even in a high 
multiplexed array format for multiple analysis.49  

Most of the RR sensors developed for sensing in liquid media 
are using biological receptors and have been applied for heavy 
metals,65,66 pesticides,67,68 bacteria69 and virus70,71 detection, among 
others. Genalyte (US) is a company commercializing this type of 
technology, with a multiplexed detection product, named Maverickâ, 
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able to process an assay in 15 min and with a capacity up to 32 parallel 
sensors.72  

Using this RR technology, Bog et al. developed a 
functionalization approach using a polymer (polydimethylsiloxane, 
PDMS) stamp patterned by polymer pen lithography.67 The microring 
transducer was functionalized with 2,4-dinitrophenol, a hazardous 
pollutant used as pesticide. This novel functionalization approach 
allows multiplexing analysis, showing how to individually 
functionalize each sensor cavity on a densely packed chip. Another 
RR biosensor for pesticide detection was developed by Yang et al. for 
the detection of the organophosphorus pesticide parathion-methyl. 
This sensor exhibited an enhanced analysis times compared to 
standard techniques, achieving a LOD (10 pg mL-1) in line with the 
admissible levels.68  

Chemical RR sensors have been widely developed for gas and 
vapors detection. Some examples include a porous ZnO coating for 
ethanol vapor detection, estimating a theoretical LOD of 25 ppm.73 But 
more ubiquitous are polymers and sol-gels as the sensing layer. A 
microring resonator was fabricated with an organic—inorganic hybrid 
sol—gel material as the receptor layer for ethanol vapor detection, 
measuring down to 31 ppm.74 Other examples include a sol-gel 
polymer for moisture monitoring, but only measures down to 30 % 
relative humidity (RH).75 In all these examples, however, the 
selectivity was not evaluated. Another research evaluated different 
polymers for the potential development of a multiplexed vapor 
sensor.76 The selected polymers were the moderately polar methyl 
phenol polysiloxane or the highly polar polyethylene glycol (PEG) 
400. The evaluated vapors were ethanol and hexane to represent polar 
and nonpolar analytes, respectively. Methyl phenol polysiloxane 
showed similar sensitivity to both vapors, but when the microring 
resonator sensor was coated with the polar PEG-400, the sensor 
achieved a LOD of 200 ppm for ethanol vapor. All these results 
demonstrate the great potential that the RR sensors offers for the 
detection of a wide range of hazards and its suitability using different 
receptors.  
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1.3.2.3. Photonic crystal sensors 

A photonic crystal (PhC) is a structure composed by different 
refractive index materials disposed as periodic nanostructures. This 
periodicity affects the propagation of electromagnetic waves and 
generates a photonic bandgap, i.e. range of wavelengths that are not 
propagated. If a defect is introduced in the nanostructure, the 
photonic bandgap is disturbed, and then the PhC can be employed as 
a sensor. 

PhC chemical sensors have been applied for a wide range of 
applications in environmental monitoring including detection of 
heavy metals in water or gases and vapors.77,78 An early work showed 
a humidity sensor using polyacrylamide hydrogel as the sensitive 
layer into colloidal crystal structures measuring a RH only down to 
20 %.79 Jiang et al. reports a PhC sensor using tetraphenylethene 
polymer as receptor to selectively detect tetrahydrofuran (THF) or 
acetone vapors.80 The sensor can be regenerated with air for at least 
10 cycles and is evaluated with a concentration of THF down to 400 
ppm or 600 ppm of acetone vapor. To potentially overcome the lack 
of selectivity for single gas sensing, Ozin et al. developed a novel class 
of photonic nose (see Figure 1.13).81 This platform, as explained 
before, is an array-based sensing technology that utilizes different 
sensors with partial selectivity. It was based on the use of functional 
1D photonic crystals comprised of multilayers of alternating 
refractive index, also known as Bragg stacks, and generating an array 
of nine 3 mm × 3 mm squares. The combinatorial arrays of surface-
modified nanoparticle metal oxide porous Bragg stacks were 
evaluated, as a proof-of-concept, using water-saturated nitrogen gas.  

Recently PhCs have emerged as a promising label-free class of 
biosensors.82 While still at an early stage, some articles already 
reported the potential of these nanophotonic sensors for 
environmental monitoring. One of the first works reported a PhC 
biosensor for the detection of the organophosphorus pesticide 
parathion in water. The bioreceptor was the enzyme 
acetylcholinesterase and the biosensor was able to detect femtomolar 
concentrations of the pesticide.83  
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Figure 1.13. Schematic illustration of the basic steps in the color imagery 
analysis to monitor color changes in the PhC Bragg stacks array.81 

 

1.3.2.4. Interferometric waveguide sensors 

The working principle of an interferometric sensor relies in the 
creation of an interference pattern, generated by the superposition of 
two or more light waves in a waveguide.84 In a common 
interferometric device, the incoming light beam is split, after a Y-
junction, in two beams of equal intensity that travel through different 
optical paths (arms) defined in the waveguides. For sensing 
applications, one of the arms is used as a reference while the other 
acts as a sensing one. The most common interferometric waveguide 
sensors are the Mach–Zehnder Interferometer (MZI) and the Young 
Interferometer (YI). In a MZI, the two waveguide arms are recombined 
through a second Y-junction before arriving at a detector, which 
collects the interferometric signal (see Figure 1.14). In a YI, reference 
and sensing arms are not recombined before the output. They are out-
coupled individually and the exiting light from both arms is projected 
into a screen generating the interference pattern off-chip. In those 
configurations, the MZI and the YI, the arms are single-mode 
waveguides to avoid complex signals from different evanescent field 
interactions with the external medium. The sensing arm has a portion 
of the core waveguide exposed to the external medium named the 
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sensor area. A bulk refractive index change or a molecular interaction 
in the sensor area causes a variation of the effective refractive index 
of the light traveling inside the waveguide, which is detected by the 
evanescent field. This induce a phase difference when both light 
waves interfere. This phase variation is proportional to the interaction 
length of the evanescent field with the sample and, therefore, longer 
paths in the sensor area increase the sensitivity. The resulting 
interference output is a sinusoidal signal with a visibility factor 
(amplitude) and number of fringes proportional to the concentration 
of the analyte inducing the phase change.  

 

 
Figure 1.14. Scheme of an interferometer based on a Mach-Zehnder 
configuration and its interferometric output. 
 

Due to the periodicity of the output signal, the interferometric 
transducers present the drawbacks of phase ambiguity, sensitivity 
fading and misinterpretation of the signal. The reference arm, on the 
other hand, can compensate refractive index changes caused by 
fluctuations, for example, temperature variations. Interferometric 
devices are generally fabricated using standard microelectronics 
technology which allows the fabrication of compact sensors arrays in 
a miniaturized format.49 

Some examples of MZI chemical sensors for environmental 
monitoring include the detection of heavy metals using poly(vinyl 
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alcohol) hydrogel as the sensing layer.85 An early example was a 
vapor sensor using a polysiloxane as the receptor layer for the 
detection of tetrachloroethylene vapor with a LOD of 100 ppm.86 Lee 
et al. developed a gas sensor with a palladium coating as the sensing 
layer for the evaluation of 4 % of hydrogen.87 Later, a MZI sensor 
using graphene as the sensing layer was developed for ammonia 
detection down to 40 ppm.88 More recently,  Zhu and co-workers 
developed an ammonia gas sensor using poly(acrylic acid), 
poly(allyamine hydrochloride) and single-walled carbon nanotubes, 
evaluating down to 1 ppm ammonia gas.89 In all those examples, 
however, the selectivity was not evaluated.  

In the biosensor field, the MZI is the most common 
interferometric configuration and it has been widely applied for the 
analysis of pollutants of environmental relevance. Early work showed 
an immunosensor for the detection of the pesticide simazine but, 
although the LOD is 0.1 ppb, it was still not suitable for the analysis 
of drinking water.90 In parallel, another study developed an 
immunosensor for the detection of atrazine at concentrations around 
the EU limit at that time (100 ng L-1).91 Recent studies report MZI 
immunosensors for the detection of bacteria92 and mycotoxins.93 For 
the detection of the mycotoxin aflatoxin M1, the company LioniX 
International (Netherlands)94 has developed a proof-of-concept 
device using an asymmetric MZI (aMZI) inmunosensor.95 With this 
aMZI, we have recently developed an immunosensor for the 
detection of the biocide Irgarol 1051 and the antibiotic Tetracycline 
showing LODs in the range of few ng mL-1 (Figure 1.15). This 
immunosensor platform is fully integrated to be allocated in stand-
alone buoys for the on-site analysis of harmful organic ocean 
pollutants. Finally, another company, Optiqua Technologies 
(Netherlands),96 has developed a MZI, the MiniLab™ system, for 
water quality monitoring.97  

A few years ago our Group also introduced a new 
interferometric version, with a common path waveguide, called 
Bimodal Waveguide Interferometer (BiMW).98 In this device, the two 
beams that propagate in the separate arms of the MZI are substituted 
by a single waveguide with two light modes of different order 
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propagating along a straight waveguide. This novel device overcome 
the need of Y-junction fabrication and renders in a more compact 
device with a smaller footprint and the possibility to fabricate more 
devices in the same wafer area.49 

 

 
Figure 1.15. (a) Overview of the aMZI sensor chip layout and flow paths 
over the different sensors, designed by LioniX International. The three 
Mach-Zehnders sensors are encircled. (b) Photo of the aMZI chip assembled 
into a 4-channel microfluidic cell. 

 

1.3.2.5. Comparison and future perspectives 

Nanophotonic sensors based on evanescent wave detection can 
offer label-free, real-time, sensitive, selective, multiplex, rapid, and 
inexpensive analyses. All the technologies discussed above have 
advantages and disadvantages, and depending on the specific 
application, one can be more suitable than another. The main 
differences between all of them rely in terms of sensitivity and their 
ability for integration in compact portable platforms. Sensitivity for 
label-free detection in real samples is a must and therefore, the most 
suitable sensors, which have shown the highest levels of sensitivity, 
are the interferometric transducers. On the other hand, grating 
couplers and microcavity sensors exhibit an intermediate level of 
sensitivity and the photonic crystal sensors have shown a limited 
sensitivity for a direct and one-step label-free detection. Table 1.1 
include a detailed comparison of the sensitivities of the different 
sensor technologies based on evanescent wave sensing. 
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Table 1.1. Comparison of the limit of detection of the different EW-based 
sensors. 

Device 
configuration 

Refractive index 
detection limit (RIU) 

Mass detection 
limit (pg mm-2)) 

SPR 10-5 — 10-7 1 — 5 
LSPR 10-5 — 10-7 0.5 — 5 

Grating couplers 10-6 0.3 — 5 
Microring 
resonators 10-5 — 10-7 0.3 — 3 

Photonic crystals 10-4 - 10-5 0.5 — 7.5 
Interferometers 10-7 — 10-8 0.02 — 1 

 

Another important factor to select the most appropriate 
technology is the fabrication process. For grating couplers sensors is 
usually less complex and cheaper, while the fabrication of 
interferometric, microcavity and photonic crystal sensors is more 
complex, requiring many steps. A major drawback of the microring 
resonators is the difficulty for the coupling of light and the readout 
systems. However, they have, together with the interferometric 
systems, the additional advantage of providing microchip arrays with 
multiplex sensors of identical performances. Although photonic 
crystals based sensors are the most limited in terms of sensitivity, 
during the last few years, they have shown its capabilities for 
multiplexing and miniaturization in compact platforms as laboratory 
proof-of-concept prototypes. Due to the fast growing of mobile 
technologies as tablets and smartphones, potentially in the future a 
nanophotonic sensor can be integrated within these gadgets. Thus, 
such tools for portable analysis and early warning systems in 
environmental monitoring could be distributed around the world, 
helping to control the serious problem of the environmental pollution. 
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2. Motivation and objectives 
The field of environmental monitoring has experienced a 

substantial progress in the last years but still the on-site control of 
contaminants is an elusive problem. In addition, the growing number 
of pollutant sources is accompanied by an increasing need of having 
innovative monitoring tools and efficient early warning systems. 
Real-time and on-site monitoring of the pollution is vital to manage 
environmental degradation and protect their quality for the future of 
our world.  

Several years ago, biosensors devices emerged as promising 
environmental monitoring tools, but their level of miniaturization 
and their fully operation outside the laboratory prevented their use 
on-site. In the last period, nanophotonic sensors based on evanescent 
wave sensing have materialized as an outstanding choice for portable 
devices thanks to their capability, among others, of miniaturization, 
multiplexing, label-free detection and integration in lab-on-a-chip 
platforms. 

The BiMW interferometer employed in this Thesis is a novel 
nanophotonic sensor device that has already been successfully 
applied as a biosensor for biomedical applications.99 However, BiMW 
sensors have not been applied yet for environmental monitoring. 
Moreover, in this Thesis, it is postulated that the high sensitivity of 
these sensors suggests that, besides their archetypical use for 
biosensing applications, BiMW transducers show potential to be 
adapted as a chemical sensor for detecting small molecules such as 
gases. 

The main goal of this Thesis is the development of novel 
interferometric chemical sensors and biosensors in views of 
improving current analytical techniques in the field of environmental 
monitoring. To achieve this goal, and as a proof-of-concept, two target 
analytes were selected: the pesticide Irgarol 1051 and the gas CO2. The 
first analyte is commonly found in the marine environment; thus, the 
performance of the BiMW sensor operating in a complex matrix such 
as seawater and using antibodies as the receptors can be evaluated. In 
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the second part of the Thesis, the BiMW transducer was planned to be 
used, for the first time, for the evaluation of gases instead of fluid 
media. In this new scenario, the applicability of the BiMW sensor 
wanted to be extended by developing a chemical sensor integrating, 
for the first time, metal-organic frameworks (MOFs) as receptors. For 
this, different partial objectives were designed: 

1. Development of an interferometric biosensor for the evaluation of 
a pesticide in the marine environment 
 
• Assessment and optimization of biofunctionalization 

strategies to immobilize the (bio)receptor in the transducer 
surface to enhance the analytical performance in terms of 
sensitivity, selectivity, stability and reproducibility. 
 

• Analytical characterization and optimization of the biosensor. 
 

• Application of the biosensor for the analysis of seawater 
samples to validate the accuracy and reliability of the proposed 
biosensor. 

 
2. Development of a novel chemical sensor device combining 

nanoscale MOFs as receptors with the interferometric transducer 
for gas pollution control. 

 
• Selection, synthesis and structural characterization of MOFs. 

 
• Design of an experimental gas sensor set-up. 

 
• Analytical characterization and optimization of the MOFs-

sensor device.



 

 

 
 
 
 
 
 
 

Chapter 3 
Bimodal waveguide 

interferometer sensor  
The first part of this chapter describes in detail the working principle 
of the BiMW transducer, followed by the device design and 
fabrication. Then, the experimental set-up is detailed, and finally, the 
methodology employed for the sensor chip preparation and bulk 
sensitivity evaluation are explained. 
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3. Bimodal waveguide interferometer sensor 

 Working principle  

The transducer employed in this Thesis is the Bimodal 
Waveguide Interferometer commented in the Introduction. In this 
transducer (see Figure 3.1 for details), the interference pattern at the 
output is generated by the superposition of only two light modes 
traveling in the same waveguide, rendering in a more compact and 
miniaturized device.98 The sensor is designed in such a way that a 
single mode is generated after the light is coupled in a straight rib 
waveguide. After passing through a step-junction, two transversal 
modes (fundamental and first order, respectively) with the same 
polarization, are excited. The BiMW sensor can work with the TE and 
the TM modes. However, although TE is less sensitive, this one is the 
chosen mode avoiding the noise caused by back-reflections. On the 
top cladding of the bimodal waveguide is defined an open sensing 
window in order to have access to the waveguide core surface. Since 
the fundamental and the first order modes have different evanescent 
field profiles, any change occurring in the refractive index over the 
sensing area differently affect the effective refractive index (N) of the 
fundamental (TE00) and the first order (TE10) modes, producing a 
phase change (Df) (eq. 1): 

∆# =
%&

'
()*(∆,-./0 − ∆,-.00) (1) 

where LSA is the length of the sensing area, and l is the working 
wavelength. The first order mode has a longer penetration depth of 
the evanescent field and is the main responsible for sensing the 
surface refractive index changes, while the fundamental mode can be 
considered as a virtual reference. The phase variation (Df) of the 
interference pattern caused by this shift generates a modification of 
the light output intensity distribution, which can be captured by a 
two-section photodetector with an upper and lower section, to 
generate Iup and Idown currents, respectively. The quantification of the 
sensor response can be evaluated by the change on this distribution, 
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calculated by the normalized signal (SR), according to the expression 
of eq. 2: 

34 = 	
67896:;<=

678>6:;<=

?@cos	[∆#(E)] (2) 

where V is the signal visibility (amplitude) of the SR when completing 
a whole cycle and defined as (eq. 3): 

@ =
)G,IJK9)G,IL=

%
 (3) 

Each measurement of the sensor signal response (%) is 
represented in p rad phase variation, corresponding to a half 
oscillation or fringe of the interferometric sensor.  

 
Figure 3.1. Scheme of the sensing principle of a BiMW sensor. Light is 
coupled in the single mode waveguide and after a modal splitter, two modes 
are excited, propagating until the sensor output. 
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Figure 3.2 is a typical sensor signal of the BiMW interferometer. 
It shows a bulk variation in the refractive index of the external 
medium in contact with the sensing area. The signal starts with a 
constant level, corresponding to water, and varies when another 
liquid (HCl in this example) reaches the sensing area (HCl ON). Then, 
the signal stabilizes when only HCl is in contact with the sensing area, 
changing again when the refractive index varies from HCl to water 
(HCl OFF), recovering the initial value of the base line. The phase shift 
induced by the refractive index variation in the sensing area is 
determined by counting the number of half oscillations or fringes and 
represented in M rad phase variation.  

 
Figure 3.2. Example of the evaluation with a BiMW interferometric sensor 
of a change in the bulk refractive index. The SR corresponds to the detection 
of a refractive index change Dn = 7,2 · 10-4 RIU. 

 
Since the interference signal (SR) is normalized to the total 

intensity propagating across the device, the phase variation is 
independent of the input light intensity variations and the output 
signal is not sensitive to fluctuations in the coupling efficiency. In this 
way, some of the misinterpretations of the signal that affect other 
interferometric configurations, as the MZI sensors, are solved. On the 
other hand, the sensor has been designed to work in the visible range 
avoiding water interferences from the IR absorption. 
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 Design and fabrication 

The BiMW interferometer sensors were previously designed in 
our group and are fabricated at the ICTS Clean Room facilities of the 
Microelectronic National Center (IMB-CNM-CSIC) in Barcelona. The 
fabrication process is based in a standard microelectronic technology 
including photolithography and etching processes over a silicon 
wafer substrate.  

The chosen material of the waveguide core is silicon nitride 
(Si3N4) because of its high refractive index (ncore=2.00), high density 
and chemical inertness to ion species, oxygen or moisture 
permeation.100 The core is confined by an upper and lower cladding 
made of silicon oxide (SiO2) with a smaller refractive index of 
ncladd=1.46 to ensure guiding the light through the core with minimal 
loss of energy. In a section of the bi-mode rib waveguide, the cladding 
is etched to generate the sensing area (LSA = 15 mm) were the core is 
exposed to the external medium. Since the BiMW sensor operates 
with TE polarized light of a l = 660 nm coupled into the rib 
waveguide by end-fire coupling method, both materials are ideal 
owing to their transparency for a broad spectral range ( ~ 200 — 2000 
nm). Also, the majority of biomolecules are non-absorbent in the 
visible, avoiding any damage or light absorption making Si3N4 one of 
the best candidates for integrated optics waveguides-based sensors in 
the visible spectra. 

The fabrication process starts thermally growing 2 µm thick 
layer of silicon dioxide onto a p-doped silicon wafer. After, a 0.34 µm 
thick core layer of silicon nitride is deposited by low pressure 
chemical vapor deposition (LPCVD). A segment of this layer is then 
reduced down to 0.15 µm with hot phosphoric acid by a wet etching 
process to generate the single mode section of the rib waveguide. 
Then, the rib structure is defined by buffer hydrofluoric acid (BHF) 
etching until reaching the final dimensions of 3 µm width and 1.5 nm 
height. A 100 nm thick layer of poly-crystalline silicon is employed as 
an absorbing material to eliminate light scattering and deposited over 
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200 nm of thermally grown silicon dioxide. The waveguides are then 
opened by etching of the poly-silicon. Later, a 1.5 µm of a top cladding 
layer of silicon oxide is deposited via plasma enhanced chemical 
vapor deposition (PECVD) and the sensor area (15 mm x 50 µm) is 
opened by etching the silicon oxide layer. Finally, and to protect the 
chips during the dicing process, the wafer is covered with a 
photoresist. A schematic representation of the BiMW fabrication 
process is shown in Figure 3.3. 

 

 
Figure 3.3. Scheme of the different steps for the fabrication of the BiMW 
sensors at Clean Room facilities. 

 
The resulting wafer has a total of 12 BiMW chips, each of them 

containing 20 BiMW sensors, 6 BiMW references (without sensor 
area) and 6 single-mode waveguides, all of them separated by 250 µm 
from center-to-center (Figure 3.4). This wafer-level fabrication not 
only increase the precision and reproducibility of the fabrication 
process, but also reduces time and costs. The final dimensions for each 
chip are 3 cm x 1 cm and the dimensions for the rib waveguide are 3 
µm width by 1.5 nm height. The first section of the waveguide has a 
thickness of 150 nm to only confine the fundamental mode. After the 
step junction, the thickness abruptly increases to 340 nm to split the 
confined light into the fundamental and the first order modes. The 
simplicity of the BiMW design, based on a common path waveguide, 
makes the BiMW sensor attractive for mass production since there is 
no need to use light splitters, such as the Y-type dividers or more 

BPSG (600 nm)
SiO2 (2 µm) Si3N4 (340 nm)

340 nm
Si3N4

160 nm
Si3N4

Rib formation
(3 µm x 1.5 nm)

SiO2 (200 nm)
Adsorbent layer (100 nm)

SiO2 (1.5 µm)

Si
Adsorbent layer
opening

Sensor area
opening

LPCVD RIE

LPCVD

Thermal

Lithography

LithographyPECVDLithography



Chapter 3 
 

 

 42 

complex structures difficult to manufacture, as in the case of the 
conventional MZI or YI.49 

 

 
Figure 3.4. (a) Photograph of the BiMW chip containing 20 sensors. (b) 
BiMW wafer mask layout with 12 chips containing 240 sensors in total.  

 

 Experimental set-up 

For the evaluation of the BiMW sensor, a dedicated 
experimental set-up needs to be assembled. A photograph of the 
BiMW sensor set-up is shown in Figure 3.5. 

3.3.1. Optical system 

As light source, we selected a TE polarized light of a l = 660 
nm and P=120 mW diode laser (ML101J27, Mitsubishi). The light is 
coupled into the BiMW sensor, by end-fire coupling method, using a 
lenses system composed by a collimated lens (C240TME-D, Thorlabs), 
a polarization-dependent isolator (IO-3D-660-VLP, Thorlabs) and a 
coupling objective 40x (Achro, Leica). The optical isolator is 
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introduced along the optical path to solve the existence of back-
reflections into the cavity that results in undesired amplitude and 
phase noise at the device output. For collecting the light at the end of 
the device, a four quadrants photodetector (S4349, Hamamatsu) is 
employed. Signal acquisition is performed in real time using a home-
made LabVIEW software (National Instruments, USA). 

The sensor chip is placed on a custom-made holder with a 3-
axis translation platform for the proper alignment of the input beam 
by end-fire. The sensor holder incorporates a Peltier element, which 
is connected to a temperature controller, providing temperature 
stabilization with an accuracy of 0.01 degrees. For the inspection of 
the correct light in-coupling, a digital camera (AM4113T, Dino-Lite, 
The Netherlands) is placed above. 

3.3.2. Fluid delivery system 

For the evaluation of liquid samples, a dedicated flow cell is 
employed. The flow cell is designed and fabricated by soft-
lithography using PDMS (SYLGARD 184 Silicone Elastomer Kit, Dow 
Corning, USA), an inexpensive and durable elastomer. We decided to 
fabricate a five-channel PDMS flow cell (channel of 18.5 mm long, 1.25 
mm wide and 0.5 mm high) to measure with different sensors of the 
same chip. It is generated from a poly(methyl methacrylate) (PMMA) 
topographic master. The high hydrophobicity of the resulting PDMS 
channels is reduced by the polymer PEG 200 (Sigma-Aldrich, Spain) 
applied after an ozone plasma treatment of the sensor chip in order to 
expose functional groups on the polymer surface.  

The flow cell is then interfaced with the BiMW sensor to 
confine the liquid samples through the sensing window during 
experiments. A constant flow is delivered to the fluidic channels using 
polytetrafluoroethylene (PTFE) tubing, a syringe pump (NE300, New 
Era) and an injection valve (150 µL sample loop, V-451, Idex), which 
allows the injection of different solutions (e.g. sample, regeneration 
buffer) while maintaining a constant flow over the sensing area. 
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Figure 3.5. Photograph of the experimental BiMW sensor set-up. 

 

 Sensor chip 

The BiMW sensor chips had to be optically polished and 
perfectly cleaned before their experimental evaluation. Then, the bulk 
sensitivity of each BiMW sensor in a chip was evaluated prior to the 
(bio)functionalization of the sensor surface.  

3.4.1. End-faced polishing 

A polishing step is required in order to obtain an optical 
quality faced of the waveguide sensor, with the aim of minimizing 
scattering during the end-fire coupling. The sensor chips were 
manually polished by employing a lapping machine Logitech CL50 
(see Figure 3.6). The sensor chips were positioned perfectly vertical 
over the rotating polishing platform by using a micrometric 
positioner and allocated using wax to avoid any damage. Adhesive 
abrasive papers with decreasing grain size were used, starting from a 
roughness of 9 µm and then 0.3 µm until the sensor chip end-faced 
was considered optically flat. A water flow was used during the 
whole process, to wash out particles and debris that could 
compromise the surface quality. 
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Figure 3.6. Lapping machine with the rotating plate, the micrometric 
positioner with the sensor chip vertically aligned and the water flow. 
 

3.4.2. Sensor chip cleaning 

To remove the protective photoresist and the residues 
generated during the polishing process, the sensor chips were cleaned 
by sequentially rinse with acetone (99.5 %, Panreac, Spain), ethanol 
(96 %, Panreac, Spain) and water (Millipore, USA), followed by 
sonication in methanol/hydrochloric acid 1:1 (v/v) (MeOH, 99.5 %, 
Panreac, Spain; and HCl, 37 %, Panreac, Spain) for 10 min, then rinsed 
with water and dried with a stream of pure nitrogen. 

3.4.3. Sensitivity evaluation 

To evaluate the bulk sensitivity of the BiMW sensor, it is 
required to perform a calibration curve. Each sensor chip had to be 
individually evaluated by injecting successive solutions with 
different refractive indexes. First, five different concentrations of HCl 
(0.025 M, 0.05 M, 0.075 M, 0.1 M and 0.25 M) were evaluated with an 
ABBE Refractometer (Optic Ivymen System, Spain) to determine the 
refractive index of each sample. The HCl solutions were chosen 
because they do not affect the sensor surface (i.e. modifying it by 
oxidation nor produce any deposition by residues). Then, the 
different HCl solutions were injected to measure the phase variation 
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(Df) caused by the refractive index change from water to the solution 
of HCl (Table 3.1). This phase variation was evaluated versus the 
refractive index change (Dn) (Figure 3.7). 
 

Table 3.1. Refractive index change induced by a set of HCl solutions and 
corresponding phase changes evaluated on a BiMW sensor. 

HCl concentrations (M) ∆n (RIU) ∆φ (p rad) 
0.025 1.2 · 10-4 0,95 
0.05 4.4 · 10-4 1,79 
0.075 7,2 · 10-4 2,70 

0.1 1 · 10-3 3,82 
0.25 2.4 · 10-3 8,98 

 
 

 
Figure 3.7. Calibration curve of a BiMW sensor. The phase change was 
evaluated as a function of the refractive index variation due to the injection 
of HCl concentrations. Inset: output signals for different HCl concentrations. 
The evaluated concentrations of HCl were: 0.025 M, 0.05 M, 0.075 M, 0.1 M 
and 0.25 M. 
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The LOD (Dnmin) can be calculated using eq. 4. The phase 
resolution (Dfmin) was evaluated from the measured SR resolution 
(DSR,min) and this is estimated as three times the standard deviation of 
the baseline noise, sSR. The resulting equation is: 

∆NOPQ =
∆RIL=

)S7TU

=
∆)G,IL=

)S7TU

&

%V
=

W·YZG

)S7TU

&

%V
 (4) 

For the measurements shown in Figure 3.7, we had an 
experimental sensitivity of Sbulk = 3549.6 p rad/RIU (R2 = 0.997),             
V = 64,2 % and noise of the system s = 0.04 %. The BiMW 
interferometric configuration shows an excellent LOD of 2.7 · 10-7 
refractive index units (RIU), which is in the same range than other 
classical interferometric waveguide devices.



 

 

  



 
 

 

 
 
 
 
 
 

Chapter 4 
Analysis of Irgarol 1051 in 

seawater with a bimodal 
waveguide interferometer 

immunosensor  
This chapter focuses in the development of a BiMW immunosensor 
for the detection of the pesticide Irgarol 1051 in seawater. Special 
attention has been focused on the selection of the optimal surface 
biofunctionalization strategy for the sensor surface. Additionally, 
diverse parameters affecting the biosensor performance have been 
optimized. Finally, the developed immunosensor has been 
successfully applied for the sensitive detection of Irgarol 1051 directly 
in seawater samples. 
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4. Analysis of Irgarol 1051 in seawater with a 
bimodal waveguide interferometer immunosensor 

 Introduction 

4.1.1. The target analyte: Irgarol 1051 

An herbicide is a chemical substance that inhibits or interrupts 
the growth and development of unwanted plants. There is a wide 
variety of herbicides but one of the most employed families are the 
triazines. These herbicides are organic chemical compounds with a 
common structure based on nitrogen-containing heterocycles. They 
can be classified as symmetric (s-triazines) and non-symmetric based 
on the nitrogen distribution in the heterocyclic aromatic ring (Figure 
4.1).101 The persistence in the environment of the s-triazines varies 
between 4 and 12 months but they can last up to 2 years.102  

 

 
Figure 4.1. General structure of the triazine herbicides. 

 
One class of the s-triazines is the methylmercaptotriazines with 

an SCH3 substituent. Among this class of herbicides, Irgarol 1051 
(molecular weight of 253 Da), also known as cybutryne, is a common 
booster biocide added to antifouling paints for marine vessels (Figure 
4.2).  
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Figure 4.2. Chemical structure of Irgarol 1051. 

 

This algaecide is used in the formulation of antifouling paints 
because the copper based antifoulants have to be supplemented with 
organic booster biocides in order to prevent the adhesion and growth 
of algae.103 Irgarol 1051 is a photosynthetic inhibitor interfering with 
the Hill reaction and, therefore, on the electron transport of the 
photosystem II by binding to the D1 protein of chloroplasts (Figure 
4.3).104 It is slowly released from the paint and because of that, 
together with its persistence in surface waters and aquatic 
ecosystems, causes major concerns in the damage of the marine 
biodiversity. As a result of its spread use is the most frequently 
detected antifouling biocide worldwide,105 being found in both 
aquatic ecosystems and coastal waters.106,107 Depending on the 
analytical method employed, the reported concentrations varies from 
non-detectable up to low part per billion.105 High frequency of Irgarol 
1051 can be found in ports, marinas and fishery harbors and usually 
higher levels are reported in early summer, probably related to the 
seasonal boating activity.108 Because of that, the European Water 
Framework Directive (WFD) 2013/39/EC included Irgarol 1051 as a 
priority pollutant in the field of water policy, setting 16 ng L-1 as the 
environmental quality standard (EQS) expressed as maximum 
allowable concentration.109 
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Figure 4.3. Irgarol 1051 inhibits the Hill reaction of the photosystem II at the 
thylakoid membrane (Source: Somepics) 

 
There are very few described biosensors for Irgarol 1051 

detection. For example, a marine green microalgae was genetically 
modified for luminescence monitoring, with a detection of a 50 % 
effective concentration (EC50) of Irgarol, after 2 days, of 760 ng L-1.110 
Another recent example is an amperometric immunosensor based on 
an indirect competitive assay.111 The chosen detection format requires 
a secondary conjugated antibody with the consequent need to employ 
more reagents and an extra assay step as compared to a label-free 
scheme. The LOD of 38 ng L-1 achieved was low enough for some 
reported levels in seawater,105 but not as good as the one achieved by 
standard chromatographic methods and not achieving the value of 
maximum allowable concentration (16 ng L-1) set by the EU (Table 
4.1). 

 
Table 4.1. Chromatographic techniques reported for the measurement of 
Irgarol 1051 in seawater. 

Technique LOD Ref 
GC — MS 4 ng L-1 112 

HPLC — APCI — MS 5 ng L-1 113 
LC — MS/MS 0.1 ng L-1 114 

HPLC — MS/MS 0.004 ng L-1 115 
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4.1.2. The biorecognition layer 

A key feature during biosensor development is the chosen 
bioreceptor layer that will affect the final specificity, affinity, response 
time and lifetime of the biosensor.116 The chosen biorecognition 
molecules have to fulfill the following characteristics: high specificity 
and affinity for the target analyte, form a stable complex with the 
analyte but dissociate without degrading, the interaction has to be 
detectable by the optical transducer, and the affinity and specificity 
cannot be overly altered once it is immobilized on the sensor 
surface.117 The most common bioreceptors that can be employed in 
biosensors are: 

• Enzymes: are macromolecular biological catalysts. The main 
advantages are the stable source of material and the possibility to 
enhance their performance through genetic engineering.118 But 
some limitations still exists for choosing this type of receptor for 
the detection of pollutants: the few contaminants that can be 
catalyzed by an enzyme, the low specificity for a single type of 
pollutant, and the limiting conditions (e.g. pH, temperature, 
solvent).119  
 

• Antibodies: are proteins generated by the immune system in order 
to neutralize antigens. The main advantage is the high affinity and 
specificity between the antigen and the antibody.120 The main 
drawbacks are that antibodies denature and degrade under harsh 
working conditions and production of monoclonal antibodies can 
be difficult and expensive.121 Taking into account the main 
advantages, antibodies were the selected biorecognition elements 
for the developed biosensor.  
 

• DNAs: they are polynucleotides strands very selective and stable 
for the detection of complementary DNA strands. For pathogen 
detection, they have some drawbacks as it is required many pre-
treatment steps for the cell disruption, making the overall sensing 
process longer and with many steps involved.122 
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• Aptamers: an aptamer is a single oligonucleotide strand forming a 
3D structure produced in vitro using the systematic evolution of 
ligands by exponential enrichment (SELEX) process.123,124 The main 
advantage is that they are more stable than other bioreceptors, 
such as antibodies, but obtaining aptamers for any type of analyte 
is still challenging.121 
 

• Molecular imprinted polymers (MIPs): are a novel class of 
recognition elements biomimicking the antibodies. MIPs are 
artificial polymers which cavities are chemically modulated to 
detect the target analyte with high affinity. Some advantages are 
that they could improve the selectivity and work under fairly 
harsh conditions. However, few articles report the use of MIPs 
owing to the difficulty to obtain the desired characteristics for the 
MIP receptor.125,126 

4.1.3. Immunosensors 

Antibodies, also known as Immunoglobulins (Ig), are 
glycoproteins synthesized by B cells of the adaptive immune system 
and used to specifically recognize and neutralize foreign agents (the 
antigens). A monomeric Ab has an Y-shape structure with a 
molecular weight (MW) of around 150 kDa and an estimated height 
of 15 nm (Figure 4.4).127 Each monomer has two light chains (L) and 
two heavy chains (H) linked by disulfide bonds. Both types of chains 
contain the variable and the constant regions. The variable region, the 
Fab (Fragment antigen-binding) region, at the extremes of the Y arms 
is different in each type of Ab and is the responsible to recognize and 
bind to the Ag. This specific recognition sites in the Ab are called 
paratope and the epitope is the recognized region in the Ag. The 
constant region is the base of the Y, called the Fc (Fragment 
crystallizable) region, and is the responsible to interact with the cell 
surface receptors of the immune system. Depending on the heavy 
chain structure, there are five classes of Igs or isotypes in mammalian 
cells: IgA, IgD, IgG, IgE and IgM. The majority of the Abs in the 
immune system are the monomers IgGs and also the most widely 
used in analytical immunochemistry.  
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Figure 4.4. Basic structure of an antibody. 

 
The affinity of the antibody for an antigen is based on the 

combination of physical forces, van der Waals and hydrophobic 
interactions and hydrogen bonds. On the other hand, the specificity 
depends on the affinity between the antigen and the binding sites of 
the antibody. This affinity can cause cross-reactivity with other 
analytes depending on the affinity degree for more than one antigen. 

The synthesis of antibodies is generated in biotech laboratories 
when an animal repeatedly exposed to the Ag produces a large 
number of antibodies with different epitope affinities and 
specificities, known as polyclonal antibodies (PAb). Usually, pollutants, 
like Irgarol 1051, are low molecular weight analytes (MW < 5 kDa) 
not capable to generate an immune response. They need to be first 
covalently attached to a macromolecule, generally an inert protein, 
and later injected to an animal (see Figure 4.5). To generate these 
conjugates, it is usually required to previously synthesize an analogue 
derived from the analyte, called hapten, with a functional group 
capable to covalently attach to the protein. This hapten is designed to 
have a very similar structure, symmetry, electronic distribution and 
hydrophobic characteristics to the pollutant because this part has to 
be the one recognized by the antibody. The polyclonal antibodies are 
easy to obtain, directly from the immunized serum of the animal, but 
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a limited amount is produced for the same animal and the properties 
may vary between animals.  

For the Irgarol biosensor, we have employed the hapten 4e, an 
Irgarol 1051 chemical derivative with a carboxylic group (4-[N-4-
(cyclopropylamino)-6-(methylthio)[1,3,5]triazin-2-yl]aminobutyric 
acid), the 4e-conalbumin conjugate (4e-cona) and the anti-Irgarol 
antibody (As87). All of them have been previously described and 
synthesized at the Nanobiotechnology for Diagnostics Group (Nb4D), 
IQAC-CSIC (Spain).128,129 

 

 

Figure 4.5. Scheme of the basic steps involved in the production of 
polyclonal antibodies against low molecular weight pollutants. This 
example represents the production of the anti-Irgarol antibodies 
synthesized at the Nanobiotechnology for Diagnostics Group (Nb4D), 
IQAC-CSIC (Spain). 

 
Monoclonal antibodies (MAbs), on the other hand, are produced 

by the fusion of B cells with tumor cells (myelomas) producing 
immortal cell lines, known as hybridomas. MAbs are specific for a 
single epitope and are obtained from a single cell clone. This highly 
stable immortal cell line can produce an unlimited number of 
antibodies but require sophisticated material and equipment and 
trained personnel.  
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There are different label-free immunoassays formats for 
biosensors. In these immunoassays, the incorporation of labels in the 
immunoreagents is not required making the assay cheaper and 
simpler. The classification of the label-free immunoassays differs 
from the labeled ones, explained in the introduction, and is as follows 
(Figure 4.6): 

• Non-competitive immunoassay: the antibody is immobilized onto the 
sensor surface and the analyte is then directly detected, giving a 
response proportional to the antigen concentration. Regeneration 
can be performed for few cycles because the antibody activity is 
affected by the harsh regeneration conditions. For pathogens or 
virus, the direct immunoassay is the chosen detection format. 
 

• Sandwich immunoassay: is a non-competitive assay were the 
antibody is also immobilized onto the sensor surface and then 
allowed to interact with the analyte in the sample. After the 
biomolecular interaction Ab-Ag has taken place, an excess of a 
secondary antibody is added to interact with a different epitope 
present in the antigen. With this format, the sensitivity and 
selectivity are improved but only large antigens with two different 
epitopes are suitable for this type of detection. 

 
• Competitive immunoassay: is the most popular immunoassay 

format for label-free detection in environmental monitoring. This 
is because most of the pollutants are low molecular weight (<5 
kDa) and cannot be directly detected. This assay format consists 
in the immobilization of a conjugate or an analogue of the target 
analyte onto the sensor surface. The analyte is then mixed with a 
fixed concentration of antibody and then added to the sensor 
surface. The unbound antibody is the detected signal, giving a 
response inversely proportional to the analyte concentration. The 
main advantage of this assay format is the capacity to perform 
many cycles because the regenerations weakly affect the stability 
of the sensor surface. 
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Figure 4.6. Main formats of immunoassays in label-free biosensors: (a) non-
competitive immunoassay, (b) sandwich immunoassay and (c) competitive 
immunoassay. 

 
In order to be able to perform label-free biosensing evaluation 

of the low molecular weight Irgarol 1051 pollutant, a competitive 
immunoassay format was selected (Figure 4.7). This assay format was 
expected to show better signal-to-noise ratio than a non-competitive 
assay as the detected molecule is the high molecular weight 
antibodies (~ 150 kDa) in comparison with the pollutant Irgarol 1051 
(253 Da). The chosen immunoassay is not only more appropriate in 
terms of sensitivity, but it also provides a higher stability and higher 
reusability. After each measurement, the antibody-analyte interaction 
could be dissociated by a regeneration solution and then, the 
(bio)surface could be reused for different cycles. Surfaces 
functionalized with target molecule derivatives as receptor are more 
suitable to resist many regeneration cycles than those functionalized 
with antibodies, which easily denatures and lose their biological 
activity. The chosen antibody was previously developed and proved 
to be effective for Irgarol 1051 detection in seawater samples with an 
ELISA.128,129 In these previous ELISA immunoassays, it was also 
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corroborated the inherent affinity and selectivity of the polyclonal 
antibodies produced against Irgarol 1051.  

 

 
Figure 4.7. Steps of a competitive immunoassay format for label-free 
detection. 

 
In a competitive immunoassay, the calibration curve is 

represented with the sensor signal response versus the analyte 
concentration in a logarithmic scale (Figure 4.8). In the case of the 
BiMW sensor, the sensor signal obtained for each sample evaluation 
was expressed in phase variation of the sensor considering that a 
complete oscillation or fringe of the interferometer corresponds to a 
2p rad phase variation. For a clearer representation of the data, the 
sensor response was normalized following eq. 5: 

,[\]^_`abc	\bde[Ndb =
(f9fg)

(fh9fg)
  (5) 

where i represents the phase variation for the analyzed sample, ij 
the phase variation of the background obtained for a sample present 
in an excess of Irgarol 1051 and i0 is the phase variation for a sample 
free of Irgarol 1051. Calibration curves were plotted as normalized 
signal vs. Irgarol 1051 concentration, in logarithmic scale. Finally, 
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results were fitted to a four-parameter logistic equation (sigmoidal) 
(eq. 6): 

,[\]^_`abc	d`kN^_ =
*IJK9*IL=

/>l
[m=JTnop]

qrsh

t

S
+ vOPQ  (6) 

where vOwx is the asymptotic maximum, vOPQ is the asymptotic 
minimum, y represents the curve slope at the inflection point and half 
maximal inhibitory concentration (z{|0) is the concentration of Irgarol 
1051 at the inflection point (concentration giving 50 % inhibition of 
vOwx). The LOD was calculated as the Irgarol 1051 concentration for 
which antibody binding to the immobilized hapten was inhibited by 
10 %. The dynamic range of the assay was evaluated as the Irgarol 
1051 concentration that produced a normalized signal between 20 % 
and 80 % of i0. 
 

 
Figure 4.8. Representation of a dose-response inhibition fitting curve. 

 

4.1.4. Immobilization of biorecognition elements 

The level of specificity, selectivity and accuracy that can be 
achieved with the photonic sensor technology for environmental 
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applications is not only related to the bioreceptor employed but also 
to the functionalization protocol, rather than to the transducer itself. 
Key factors are: (i)  functionalization protocols which preserve the 
activity and the functionality of the bioreceptor once attached to the 
sensor surface; (ii) allows high packing density of the biorecognition 
element while avoiding steric hindrance during the biointeraction; 
and (iii) ensures antifouling properties of the bioreactor layer for 
detecting directly in real matrices.  

The main procedures for surface biofunctionalization are (see Figure 
4.9): 

• Physical adsorption: is the simplest strategy were the biomolecule is 
directly adsorbed onto the sensor surface via intermolecular forces 
like van der Waals, hydrophobic and electrostatic interactions. 
This technique is widely employed in solid-based assays like 
ELISA with the advantage of not requiring any additional step. 
The main drawbacks are caused by the weak physical interactions 
that are very sensitive to experimental condition changes and poor 
reproducibility and stability.130 For example, flow-through assays 
or changes in the pH or buffer can easily desorb the attached 
biomolecule. Also, the uncontrolled orientation of the bioreceptor 
may cause loss of affinity for the analyte, unfolding or 
denaturation. 
 

• Biochemical affinity: is a site-specific functionalization when using 
bioreceptors like antibodies that require an oriented 
immobilization to avoid the modification of the binding sites. It is 
based in strong interactions like the one between biotin and avidin 
(or streptavidin) or using cofactors or site-directed affinity 
proteins. The main drawbacks of this methodology is the need to 
modify the native molecules, some stability problems and the 
need of an extra step for the biomolecule conjugation.131,132 
 

• Physical entrapment: is a single step procedure for the incorporation 
of the biomolecules in a uniform polymer matrix. With this 
methodology, there is no need to include specific charges to the 
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biomolecular and/or the transducer surface. The most employed 
polymers are polyaniline, polythiophene, polypyrrole and 
dextran-based polymers. The main advantages are a better 
preservation of the biomolecules and, theoretically, a larger 
number of available binding sites. But on the other side, this 
approach suffers of diffusion and mass transport problems of the 
analyte towards the bioreceptor.133 
 

• Covalent immobilization: this strategy implies an irreversible 
binding of the biomolecules onto the transducer surface by 
covalent bonds.134,135 It is usually the best approach in terms of 
longevity of the bioreceptor layer, reproducibility, immobilization 
yield, interaction efficiency and sensitivity. This functionalization 
also avoids changes in the structure of the biomolecule placing it 
away from the surface. For the covalent linkage of the bioreceptors 
on the surface, a previous chemical activation to generate 
functional groups onto the transducer is required. These 
additional steps and the overall complexity of the procedure are 
the main drawbacks. The most common covalent 
functionalization protocols are based on the modification of the 
surface with amine or thiol groups. 
 

 
Figure 4.9. Main procedures for surface biofunctionalization: (a) physical 
adsorption, (b) biochemical affinity, (c) physical entrapment, and (d) 
covalent immobilization. 
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In summary, the accomplishment of a highly sensitive and 
reliable biosensor stands heavily on an optimum biofunctionalization 
strategy to achieve high affinity, sensitivity, stability and antifouling 
properties. 

In the case of silicon based materials, like the silicon nitride 
material of the BiMW interferometer, most of the 
biofunctionalizations are covalent immobilizations. They are done 
with organosilanes because of the stability and the rapid covalent 
linkage.136 The alkylsilane monolayers form from the reaction of a 
silane with the hydroxyl groups of the oxidized Si3N4 surfaces. This 
procedure is called silanization and most common organosilanes 
used for biofunctionalization are 3-aminopropyltriethoxy silane 
(APTES, with an amino-ended surface),137,138 carboxyethylsilanetriol 
sodium salt (CTES, with a carboxylic acid-ended surface),139 3- 
glycidyloxypropyltrimethoxysilane (GOPTS, with an epoxy-ended 
surface)140,141 isocyanatepropyltriethoxysilane (ICPTS, with a 
isocyanate-ended surface),142,143 and (3- mercaptopropyl) 
trimethoxysilane (MPTMS, with a thiol-ended surface).144 All of them 
have a length of around three carbons to maintain the receptors as 
close as possible to the sensor surface. In EW-based sensors, this is 
crucial since the evanescent field exponentially decays as it penetrates 
in the outer medium. 

The alkylsilanes have a dual behavior with an organic and an 
inorganic part. The first are the functional tail groups (Rn-) that 
introduce the specific terminal groups to subsequently immobilize 
the (bio)recognition elements. The inorganic part provides the 
anchorage to the sensor surface, reacting with the hydroxyl-
terminated silicon surfaces. This reaction involves two steps (Figure 
4.10). In the first step, the alkylsilanols stablish hydrogen bonds with 
the free hydroxyl groups or with adsorbed water molecules on the 
surface. In the second step, the condensation and release of water 
molecules generates the covalent bonds. Water has a catalytic effect. 
Therefore, a close control of the water concentration is critical to 
ensure reproducibility. The final bond leads to the formation of 
thermally and relatively chemically stable siloxane bonds (Si-O-Si). 
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Figure 4.10. Scheme of the reaction of organosilanes with the silicon surface. 

 
The choice of the type of silane and the reaction conditions are 

crucial for a careful control of the density of the bioreceptors 
immobilized in the sensor surface. This will directly affect the 
analytical performance of the biosensor. In addition, the 
biofunctionalization protocol should avoid as much as possible the 
non-specific adsorptions from a complex matrix as the seawater. For 
that reason, we have evaluated six different functionalization 
protocols based on chemical silanization and subsequent covalent 
attachment of the receptor.  

 Materials and methods 

4.2.1. Reagents and materials 

Acetone (99.5 %, Panreac, Spain), ethanol (96 %, Panreac, 
Spain), ethanol absolute (99.5 %, Panreac, Spain), hydrochloric acid 
(HCl, 37 %, Panreac, Spain), methanol (MeOH, 99.5 %, Panreac, 
Spain), nitric acid (HNO3, 65 %, Panreac, Spain), anhydrous toluene 
(99.8 %, Sigma-Aldrich, Spain), CTES (ABCR, Germany), 
mPEGSilane-COOH (silane-PEG-COOH, 600 MW, Interchim, 
France), APTES (Sigma-Aldrich, Spain), p-phenylenediisothiocyanate 
(PDITC, Sigma-Aldrich, Spain), dimethylformamide (DMF, Sigma-
Aldrich, Spain), N,N-diisopropylethylamine (DIPEA, Sigma-Aldrich, 
Spain), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 
hydrochloride (EDC, Sigma-Aldrich, Spain), N-
hydroxysulfosuccinimide sodium salt (sulfo-NHS, Sigma-Aldrich, 
Spain), carboxymethyl-dextran sodium salt (CM-dextran, Sigma-
Aldrich, Spain) and amino dextran (amine-dextran; 10 kDa, 5 moles 
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amine/mole; Molecular Probes, USA) were used as received without 
further purification. 

The chemicals for phosphate-buffered saline (PBS; aqueous 
solution of 10 mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl and137 
mM NaCl, pH adjusted to 7.4), MES buffer (solution of 0.1 M 2-(N-
morpholino)ethanesulfonic acid (MES) and 0.5 M NaCl in water, pH 
5.5), ethanolamine hydrochloride (1 M, pH 8.5) and acetate buffer 
(AB; 50 mM CH3COONa at pH 5.5) were purchased from Sigma-
Aldrich (Spain). 

Stock solutions of Irgarol 1051 (1 mg mL-1) were prepared in 
DMF and stored at 4 °C. All solutions were filtered through 0.2 µm 
nylon membranes (VWR international, USA). Milli-Q water from 
Millipore (USA) was always employed. 

4.2.2. Surface functionalization 

Since the chosen immunochemical format is a competitive 
configuration, we decided to covalently immobilize on a previously 
silanized sensor surface an haptenized protein (competitor 
bioconjugate) or the hapten 4e. The bioconjugate 4e-cona is a protein 
conalbumin with many derivatives 4e covalently attached in order to 
increase the number of binding sites. The hapten 4e is an Irgarol 1051 
chemical derivative with a carboxylic group that can be covalently 
attached to the sensor surface. To evaluate the most suitable 
biofunctionalization procedure, several silanization protocols were 
employed (Figure 4.11).  

Prior to functionalization, the sensor chips were cleaned as 
previously explained. Cleaned sensor chips were then oxidized using 
oxygen plasma (40 kHz and 100 W, 45 scm, Femto oxygen plasma, 
Electronic Diener, USA) for 5 min. The pre-treated chips were 
subsequently immersed in a 15 % HNO3 solution at 75 ˚C for 25 min, 
rinsed generously with deionized water, dried carefully under 
nitrogen flow and immediately functionalized. 
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• Surface biofunctionalization with 4e-cona conjugate 
 

• Covalent immobilization of 4e-cona on CTES-treated surfaces (Surface I) 

The functionalization protocol using CTES has been previously 
described.139 Briefly, the sensor chip was immersed in an aqueous 
solution of 0.5 % CTES for 1 h, cleaned with water and dried using a 
nitrogen stream. Finally, the sensor chip was cured in an oven for 1h 
at 110 ˚C. 

The PDMS fluidic system was then placed over the silanized 
sensor surface. A 50 µg mL-1 4e-cona solution, containing 0.2 M 
EDC/0.05 M sulfo-NHS in MES buffer, was injected and left to react 
overnight at room temperature (RT). After, the excess of 4e-cona was 
removed by pumping water through the channels at a constant flow 
rate of 25 µL min-1 for 1h. Finally, a blocking of the sensor surface to 
avoid non-specific adsorptions was done using ethanolamine (1M, 
pH 8.5) and employing PBS as running buffer at a flow rate of 25 µL 
min-1. 

• Covalent immobilization of 4e-cona on carboxyl PEG-modified surfaces 
(Surface II) 

Once the sensor surface was thoroughly cleaned and oxidized, 
100 µL of 2.5 % silane-PEG-COOH solution in ethanol-water 95:5 
(v/v) was added onto the oxidized chip, covered with a cover slip and 
left 2 h at 4 ˚C. After incubation, the silanized sensor surface was 
sequentially rinsed with ethanol and deionized water and dried with 
N2. Then, it was autoclaved for 90 min at 120 ˚C. Finally, 4e-cona was 
covalently immobilized on the sensor chip following the protocol 
described for Surface I. 

• Covalent immobilization of 4e-cona on APTES-treated surfaces using 
PDITC cross-linker (Surface III) 

The hydroxylated sensor chip was treated under nitrogen with 
18 % (v/v) APTES and 5.5 % (v/v) acetate buffer (50 mM, pH 5.5) in 
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ethanol absolute for 10 min under gentle shaking, rinsed with ethanol 
and dried with a nitrogen stream. The silanized sensor chip was then 
cured in an oven for 2 h at 120 ˚C. The amine groups were activated 
with 20 mM PDITC in 10 % of pyridine and DMF in dark for 2 h. After 
incubation, the sensor chip was washed with DMF and ethanol; and 
dried with a stream of nitrogen. Finally, 4e-cona was covalently 
immobilized on the sensor chip according to the procedure described 
above for Surface I. 

• Covalent immobilization of 4e-cona on CM-dextran-modified surfaces 
(Surface IV) 

The sensor chip was silanized with APTES following the 
protocol described above for surface III. For the immobilization of 
CM-dextran, the PDMS fluidic system was placed over the silanized 
sensor surface. A solution of 0.2 M EDC/0.05 M sulfo-NHS in MES 
buffer with a concentration of 1mg mL-1 CM-dextran was injected and 
left to react 80 min at RT. After, the sensor chip was washed pumping 
water through the channels at a flow rate of 25 µL min-1 for 1h. Finally, 
4e-cona was covalently immobilized on the sensor chip according to 
the procedure described for Surface I. 

 
• Surface biofunctionalization with Irgarol derivative 4e 

 
• Covalent immobilization on amine-dextran-modified surfaces silanized 

with CTES (Surface V) 

The sensor chip was first silanized with CTES following the 
above-mentioned protocol. Then, the PDMS fluidic system was 
placed over the silanized sensor surface. A solution of 0.2 M 
EDC/0.05 M sulfo-NHS in MES buffer with a concentration of 1 mg 
mL-1 amine-dextran was injected into each channel and left to react 80 
min at RT. After, the sensor chip was washed pumping water through 
the channels at a constant flow rate of 25 µL min-1 for 1h. To 
immobilize the hapten 4e, a solution of 0.2 M EDC/0.05 M sulfo-NHS 
in MES buffer containing 50 µg mL-1 of hapten 4e was pre-incubated 
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during 30 min under agitation and then, injected into each sensor 
channel to react overnight at RT with the silane. Finally, the reagent 
excess was removed pumping water through the channels at a 
constant flow rate of 25 µL min-1 for 1h. Finally, to avoid non-specific 
adsorptions, the sensor surface was blocked by using ethanolamine 
(1M, pH 8.5) and employing PBS as running buffer at a flow rate of 25 
µL min-1. 

• Direct immobilization on APTES-treated surfaces (Surface VI)  

The sensor chip was silanized with APTES following the 
procedure described for surface III. The sensor chip was then placed 
in the experimental set-up with the PDMS fluidic system, and the 
immobilization was done for each sensor channel individually. Then, 
hapten 4e was covalently immobilized on the surface of the sensor 
chip according to the procedure described for Surface V. 

 

 
Figure 4.11. Evaluated sensor surfaces: (I) Covalent immobilization of 4e-
cona via CTES; (II) covalent immobilization of 4e-cona via silane-PEG-
COOH; (III) covalent immobilization of 4e-cona via APTES and the cross-
linker PDITC; (IV) covalently cross-linked 4e-cona via CM-dextran; (V) 
covalently cross-linked hapten 4e via amine-dextran; and (VI) covalent 
immobilization of hapten 4e via APTES. 
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4.2.3. Biosensor immunoassay 

All the Irgarol 1051 samples were prepared in PBS buffer or 
seawater. PBS was employed as running buffer at a constant flow rate 
of 20 µL min-1. Each Irgarol 1051 solution (200 µL) was prepared 
mixing 2 µL of a fresh stock dilution of 1:20 (v/v) antisera As87 with 
198 µL of PBS to reach a final antibody dilution of 1:2000 (v/v). 150 
µL of the antibody-sample mixture was injected into the flow cell. 
During this step, the free antibodies interacted with the hapten 
immobilized onto the sensor surface. Finally, the sensor surface was 
regenerated by flowing 50 mM NaOH solution at 25 µL min-1 for 2 
min. The biosensor response for samples of different concentrations 
of Irgarol 1051 was evaluated from low to high concentrations and 
vice versa.  

 Comparison of the different evaluated sensor 
surfaces 

Considering that the substrate functionalization is a critical 
step in biosensor fabrication, the six different functionalization 
protocols based on wet chemistry methods of silanization and 
subsequent covalent receptor immobilization were studied in detail. 
The first step to evaluate a sensor surface in a competitive 
immunoassay is the effect of the antibody concentration. We 
evaluated from 1:500 (v/v) to 1:5000 (v/v) anti-Irgarol 1051 serum 
dilutions for the six surfaces in the BiMW sensor. They were tested in 
absence of Irgarol 1051 (B0) and in presence of 100 µg L-1 of Irgarol 
1051 in the sample (B). For all the surfaces the optimized antisera 
dilution, in terms of sensitivity (B/B0 ratio), was a dilution factor of 
1:1000 (v/v) except for sensor surface V, which was a dilution factor 
of 1:1500 (v/v) and for surface VI, which was a dilution of 1:2000 
(v/v). Results are summarized in Figure 4.12. 
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Figure 4.12. Comparison of the different sensor surfaces responses in terms 
of absolute signal (Df) and sensitivity (B/B0 ratio). For sensor surface details, 
see Figure 4.11. The employed anti-Irgarol 1051 serum for all the sensor 
surfaces was 1:1000 (v/v) except for sensor surface V, which has a dilution 
factor of 1:1500 (v/v) and surface VI that has a dilution 1:2000 (v/v). 

 
All the evaluated sensor surfaces produced a response in the 

presence of a fixed As87 anti-Irgarol serum dilution in PBS in the 
absence of Irgarol 1051. The highest absolute signal (Df) was observed 
for the sensor surface I (Df = 3.7 rad), resulting from the covalent 
immobilization of conjugate 4e-cona on the BiMW chip previously 
silanized with CTES. The main advantage of this organosilane is the 
stability in water avoiding organic solvent handling. Moreover, CTES 
permits the immobilization of biomolecules inside the fluidic cell (in-
situ) and the carboxylic group is stable during long periods, once 
attached on the sensor surface. The main drawbacks are the low 
surface density of biomolecules and the low stability after the 
regeneration process. In our experiments, no signal inhibition was 
observed when As87 anti-irgarol serum (dilution 1:1000, v/v) was 
first mixed with 100 µg L-1 Irgarol 1051 in the sample. This could be 
caused by a low functionalization yield that leads to a low density of 
receptors immobilized on the sensor surface. The low receptor 
coverage potentially leads to the non-specific binding of other 
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proteins present in the anti-Irgarol 1051 serum falsely increasing the 
sensor response. 

In light of these results, the sensor surface II was functionalized 
with silane-PEG-COOH prior to the covalent immobilization of the 
conjugate 4e-cona. PEGylation is reported to greatly suppress the non-
specific binding of charged molecules to the modified surface.145 The 
sensor response in terms of absolute signal for As87 anti-irgarol 
serum (dilution 1:1000, v/v) and in absence of Irgarol 1051 is lower 
than for surface I. This could be caused by the reduction of the non-
specific binding of serum proteins that could show a false increase in 
the sensor response. As expected, the addition of 100 µg L-1 Irgarol 
1051 in the sample led to a signal inhibition but relatively low. 
Because of that, sensor surface III was functionalized with APTES in 
combination with PDITC previous to immobilize the conjugate 4e-
cona. The cross-linker PDITC has the potential to form well-organized 
assemblies driven by p-p stacking, also leading to a reduction of non-
specific binding of matrix compounds to the functionalized sensor 
surface.146 With this functionalization, a small signal inhibition was 
observed when evaluating the sensor response in the presence of 
Irgarol 1051. But no improvements were observed compared to 
surface II. 

In order to enhance the number of binding sites and act as a 
blocking layer itself, CM-dextran (sensor surface IV) and amine-
dextran (sensor surface V) were employed. A dextran layer 
potentially provides a pseudo-3D hydrophilic layer favorable to most 
antigen-antibody interactions and increases the surface capacity for 
receptor immobilization in comparison with the previous flat 
surfaces. The sensor surface IV with 4e-cona onto CM-dextran-
modified surfaces shows a high sensor response in presence of the 
As87 anti-Irgarol antiserum and in absence of Irgarol 1051 (B0). Also, 
the presence of Irgarol 1051 (100 µg L-1) in the sample shows a signal 
inhibition. The sensitivity (B/B0 ratio) is significantly better than the 
previous sensor surfaces with also 4e-cona immobilized. This 
improvement is consistent with the formation of a pseudo-3D layer 
with a higher receptor immobilization capacity. Sensor surface V 
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together with sensor surface VI use the hapten receptor 4e as an 
alternative to cona-4e conjugate. As expected, the sensor surface V, 
CTES-modified surface with an amine-dextran network, shows 
considerable performance in terms of sensitivity and similar to the 
sensor surface IV with CM-dextran. In the case of sensor surface VI, 
hapten 4e was covalently immobilized onto an APTES-modified 
surface. This sensor surface shows the best results in terms of 
sensitivity (B/B0 ratio) but also the highest absolute signal (Df) 
(except from the unspecific response of surface I). Sensor surface VI 
shows a signal inhibition of 88 % due to the anti-Irgarol inhibited by 
the presence of 100 µg L-1 of Irgarol 1051 in the sample (B). This was a 
surprising result because a similar sensitivity enhancement observed 
for sensor surface IV compared to sensor surface I was expected for 
sensor surface V compared to sensor surface VI.  

In EW-based sensors only events occurring close to the sensor 
surface will be measured. This is because, and as previously 
explained, the intensity of the evanescent field is maximum at the 
surface and decays exponentially as it penetrates the outer medium. 
When directly attaching the derivative 4e to the sensor surface via an 
APTES moiety with a chain of only 3 carbons, the close contact of the 
receptor to the waveguide surface will enhance the sensitivity. On the 
other hand, only events occurring close to the sensor surface will be 
measured. Thus, antigen-antibody interaction in sensor surface VI 
would occur closer to the surface than that for surface V, in which a 
larger size cross-linker molecule (amine-dextran network) have been 
used, leading to the observed enhanced response. 

In view of the obtained results, sensor surface VI was selected 
as the most appropriate one for further biosensor development. 

 Optimization of the sensor surface 
functionalization 

Once selected the sensor surface, different parameters during 
APTES silanization and the immobilization of hapten 4e were 
optimized as shown in Table 4.2. 
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Table 4.2. Summary of the optimized parameters during APTES silanization 
and immobilization of hapten 4e. AB: 50 mM Acetate buffer 

Step Parameter Evaluated 
range 

Optimum 
value 

Silanization 

Oxidation treatment UV/O3  
O2 plasma O2 plasma 

Solvent 
Ethanol  

(0 — 5.5 % AB) 
Toluene 

Ethanol  
(5.5 % AB) 

Silane concentration 
(%, v/v) 1 — 18 18 

Silanization time 10 min to 16 h 10 min 

Hapten 4e 
immobilization 

Carrier solution pH 5.0 — 5.5 5.5 
Pre-incubation time 

(min) 0 — 30 30 
4e concentration  

(µg mL-1) 50 — 250 50 
 

After the cleaning of the silicon nitride surface, oxidation is a 
key step to generate active silanol groups onto the surface that 
facilitate the reaction with the silane. Two activation procedures were 
evaluated with identical results. The first procedure was with UV/O3 
activation (BioForceNanosciences, USA), and the second one was 
treating the surface with O2 plasma. UV/O3 activation is less 
aggressive and takes 90 min to achieve a highly hydrophilic surface 
(water contact angle lower than 5°).139 Since the surface treated with 
O2 plasma takes only 5 min, this latter was chosen as the activation 
procedure. 

There are several advantages when using silanization with 
APTES such as (bio)receptor stability, high immobilization density, 
reduced biofouling, leach-proof biomolecule binding, and enhanced 
analytical performance. We evaluated three different reported 
silanization protocols. In all the cases, the reactions took place under 
a nitrogen atmosphere to obtain a compact monolayer. In the first 
protocol,147 the activated sensor chip was incubated overnight into a  
1 % (v/v) APTES solution in dry toluene and with 0.3 % v/v of DIPEA 
to catalyze the hydrolysis reaction. To control the extent of 
polymerization of the silane, there are many optimized organic 
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silanization protocols using toluene. The problem with APTES is that 
the surface density closely depends on the solvent viscosity and an 
aromatic solvent like toluene may not be ideal and is also not eco-
friendly.136 Two other protocols using absolute ethanol as solvent 
were evaluated. In the second protocol, the hydroxyl-activated sensor 
chip was transferred to a 1 % (v/v) APTES solution prepared in 
absolute ethanol for 1 h.99 In the third protocol,148 the activated chip 
was transferred to an 18 % (v/v) APTES solution prepared in absolute 
ethanol with 5.5 % of acetate buffer for 10 min under mild agitation. 
The presence of water in the buffer catalyzes for the hydrolysis of the 
silane under a stable pH. The high concentration of APTES and the 
mild agitation reduces the reaction time to only 10 min. Longer times 
may render in the generation of thicker multilayers.  

For the evaluation of the optimal silanization protocol, the 
optimal antibody concentration was first evaluated with different 
antisera dilutions between 1:500 and 1:5000 (v/v). In all the cases, an 
antisera dilution of 1:2000 (v/v) showed the best results in terms of 
absolute signal (Df) and in terms of sensitivity (B/B0 ratio). Then, with 
an antisera dilution of 1:2000 (v/v), a calibration curve was done 
using standard Irgarol 1051 solutions with concentrations ranging 
from 0 to 100 µg L-1. All three protocols showed similar results in 
terms of LOD, IC50 and DR, but different sensor surface stability. In 
the first two protocols, the sensor response was stable only up to 7 — 
8 cycles. These results suggest a poorly silanized surface and/or the 
adsorption of the hapten 4e instead of covalent immobilization. By 
contrast, in the last protocol, the resulting chip was stable up to 30 
measurements-regeneration cycles. These implies a greater number of 
silanes covalently bound to the surface and only with a 10 min 
reaction.  

Once optimized the functionalization via APTES, we evaluated 
the different parameters for the immobilization of the hapten 4e. First, 
different concentration of the hapten 4e during the chip 
functionalization from 50 up to 250 µg mL-1 were tested. Increased 
concentrations did not lead to a better sensor performance in terms of 
absolute signal, sensitivity and stability. Therefore, a concentration of 
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the hapten 4e of 50 µg mL-1 was chosen as the optimum 
immobilization concentration. Another important parameter was a 30 
min pre-incubation time of 4e with EDC/sulfo-NHS to activate the 
carboxylic group of the hapten prior to covalently attach to the amine 
silane.  

 Immunoassay optimization 

Once optimized the conditions for the sensor surface 
functionalization, different parameters affecting the immunoassay 
performance were evaluated. A summary is shown in Table 4.3. 

 
Table 4.3. Optimized immunoassay conditions. 

Parameter Evaluated 
range 

Optimum 
value 

Anti-Irgarol serum concentration, 
dilution factor (1:x) 500 — 5000 2000 

Regeneration:                                                               
NaOH (mM), 25 µL min-1, 120s 25 — 100 50 

Carrier solution --- PBS (pH 7.4) 
Incubation time Ab + Ag (min) 1 — 10 1 
Measurement flow rate (µL min-1) 15 — 25 20 
Total analysis time (min per sample) --- 20 

 

The most critical one, the effect of the antibody concentration, 
was previously optimized. The best results were obtained for 1:2000 
(v/v) being high enough to give a good signal-to-noise ratio, but still 
a limiting factor to achieve good sensitivity. Higher dilutions 
presented weaker response in terms of absolute signal (Df) and lower 
dilutions were exceedingly high concentrations decreasing the 
immunoassay sensitivity (Figure 4.13).  
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Figure 4.13. Comparison of different anti-Irgarol 1051 serum (As87) 
dilutions responses in terms of absolute signal (Df). 

 
In a competitive immunoassay, it is not only important the 

antibody concentration but also the mixture and incubation time of 
this antibody with the sample prior to the sensor injection. This allows 
the appropriate interaction of the antibodies with the Irgarol 1051 
present in the sample before they contact the hapten onto the sensor 
surface. The incubation time was evaluated from 1 up to 10 min. The 
minimum time was chosen as the optimal, as longer times did not 
render in better sensitivities.  

In order to perform consecutive measurements with the same 
sensor surface, the regeneration of the surface had to be addressed; 
that is the removal of the attached antibodies after the detection step 
without altering the immobilized receptor molecules. Efficient 
regeneration would provide reusability of the surface, which is 
particularly important not only to save costs and time, but also to 
evaluate the stability and robustness of the functionalized surface. To 
disrupt the biochemical interaction between the antibody and the 
hapten receptor, a regeneration solution with NaOH was chosen. 
Other solvents, i.e HCl, did not dissociate the antibody-antigen 
interaction or destroyed the bioreceptor activity. We evaluated four 
different concentrations of NaOH with a fixed flow (25 µL min-1) and 
time (120 s). The effective regeneration of the sensor surface was 
evaluated with consecutive measurements of antisera dilution 1:2000 
(v/v), both without Irgarol and in the presence of a high 
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concentration of Irgarol 1051 (100 µg L-1). A recovery of the same 
absolute signal (Df) indicated an efficient removal of the antibody 
bound to the sensor surface with minimal surface damage. When 
regenerating with only 25 mM of NaOH, the absolute signal 
decreased a 55 ± 10 % in the absence of Irgarol 1051 just after 5 
different measurement-regeneration cycles. This was attributed to a 
non-effective removal of the antibodies bound to the sensor surface. 
On the other hand, when regenerating with a high concentration of 
NaOH (100 mM), the performance of the biosensor improved, but the 
signal still decreased a 20 ± 3 % after 5 cycles in the absence of Irgarol 
1051. This decrease is possibly related to the damage of the receptor 
layer. The optimal value was 50 mM NaOH, where the sensor retains 
95 ± 6 % of the initial response after 10 cycles, indicating an efficient 
regeneration of the sensor surface. 

Finally, and since we are working with a fluid delivery system, 
the effect of the flow rate had to be assessed. The flow rate was 
analyzed in the range of 15 — 25 µL min-1 and evaluated in terms of 
absolute signal when flowing and antisera dilution 1:2000 (v/v) in the 
absence of Irgarol 1051. At a flow rate of 20 µL min-1, the absolute 
signal was 3.3 ± 0.2 rad. When flowing the sample at 25 µL min-1, the 
sensor signal response decreased 10 ± 2 %, and lower flows did not 
show better sensitivities. Therefore, the chosen flow rate was 20 µL 
min-1. With the above-mentioned conditions, the complete 
measurement-regeneration cycle took around 20 min. 

 Analytical performance of the BiMW 
immunosensor 

Using the optimized conditions established before, we 
obtained a calibration curve using standard Irgarol 1051 solutions, 
ranging from 0 to 100 µg L-1, in buffer conditions and incubated with 
a constant concentration of antibody. The normalized calibration 
curve is depicted in Figure 4.14. The obtained IC50 and LOD were 99 
ng L-1 and 3 ng L-1, respectively. The DR of the immunoassay was from 
9 to 1190 ng L-1.  
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Figure 4.14. Competitive calibration curve obtained in Irgarol 1051 standard 
solutions in PBS pH 7.4 and in spiked seawater. 

 
The optimized biosensor was stable up to 30 different 

measurements-regeneration cycles using the same sensor surface 
(Figure 4.15a). To study the interday reproducibility of the biosensor, 
a BiMW chip functionalized and stored at RT in air was evaluated in 
consecutive days using different waveguide sensors. The same sensor 
response was obtained for consecutive days in terms of absolute 
signal (Df) and sensitivity (B/B0 ratio) confirming the good stability 
of the sensor surface (Figure 4.15b). 

 

 
Figure 4.15. (a) Real-time detection of measurement-regeneration cycles 1, 2 
and 30 of antisera dilution 1:2000 (v/v) regenerated with 50 mM NaOH. (b) 
Comparison of day 1 and 5 responses using the same BiMW chip in terms 
of absolute signal (Df). 
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Immunoassays are known to suffer from matrix effects that 
causes the non-specific binding and denaturation of the antibodies, 
which results in false positives responses.149 Thus, the first step for the 
analysis of Irgarol 1051 in seawater was to measure the sensor 
response to the flow of seawater alone. The seawater sample had been 
previously checked and contained undetectable levels of Irgarol 1051. 
The sensor response to the flow of seawater alone showed the same 
phase change at the entrance and at the exit, a stable baseline when 
only flowing seawater and the recovery of the base line (Figure 4.16). 
This confirmed that the functionalized surface was resistant to non-
specific adsorptions showing no background signal due to any matrix 
effect. On the other hand, the stability of the antibody As87 in 
seawater was demonstrated in a previous immunoassay, where the 
salinity did not significantly affected the performance.128 Moreover, 
the immunocomplex stability was previously confirmed with an 
ELISA assay for a wide pH range,129 including the pH of seawater that 
is usually in the range of 7.5 — 8.4.150 

 

 
Figure 4.16. Sensor signal response to the flow of seawater. 

 
A competitive calibration curve was obtained with spiked 

seawater samples ranging from 0 to 100 µg L-1 and with the previously 
optimized conditions. The calibration inhibition curve is represented 
in Figure 4.14. The IC50 and LOD were 66 and 3 ng L-1, respectively, 
and the DR was from 9 to 478 ng L-1. Remarkably, the LOD was even 
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as good as some of the reported by chromatographic methods.112,113,151 
The only affected parameter was the reduced DR in sweater due to 
some matrix effect. Since the absolute signal and sensitivity remained 
stable, Irgarol 1051 could be directly detected in seawater and no 
sample pre-treatment was needed. Moreover, the optimized BiMW 
biosensor was also stable up to 30 different measurements-
regeneration cycles with seawater samples (Figure 4.17). 

 

  

Figure 4.17. Sensor response for 30 consecutive measurement-regeneration 
cycles with seawater samples of antisera dilution 1:2000 (v/v) regenerated 
with 50 mM NaOH. 

 

 Analyses of spiked seawater samples   

To evaluate the robustness and trueness of the biosensor, 
several blind spiked seawater samples were analyzed both, with the 
BiMW biosensor and by a confirmatory method, based on 
chromatography and mass spectrometry.  

For the preparation and fortification of the samples, pristine 
seawater was taken in the north of the Catalan coast using Pyrex 
borosilicate glass bottles and filtered with nylon filters (0.45 µm mesh 
size, Whatman). Aliquots were spiked with different concentrations 
of Irgarol 1051 in the facilities of the Institute IDAEA-CSIC 
(Barcelona, Spain). The concentrations of Irgarol 1051 in the blind 
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samples were unknown during the analysis with the BiMW 
biosensor. 

For the confirmatory method, samples were extracted using a 
method reported by Gros et al.,152 with some modifications. Briefly, 
500 mL of seawater were acidified with formic acid to pH 2.0 and 
extracted by SPE using Oasis® HLB cartridges (Waters). After the 
loading, the cartridges were washed with 5.0 mL ultrapure water, 
previously adjusted at pH = 2 with formic acid, and eluted with 5.0 
mL of methanol. The extracts were evaporated to 100 µL, under a 
gentle flow of nitrogen, and 900 µL of methanol were added to each 
vial. The extracts were analyzed by high-performance liquid 
chromatography coupled to high resolution mass spectrometry with 
electrospray ionization (HPLC-ESI-HRMS). The chromatographic 
separation was achieved by reverse-phase chromatography with a 
C18 column. For each run, 20 µL of extract were injected. The 
electrospray ionization source worked in positive mode, with the 
source temperature set at 300 ˚C and a spray voltage of 2.500 kV. 
Acquisition was carried out in full scan mode with a resolution of 
70.000 (full width at half maximum, measured at m/z = 200).  

In order to prevent cross contamination and the presence of 
interferences, all bottles and glass material employed in the analysis 
were first rinsed with ultrapure water and methanol and heated at 
400 ˚C overnight. The samples were stored at - 20 ˚C until their 
analysis. 

Five seawater samples were spiked with 100 µg L-1 (far above 
the sensor limit of linearity), 1.0 µg L-1, 500 ng L-1, 200 ng L-1 and 25 ng 
L-1 of Irgarol 1051, respectively. The chromatographic method 
confirmed, within an error margin of < 10 %, the trueness and stability 
of the spiked concentrations. This discarded potential losses of Irgarol 
1051 due to degradation, sorption or any other miscellaneous factor. 
Then, the fortified samples were labelled as blind samples and 
analyzed by the BiMW immunosensor in duplicate after some days.  
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Overall, a good agreement was obtained between the BiMW 
immunosensor and the confirmatory method (Table 4.4). The most 
contaminated sample (#1, cnominal = 100 µg L-1) offered a sensor 
response far above the limit of linearity (LoL), as expected. All the 
other samples could be correctly quantified by the biosensor, offering 
results close to the spiked concentrations. 

 
Table 4.4. Analyses of spiked seawater samples 

Sample Cnominal (ng L-1) Csensor (ng L-1) error (%) 
#1 105 >LoL N.A. 
#2 25 30 16 
#3 1000 1177 -18 
#4 200 131 34 
#5 500 505 -1 

LoL: limit of linearity; N.A.: Not Applicable 

 
These results correlated linearly with the concentration of the 

HPLC-ESI-HRMS analyses, with a Pearson correlation coefficient of r 
= 0.996 and a p = 0.004, respectively. The slope of the regression line 
was close to the unit (slope = 1.219 ± 0.081), suggesting a good 
correspondence between both techniques.  

 Conclusions 

We have successfully developed a BiMW immunosensor for 
real-time and label-free detection of Irgarol 1051 directly in seawater. 
To enhance the analytical features of the assay in terms of sensitivity, 
stability and reproducibility, special attention has been placed in the 
assessment and optimization of the functionalization strategy. For 
that, we have evaluated different silanization protocols and 
immobilization approaches. The chosen assay is based on a label-free 
competitive inhibition format with the covalent attachment of an 
Irgarol 1051 derivative directly to the sensor surface via an 
aminosilane. This sensor surface is stable up to 30 measure-
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regeneration cycles of seawater samples. The developed biosensor 
shows a LOD and IC50 of 3 ng L-1 and 66 ng L-1 in seawater, 
respectively, and a DR from 9 to 478 ng L-1. This LOD is well below 
the 16 ng L-1 set by the EU as the maximum allowable concentration. 
With the optimized immunoassay conditions of the biosensor, the 
total analysis time takes only 20 min. Finally, and to evaluate the 
robustness and trueness of the immunosensor, blind seawater 
samples were analyzed both with the BiMW biosensor and by a 
confirmatory method based on chromatographic tools. The 
immunosensor was confirmed to exhibit a satisfactory performance 
and showed to be a sensitive and straight-forward methodology for 
the measurement of Irgarol 1051 directly in seawater without any pre-
treatment. The current analytical techniques based on 
chromatographic methods are more time-consuming, less cost-
effective and involve the use and waste of significant volumes of 
environmentally unfriendly organic solvents. The low LOD is as 
good as some of the reported chromatographic techniques but 
without the need of clean-up and pre-concentration steps. To our 
knowledge this is the most sensitive sensor for the detection of Irgarol 
1051 directly in seawater that has been presented in the literature.  

 



 

 

 
 
 
 
 

Chapter 5 
Carbon dioxide detection 
combining metal-organic 

frameworks as receptors with a 
bimodal waveguide 

interferometer sensor 
In this chapter, BiMW interferometers were adapted for CO2 sensing 
by integrating MOFs as the selective receptor layer onto the Si3N4 
waveguide sensor surface. This MOF-BiMW sensor was constructed 
via self-assembly of a transparent thin-film of zeolitic imidazolate 
framework-8 (ZIF-8) nanoparticles onto the waveguides and then 
adding a protective layer of PDMS. Special attention was given to the 
development of the gas sensor set-up and to the fine control of the 
size of the MOF nanoparticles for the construction of high-quality 
transparent films.  
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5. Carbon dioxide detection combining metal-
organic frameworks as receptors with a bimodal 
waveguide interferometer sensor 

 Introduction 

5.1.1. The target analyte: carbon dioxide 

Indoor air quality is the air quality that affects the health and 
quality of life of occupants within and around buildings and 
structures. Common indoor air pollutants include gases such as CO2 
or CO, VOCs, particulate matter or biological contaminants (e.g. 
bacteria) that can cause both immediate and long-term health effects. 
It can be particularly harmful to vulnerable groups with chronic 
respiratory or cardiovascular diseases. Indoor air quality may have 
greater impact for many people that outdoor exposure since it has 
been estimated that humans spend 90 % of their time in both private 
and public indoor environments.153 

Carbon dioxide is a known pollutant that affects the 
performance of humans in workplaces, schools and other indoor 
areas. High levels of ambient CO2 can lead to tremors and loss of 
consciousness (>100000 ppm, 10 %), and even to death (>250000 ppm, 
25 %).154 However, indoors, the pernicious effects of CO2 begin to 
appear at much lower levels. For example, CO2 levels of 2,000 ppm to 
5,000 ppm (0.2 % to 0.5 %) lead to headaches, sleepiness, elevated 
heart rate and diminished concentration, among other negative 
effects. Organizations such as the Occupational Safety and Health 
Administration (OSHA), Association Advancing Occupational and 
Environmental Health (ACGIH) and The National Institute for 
Occupational Safety and Health (NIOSH) have established CO2 limits 
of 0.5 % (8-hour time-weight average), 3 % (short-term exposure) and 
4 % (maximum instantaneous limit considered immediately 
dangerous to life and health).155 To date, the most common devices on 
the market for CO2 detection are non-dispersive infrared and 
electrochemical sensors. However, they still show some drawbacks 
including water interferences for the first type of sensors and short 
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lifespan for the second ones.156 Therefore, devices for sensing and 
monitoring indoor CO2 levels are still urgently needed to ensure the 
safety of human occupants. Moreover, monitoring of CO2 is 
important in many other fields such as food packaging, in which high 
CO2 levels (10 % to 80 %) are used to suppress microbial growth. 

5.1.2. Metal-Organic Frameworks (MOFs)  

Metal-Organic Frameworks (MOFs) are a class of highly 
porous crystalline solids materials built from metal ions/clusters 
coordinated to multifunctional organic ligands (Figure 5.1).157—159 
MOFs comprise extended one-, two- or three-dimensional crystalline 
networks easily synthesized from simple inorganic salts via common 
techniques such as hydro-/solvo-thermal synthesis. The variety of 
metal coordination geometries and organic ligands translates into a 
potentially infinite number of structural architectures and 
compositions. This unique chemical and structural versatility confer 
them with outstanding porosity160 as well as tunable pore size and 
functionality for countless potential applications, including trapping 
contaminants and/or dangerous gases,161 catalysis162 and gas capture 
and separation.163,164 Among these research and development areas, 
sensing is especially prominent, owing to the high porosity of MOFs 
as well as to their sorption selectivity via molecular sieving and 
chemical specific interactions within the pores.165 

 

 
Figure 5.1. Scheme of a Metal-Organic Framework (MOF). 

 
The history of MOFs started more than two decades ago, in 

1995, when Yaghi and co-workers reported the hydrothermal 
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synthesis of an extended network composed of Cu(4,4’-
BPY)1.5·NO3(H2O)1.25 (where BPY is bypiridine).166 This structure 
containing large rectangular channels filled with NO3

- could perform 
anion exchange with BF4

- and SO4
2-. These authors demonstrated that 

channels could be accessible, and the structure was termed Metal-
Organic Framework (MOF). Later, in 1999, the same authors 
synthesized MOF-5, with the formula Zn4O(BDC)3 (where BDC is 
benzene-1,4-dicarboxylate).167 This material was the first 3D robust 
MOF structure where the guest molecules could be evacuated from 
the voids demonstrating a Brunauer-Emmett-Teller surface area (SBET) 
of 2320 m2 g-1.168 This surface area outperformed the reported ones for 
porous materials, including zeolites or carbon-based materials. 
Nowadays, the highest reported surface area, recently published by 
Kaskel and co-workers, is for DUT-60, with an experimental SBET of 
7839 m2 g-1 (Figure 5.2).169 

 

 
Figure 5.2. DUT-60 framework: (a) Structure of DUT-60 and the metal 
cluster and organic ligands. (b) The mesopore system of DUT-60 illustrated 
by orange and blue polygons.169 

 

5.1.2.1. MOFs as sensors receptors 

There are significant advantages when choosing MOFs over 
other materials typically used in commercial chemical sensors, such 
as polymers or semiconductors. The main one is the high surface area 
to effectively concentrate the adsorbate at higher levels, which can 
substantially increase the sensitivity of the sensor. Another important 
characteristic is the selectivity to detect the target molecule via size 
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exclusion from the pore apertures of the MOFs. In 2002, Yaghi and co-
workers reported the synthesis of isoreticular MOFs with the 
topology of MOF-5, the so called IRMOFs (Figure 5.3).170 Those 
materials have the same Zn4O node but substituting the ligand for 
longer ones, the pore aperture ranged from 3.8 Å up to 28.8 Å. 
Another source of selectivity is the chemical specific interactions of 
the target analyte with the internal MOF pore surface. An example is 
the Zr-DMBD framework (where DMBD is 2,5-dimercapto-1,4-
benzenedicarboxylate) with an UiO-66 like topology that has 
accessible thiol groups from the ligand on the pore surface that 
effectively adsorb mercury.171 Another approach is the selective 
adsorption via open metal sites in the MOF that favorably interact 
with a preferred adsorbent. In 2005, Yaghi and co-workers reported 
the synthesis of a copper based MOF with open metal sites, named 
MOF-505, with high sorption capacity for H2.172,173 Moreover, most of 
the guest are physisorbed facilitating the sensor regeneration by 
simply subjecting the material to vacuum or, if necessary, slightly 
increasing the temperature. In addition, with a close control on the 
film thickness and maintaining small size dimensions of the MOFs, 
the diffusion times can be minimized to increase the sensor response 
time. 

 

 
Figure 5.3. Schematic representation showing the isoreticular synthesis of 
the IRMOFs family with different functionalization of pore walls (top) and 
the enlargement of the pore size and surface area (down).170 

 
One approach for developing MOF-based sensors is the use of  

luminescent MOFs, in which they are both the receptor and the 
transducer.174 However, most of the MOFs used for sensing require a 
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transducer to convert a chemical response into an electronic signal. 
The first approach was using MOFs as receptors for developing 
mechanical sensors. These sensors, which are based in a mass-
sensitive response upon analyte uptake included QCMs,175—177 
microcantilevers178 and SAWs.179 The reported examples addressed 
the problems related with selectivity in chemical sensors when using 
other receptors such as polymers. However, even though these MOF-
based sensors showed good sensitivities, they did not achieve the 
levels reported for other transduction schemes. Another approach has 
been employing electrical or electrochemical sensors to directly 
transduce a chemical response into an electronic signal.180—183 The 
drawback is that it requires conductive MOFs considerably 
narrowing the applicability to few reported examples.184 Photonic 
transducers, on the other hand, are based on light modulation. Most 
of them take advantage of refractive index changes but require a fine 
mesoscopic organization of the MOFs. One of the first approaches 
was the fabrication of a Fabry-Pérot device with a ZIF-8 film for the 
detection of vapors.185 Other examples included the construction of 
Bragg stacks by alternating high RI metal layers with MOFs layers to 
behave like 1D photonic crystals.186 More recently, 2D photonic 
crystals were fabricated by nanopatterning colloidal ZIF-8 in the form 
of nanogratings or depositing the ZIF-8 colloids on top of TiO2 
nanogratings to generate a ZIF-8/TiO2 nanocomposite for the 
detection of styrene.187 Other fabricated schemes are 3D photonic 
crystals by growing MOFs in 3D colloidal structures or by self-
assembling polyhedral MOFs for vapor sensing.188—190 These 
developed photonic crystals, although are precisely shaped and 
processed MOFs, present low sensitivities with LODs of 10-3 - 10-5 
RIU.191 Such low sensitivities only allow detecting vapors instead of 
gases since the latter produce much smaller RI shifts. 

There are few reported MOF-based sensors for the detection 
for gases. Eddaoudi et al. successfully developed a capacitive IDE 
sensor for H2S detection,192 whereas Mirica et al. reported the 
fabrication of an electric sensor for NO detection.193 For CO2, Van 
Duyne et al. fabricated a LSPR sensor with an HKUST-1 film that was 
able to detect CO2 levels down to 10 %.194 More recently, Wang et al. 
designed a near-IR fiber-optic coated with HKUST-1 that showed a 
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LOD of 20 ppm for CO2.195 However, practical use of these MOF-based 
sensors for CO2 detection is limited by the low hydrolytic stability of 
HKUST-1 and/or by scattering and water interferences. 

5.1.2.2. MOF films 

A common characteristic of most of the MOF-sensor schemes 
is that the fabrication of MOFs as films is required. In fact, the surface 
growth of MOFs or fine position on different surfaces (e.g. silicon, 
glass, metals or metal-oxides) is critical to many research fields, such 
as electronics, sequestration and separation and optics, among many 
others.196,197 To date, the fabrication of MOF films has been achieved 
following different strategies including: 

• In-situ crystallization: is the direct assembly and growth of MOFs 
on surfaces immersed in a solution containing the precursors. 
However, as the bare substrates usually inhibit the growth of the 
MOFs, this approach requires to first functionalize the substrate or 
seed the growth with small MOFs crystals.198,199 Then, the 
functional groups anchor either the metals or the organic linkers 
for the nucleation and growth of the surface-attached MOFs, also 
known as SURMOFs (Figure 5.4a-f). A first example was the 
selective growth of MOF-5 onto a patterned gold substrate with 
COOH- terminated SAMs.200 Also, Fischer and co-workers 
demonstrated selective and preferential crystal orientation of 
HKUST-1 and Zn2(BDC)2(DABCO) (where DABCO is 1,4-
Diazabicyclo[2.2.2]octane) films on alumina and silica modified 
with COOH-terminated SAMs.201 Simultaneously, Bein and co-
workers demonstrated the preferred and highly oriented crystal 
growth of HKUST-1 along the [100] direction for COOH- 
terminated SAMs and the completely different orientation along 
the [111] direction for the OH-terminated SAMs.202 
 

• Liquid-phase epitaxy (LPE): in this approach, a previously 
functionalized substrate is sequentially immersed in a solution 
containing the metal precursors and, in a solution, containing the 
organic ligands precursors with washing steps in between (Figure 
5.4g-l). This synthetic method is based in the layer-by-layer (LbL) 
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technique, and the thickness of the MOF film can be controlled by 
the number of immersion cycles.203 This technique allows the 
fabrication of ultrathin and smooth SURMOFs. More recently, 
alternative techniques for a large-scale fabrication and/or closer 
control in the MOF film characteristics have been developed such 
as high-throughput spray,204 spin-coating205 and a dipping robot.206 
 

• Powder MOF-based deposition: this method requires to first 
synthesize the MOF powder and subsequently deposit it onto the 
surface. The simplest approach is to first obtain the MOF 
nanoparticles from a standard solvothermal synthesis followed by 
a drop-casting deposition.181 For a closer control on the film 
thickness and density, the spin-coating technique has also been 
employed allowing a fast, simple, low cost and large surface area 
processing at industry level.207—209 Another approach for the 
controlled thickness of the MOF film is the dip-coating method; as 
demonstrated, for example, for MIL-100 (Al,Cr,Fe)210 and Cr-MIL-
101.211 For the long-term and permanent attachment of the MOF, 
the MOF powder can be first mixed with a polymeric binder to 
obtain a mixed matrix membrane (MMM).212,213 

 

 
Figure 5.4. (a—f) Schematic of the growth of the in-situ crystallization of MOFs 
on a patterned SAM surface. The patterned SAM substrate is placed in a 
solution containing both metal precursor and organic linker, resulting in the 
controlled formation of MOF crystals on the SAM pattern. (g—l) Schematic 
of the LbL growth of MOFs on a patterned SAM surface.196 
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There are other well studied methods for the fabrication of 
MOF films. The Langmuir-Blodgett (LB) method is the formation of 
MOFs monolayers that are sequentially transferred onto a substrate. 
The first example was the synthesis of 2D layered NAFS-1 sheets 
formed on the solution surface, and then compressed by the container 
walls from the air-water interface. 3D MOFs films can be obtained via 
sequential LbL growth process and the weak interactions (p stacking 
and van der Waals interactions) between the monolayers.214 Other 
methods include electrochemically deposited MOF thin films215 and 
chemical vapor deposition (CVD).216 

In this Thesis, both the choice of the appropriate MOF and the 
preparation of the MOF film, were crucial for the development of our 
MOF-BiMW sensor. 

 Materials and methods 

5.2.1. Reagents and materials 

All chemical reagents and solvents were purchased from 
Sigma Aldrich and used as received without further purification. 
Milli-Q water from Millipore (USA) was always employed. 

5.2.2. Synthesis of nanoZIF-8 (size = 32 ± 5 nm) 

The synthesis of the colloidal solution followed a slightly 
modified protocol previously reported by Cravillon et al.217 
Zn(NO3)2·6H2O (1.47 g, 4.94 mmol) dissolved in 100 mL of methanol 
was added into 2-methylimidazole (3.24 g, 39.46 mmol) dissolved in 
100 mL of methanol. The resulting mixture was then gently stirred for 
a few seconds at RT. Note that this mixture turned turbid after some 
seconds. After 7 min, the nanoparticles were separated from the 
dispersion by centrifugation at 11000 rpm for 10 min in 50 mL Falcon 
tubes. The pellets were then re-dispersed in 5 mL of methanol and 
centrifuged in 4 Eppendorf tubes at 18000 rpm for 15 min. The 
nanoZIF-8 particles were washed again with 2 mL of methanol and 
centrifuged in 2 Eppendorf tubes at 18000 rpm for 15 min. The 
collected wet pellets were finally resuspended at a concentration of 
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100 mg mL-1 in Milli-Q water with cetyl trimethylammonium bromide 
(CTAB) dissolved. Note that the particles should be dispersed while 
they are still wet to prevent aggregation. 

5.2.3. Synthesis of ZIF-8 (size = 53 ± 8 nm) 

Zn(NO3)2·6H2O (2.00 g, 6.72 mmol) dissolved in 100 mL of 
methanol was added into 2-methylimidazole (3.24 g, 39.46 mmol) 
dissolved in 100 mL of methanol. The resulting mixture was gentle 
stirred for a few seconds at RT. Note that the mixture turned turbid 
after several seconds. After 2 h, the nanoparticles were separated from 
the dispersion by centrifugation at 11000 rpm for 10 min in 50 mL 
Falcon tubes. The pellets were then redispersed in 5 mL of methanol 
and centrifuged in 4 Eppendorf tubes at 18000 rpm for 15 min. The 
ZIF-8 particles were washed again with 2 mL of methanol and 
centrifuged in 2 Eppendorf tubes at 18000 rpm for 15 min. The 
collected wet pellets were finally resuspended at a concentration of 
100 mg mL-1 in Milli-Q water with CTAB dissolved. Note that the 
particles should be dispersed while they are still wet to prevent 
aggregation. 

5.2.4. Synthesis of ZIF-8 (size = 70 ± 12 nm) 

Zn(NO3)2·6H2O (3.00 g, 10.08 mmol) dissolved in 100 mL of 
methanol was added into 2-methylimidazole (6.00 g, 73.08 mmol) 
dissolved in 100 mL of methanol. The resulting mixture was gentle 
stirred for a few seconds at RT. Note that this mixture turned turbid 
after several seconds. After 2 h, the nanoparticles were separated from 
the dispersion by centrifugation at 11000 rpm for 10 min in 50 mL 
Falcon tubes. The pellets were then redispersed in 5 mL of methanol 
and centrifuged in 4 Eppendorf tubes at 18000 rpm for 15 min. The 
ZIF-8 particles were washed again with 2 mL of methanol and 
centrifuged in 2 Eppendorf tubes at 18000 rpm for 15 min. The 
collected wet pellets were finally resuspended at a concentration of 
100 mg mL-1 in Milli-Q water with CTAB dissolved. Note that the 
particles should be dispersed while they are still wet to prevent 
aggregation. 
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5.2.5. NanoZIF-8 film formation and optimization 

First, the sensor chips were cleaned/recycled as previously 
explained. Then, a high optical quality nanoZIF-8 film was prepared 
using the spin-coating technique with a Laurell WS-650-23 spin coater 
(Laurell Technologies, PA, USA). To this end, the colloidal solution of 
nanoZIF-8 was spin-coated with an acceleration of 250 revolutions per 
minute (rpm) s-1 and 1 min at RT under ambient atmospheric 
conditions. For the optimal film thickness, different concentrations 
and spinning speeds were evaluated. First, 200 µL from 10 mg mL-1 to 
120 mg mL-1 of the nanoZIF-8 were deposited in each sensor chip and 
then rotated at a spinning speed of 2000 rpm. The optimal film 
thickness was evaluated measuring the sensor response of 100 % CO2 
for each sensor chip. The highest signal response was achieved for 60 
mg mL-1. With that concentration, films were prepared at different 
spinning speeds from 2000 rpm to 6000 rpm. The highest signal 
response was achieved for 2000 rpm, which corresponds a film 
thickness of 1.15 µm ± 0.05 µm (evaluated with transversal cross-
section of FE-SEM images). 

5.2.6. PDMS film formation 

PDMS pre-polymer and curing agent (SYLGARD 184 Silicone 
Elastomer Kit, Dow Corning, USA) were thoroughly mixed in a 10:1 
weight ratio. A stock solution of 20 % (w/w) PDMS was prepared by 
dissolving the elastomer in toluene and stirred for 12 h. 200 µL of 
PDMS solution was deposited on top of the nanoZIF-8 film or directly 
onto the BiMW sensor area, and then rotated at a spinning speed of 
5000 rpm and an acceleration of 250 rpm s-1 for 1 min. The coated films 
were subsequently cured in a hot-plate at 110 ˚C for 12 h. 

5.2.7. Mixed matrix membrane of nanoZIF-8/PDMS film 

PDMS pre-polymer and curing agent (SYLGARD 184 Silicone 
Elastomer Kit, Dow Corning, USA) were thoroughly mixed in a 10:1 
weight ratio. A stock solution of 20 % (w/w) PDMS was prepared by 
dissolving the elastomer in THF and stirred for 12 h. NanoZIF-8 
dispersed in THF is added to a solution ending with a 20% (w/w) 
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concentration following the procedure reported by Fang et.al.218 200 
µL of ZIF-8/PDMS solution was deposited on top of the BiMW sensor 
and then rotated at a spinning speed of 5000 rpm and an acceleration 
of 250 rpm s-1 for 1 min. The coated films were subsequently cured in 
a hot-plate at 80 ˚C for 12 h. 

5.2.8. Characterization 

X-ray powder diffraction (XRPD) patterns of ZIF-8 samples 
were collected on an X’Pert PRO MPDP analytical diffractometer 
(Panalytical) at 45 kV, 40 mA using Cu Ka radiation (l = 1.5419 Å), 
whereas XRD patterns of the ZIF-8 films were collected on an X’Pert 
PRO MRD analytical diffractometer (Panalytical) equipped with a 
parabolic mirror at 45 kV, 40 mA using Cu Ka radiation (l = 1.5419 
Å). FE-SEM images were collected on a FEI Magellan 400L scanning 
electron microscope at an acceleration voltage of 2.0 kV and FEI 
Quanta 650F scanning electron microscope with EDX Inca 250 SSD 
XMax20, using aluminum as support. The size of nanoZIF-8 particles 
was calculated from FE-SEM images by averaging the size of 200 
particles measured using ImageJ software from images of different 
areas of the same samples. Ellipsometry measurements were made on 
a GES5E rotating polarizer ellipsometer (SOPRALAB). Volumetric N2 
and CO2 sorption isotherm was collected at 77 K, 278 K and 293 K 
respectively using an AutosorbIQ-AG analyzer (Quantachrome 
Instruments) after outgassing the powder at 85 °C under primary 
vacuum. Vis absorption spectra were recorded on a Cary 4000 UV-Vis 
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) 
using the ZIF-8 nanoparticles films deposited on glass substrates. The 
thicknesses of the different films were characterized with the 
transversal cross-section of FE-SEM images. 

 Fabrication and optical characterization of MOF 
films 

The main objectives for this second application of the Thesis 
were the integration, for the first time, of MOFs onto interferometric 
transducers and the detection of CO2 gas. In this section, we 
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summarize some of the preliminary work done in order to select the 
most appropriate MOF as receptor for integration with the BiMW 
sensor.  

The ideal MOF needed-to-meet the following conditions: (i) 
specificity for the target analyte; (ii) transparency in the visible 
spectrum; (iii) permanent attachment of the MOF film allowing 
consecutive measurements and without affecting the sensor response; 
and (iv) a thickness close to the EW penetration depth to enhance the 
sensitivity. Preliminary studies showed that the main challenge when 
working with MOFs in waveguide based sensor devices is the strong 
optical scattering of the MOF film, consequently inhibiting light 
propagation through the sensor waveguide.195 

In order to investigate the possibility to integrate MOFs onto 
the BiMW transducers, we studied the optical characteristics of the 
well-known zeolitic imidazole framework-8 (ZIF-8).219 The structure 
of ZIF-8 is a porous sodalite-type MOF made of Zn(II) ions and 2-
methylimidazolate linkers (Figure 5.5). It exhibits a good thermal 
stability and a large surface area (» 1200 m2 g-1 to 1500 m2 g-1) with 
pore diameters of 11 Å connected via hexagonal apertures of 3.4 Å. It 
was selected because is transparent in the visible spectrum, stable 
under high relative-humidity conditions and is suitable for gas 
separation, since it is selective for CO2 and H2 over N2, O2 or CH4.219,220 
To study the MOF film transparency, different ZIF-8 nanoparticles 
below 100 nm size were synthesized (see Figure 5.6).  

 

 
Figure 5.5. Representation of the structure of ZIF-8. 
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Figure 5.6. (a) Representative FE-SEM image of nanoZIF-8 (size = 32 ± 5 nm) 
and corresponding size-distribution histogram. (b) Representative FE-SEM 
image of ZIF-8 (size = 53 ± 8 nm) and corresponding size-distribution 
histogram. (c) Representative FE-SEM image of ZIF-8 (size = 70 ± 12 nm) 
and corresponding size-distribution histogram. (d) Simulated (grey) and 
experimental XRPD patterns of ZIF-8 nanoparticles with a size of 32 ± 5 nm 
(blue), 53 ± 8 nm (red) and 70 ± 12 nm (black). (e) N2 sorption isotherm at  
77 K of CTAB-coated ZIF-8 nanoparticles with a size of 32 ± 5 nm (blue), 53 
± 8 nm (red) and 70 ± 12 nm (black). Respective BET surface areas: 1488, 
1480 and 1471 m2 g-1 (theo-expected = 1300-1500 m2 g-1). Scale bars: 500 nm. 
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The highly packed films were constructed via self-assembly of the 
ZIF-8 nanoparticles using the surfactant cetyl trimethylammonium 
bromide (CTAB).189 To construct the MOF films, we used the spin-
coater to deposit the aqueous colloidal solutions of CTAB-coated ZIF-
8 nanoparticles (spinning speed: 5000 rpm; time: 1 min; acceleration: 
250 rpm s-1). This approach is not only fast, simple and cheap but also 
allows a fine control of the film thickness in large surface areas 
processing at industry level.207—209 The resulting CTAB-coated ZIF-8 
films show different visible transmission spectra depending on the 
particle size (see Figure 5.7). 
 

 
Figure 5.7. Visible transmission spectra of the films made of the self-
assembly of CTAB-coated ZIF-8 particles with a size of 32 ± 5 nm (blue), 53 
± 8 nm (red) and 70 ± 12 nm (black).  

 
The film fabricated by the self-assembly of CTAB-coated 

nanoZIF-8 particles with a size of 32 ± 5 nm, hereafter named 
nanoZIF-8, showed a transmittance greater than 90 % at the BiMW 
operating wavelength (660 nm, Figure 5.7). Note that the small 
nanoparticle size was crucial for the film transparency; indeed, use of 
larger particles (size: 53 nm ± 8 nm, or 70 nm ± 12 nm) produced 
translucent films with a transmittance at 660 nm of 70 % (Figure 5.7). 
In these films, the scattering of the light through the waveguide 
inhibited any sensing. With the transparent nanoZIF-8 films (Figure 
5.8) light efficiently transmitted through the waveguide. Moreover, 
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the refractive index (n  » 1.1 — 1.2) of the nanoZIF-8 film, as 
determined by ellipsometry, allows the light propagation through the 
waveguide and the generation of only the fundamental and the first 
order mode. Thus, the chosen MOF for integration onto the BiMW 
was the transparent nanoZIF-8 film.  

 

 
Figure 5.8. (a) Photo of the transparent film of self-assembled ZIF-8 
nanoparticles. (b) SEM image of a self-assembled nanoZIF-8 film. Scale bar: 
500 nm.  

 

 Design of the experimental gas sensor set-up 

As it has been stated, the BiMW sensor is a device exhibiting 
an unprecedent sensitivity for label-free detection. However, this 
device had only been applied for fluid media sensing. Therefore, we 
had to design a gas sensor set-up for handling gases (Figure 5.9). 

As a first step, we designed a gas handling system able to be 
adapted to the BiMW experimental set-up. In this gas handling 
system, all the tubing lines were made of ¼’’ stainless-steel or flexible 
Teflon tubing that are impermeable to gases. A crucial step was the 
design of a gas cell to house the sample in contact with the sensing 
window of the BiMW sensor chip. The chamber was designed in 
stainless-steel. This new gas cell included an O-ring interfaced with 
the BiMW sensor surface to inject the gas to the sensing window 
during experiments isolated from the air. Different flow rates were 
delivered using 3 different Mass Flow Controllers (MFCs) (10 mLn or 
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0.7 mLn EL-FLOW Bronkhorst®) to control the flow rate for each gas 
(N2, CO2 and CH4) and, therefore, the concentration of the gases 
employed for the analysis. The MFCs were also needed to control the 
pressure inside the gas chamber. Gases are highly compressible and 
this is critical because the RI of a material is proportional to its density. 
High flow rates lead to pressures above the atmospheric pressure (> 
1 atm) increasing the RI and, therefore, the sensor will measure higher 
signal shifts than the real value due to the gas sample. In light of this, 
a Back-Pressure Controller (BKP, 0.2 — 1100 mbar, Bronkhorst®) was 
added at the exit to control the pressure of the gas cell and connected 
to a Pfeiffer DUO vacuum pump to assure that the evaluations were 
always carried at atmospheric pressure. Additional instrumentations 
in the handling system included a static mixer installed upstream of 
the gas cell for the homogeneous injection of CO2 and/or CH4 gases 
in dry N2 flowed. Finally, a direct-acting solenoid valves were 
installed downstream to exit the gases from a buildup of pressure. For 
the gas dosing, ultra-high purity grade N2, CO2 and CH4 (Praxiar 
Premium) were used for all experiments. All measurements were 
performed in triplicate and prior to each triplicate the gas cell was left 
under vacuum and/or then purged with N2 flux. 

 

 
Figure 5.9. Gas system for the controlled mixture of different gases. 
Photograph of the gas sensing cell with the O-ring on top of the sensor chip 
and the Peltier element behind. 
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 Integration of the nanoZIF-8 films onto the 
transducer 

In EW-based sensors the receptor layer thickness is essential to 
maximize the sensitivity. As previously explained, the evanescent 
field of the transmitted light decays exponentially as it penetrates the 
outer medium, so closer to the sensor surface the receptor is, more 
sensitive the sensor. Therefore, an optimum thickness for the 
nanoZIF-8 film onto the BiMW surface was sought (Figure 5.10a).  

 

 
Figure 5.10. (a) Schematic of the nanoZIF-8-based BiMW sensor. (b) FE-SEM 
image (side view) of the nanoZIF-8-based BiMW sensor, showing the layers 
of nanoZIF-8 and PDMS built on top of the sensor waveguide. Scale bar: 5 
µm. 

 
The spin-coating technique allows a fine control of the film 

thickness. To experimentally determine the optimum receptor layer 
thickness, we compared the sensor signal response with different 
nanoZIF-8 thicknesses under different spin-coating conditions. 
Considering that most of the waveguide systems have a penetration 
depth of 0.1 - 1 µm, we evaluated nanoZIF-8 films within this range. 
We prepared the MOF film varying the initial concentration of 
nanoZIF-8 (Figure 5.11a). At first, increasing the film thickness 
enhanced the sensitivity. This was probably caused because the EW 
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penetration depth is larger. But above 1,15 ± 0,05 µm film thickness 
the sensor response decreased. Receptor layers thicker than the EW 
affects the diffusivity of the gas molecules to the sensor surface and 
therefore decreases the sensitivity (Figure 5.11a). On the other hand, 
parameters such as time or the spin-coater speed did not significantly 
affect the sensor sensitivity (Figure 5.11b). The most sensitive 
nanoZIF-8 film was 1.15 ± 0.05 µm thick (Figure 5.10b), as prepared 
by spin-coating (concentration: 60 mg nanoZIF-8 mL-1; spinning 
speed: 2000 rpm; time: 1 min; acceleration: 250 rpm s-1). This 
optimized value fits well into the EW penetration depth, thus 
enabling the maximum amount of nanoZIF-8 to sense CO2.  

 

 
Figure 5.11. (a) Responses to 100 % CO2 (blue) of nanoZIF-8-based BiMW 
sensors made of different nanoZIF-8 films, which thickness (red) has been 
tuned by spin-coating (spinning speed: 2000 rpm; time: 1 min; acceleration: 
250 rpm s-1) nanoZIF-8 colloids of different concentrations. (b) Responses to 
100 % CO2 (blue) of nanoZIF-8-based BiMW sensors made of different 
nanoZIF-8 films, which thickness (red) has been tuned by spin-coating a 
nanoZIF-8 colloid (concentration: 60 mg mL-1; time: 1 min; acceleration: 250 
rpm s-1) at different spinning speeds from 2000 rpm to 6000 rpm. 

 
Then, we deposited a PDMS layer on top of the nanoZIF-8 film 

via spin-coating. The layer of PDMS had different aims: (i) protect the 
optimized nanoZIF-8 film from the environment; (ii) permanent 
attachment of the nanoZIF-8 film onto the sensor waveguide; and (iii) 
prevent cracking of the film upon its activation (i.e. upon removal of 
the guest molecules in its pores). Earlier experiments showed that this 
crack-prevention step was crucial (Figure 5.12). For the activation of 
the nanoZIF-8, the film was led at 60 ̊ C under vacuum overnight. This 
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exposure cracked the nanoZIF-8 film causing a complete loss of light 
transmission through the sensor waveguide. Note that the deposition 
of PDMS later did not recover the light transmission. The rubbery 
polymer PDMS was chosen because is highly permeable to CO2, 
enabling diffusion of CO2 towards the nanoZIF-8 film.221 We also 
tested other polymers, including the highest reported polymer 
permeable to CO2, poly(1-trimethylsilyl-1-propyne) (PTMSP).222 In 
this last case, the resulting polymer film did not prevented the 
cracking of the underlying nanoZIF-8 film. A plausible reason is the 
glassy character of PTMSP.  

 

 
Figure 5.12. (a) Optical image of a bimodal waveguide sensor showing the 
cracking of the CTAB-coated nanoZIF-8 film after nanoZIF-8 is activated 
(left). Optical scattering image of a sensor chip when the light from a 660 nm 
red laser source is coupled in a bimodal waveguide, showing the complete 
loss of light transmission through the waveguide (right). (b) Optical image 
of a bimodal waveguide sensor with a first layer of activated CTAB-coated 
nanoZIF-8 and a second layer on top of PDMS, showing the absence of 
cracking once nanoZIF-8 is activated (left). Optical scattering image of a 
sensor chip when the light from a 660 nm laser source is coupled in a 
bimodal waveguide, showing the light transmission through the waveguide 
(right). 
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The PDMS layer had to be as thin as possible to enhance the 
diffusivity of CO2. Therefore, PDMS pre-polymer and curing agent 
were first dissolved in toluene to decrease the viscosity of the mixture. 
Different spinning-speeds and dilution factors of the elastomer and 
toluene were evaluated (Table 5.1). A homogeneous PDMS layer 
could be minimized down to 0.66 ± 0.17 µm by spin-coating (spinning 
speed: 5000 rpm; time: 1 min; acceleration: 250 rpm s-1) a solution of 
PDMS in toluene at a concentration of 20 % w/w (Figure 5.10b). After, 
the coated film was subsequently cured in a hot-plate at 110 ˚C for 12 
h. At higher spinning speeds and increased toluene dilution factors, 
the PDMS layer did not deposit. 

 
Table 5.1. PDMS film thicknesses tuned by spin-coating (time: 1 min; 
acceleration: 250 rpm s-1) at different spinning speeds and toluene dilutions. 

Spinning speed (rpm) Toluene dilution (1:x) Thickness (µm) 
10000 10 -- 
1000 10 -- 
1000 5 -- 

10000 4 -- 
5000 4 0,69 ± 0,17 

10000 2 1,5 ± 0,1 
5000 2 4,1 ± 2,9 

10000 -- 7,4 ± 0,2 
5000 -- 8.4 ± 1.8 

 

We finally activated the nanoZIF-8 on the BiMW sensor in-situ 
(directly in the gas sensor set-up) by heating it at 60 ˚C under vacuum 
overnight. As explained earlier, the sensor set-up has a Peltier element 
at the bottom of the platform for temperature control and is equipped 
with a vacuum pump at the exit of the gas delivery system (Figure 5.9 
and Figure 5.10a). 
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 Analytical performance of the MOF-BiMW gas 
sensor 

Since this was the first time that the BiMW transducer was 
employed for sensing, we first evaluated the capability of the BiMW 
sensor to detect gases with the bare chip. The result is represented in 
Figure 5.13. Initially, the bare chip was exposed to the carrier gas N2 
alone until the sensor signal response when CO2 reaches the sensing 
area. After, we observed the same sensor response when we switched 
back to the flow of N2. The RI of N2 and CO2 are n = 1.0002984 and n 
= 1.0004489, respectively. We could confirm that a RI change of 1.5 · 
10-4 RIU was easily detected with the BiMW sensor alone.  

 

 
Figure 5.13. Real-time response signal to the change from pure N2 flow to 
pure CO2 flow at RT of the bare BiMW sensor. 

 
Then, we wanted to confirm the enhanced sensitivity when 

using a MOF film as receptor with the BiMW sensor. For that, we 
compared the absolute signal (Df) for CO2 detection of the nanoZIF-8 
based BiMW sensor with the respective responses obtained for: (i) a 
bare BiMW sensor in the absence of nanoZIF-8 and PDMS; (ii) a BiMW 
sensor containing only the PDMS film; and (iii) a BiMW sensor coated 
with a MMM of nanoZIF-8 embedded into the PDMS (Figure 5.14).  



Chapter 5 
 

 

 108 

 
Figure 5.14. (a) FE-SEM image of a bare chip. (b) FE-SEM image of a BiMW 
sensor containing only the PDMS film. (c and d) FE-SEM image (left) and 
SEM image (right) of a BiMW coated with nanoZIF-8 embedded in PDMS. 
(e) EDX analysis of the nanoZIF-8 embedded in PDMS. (f) XRD pattern of 
the nanoZIF-8 embedded in PDMS (blue), as compared to the ZIF-8 powder 
pattern (black) and PDMS (red). Scale bar: 5 µm. 

 
The response for each sensor was the change from the flow of 

the carrier gas N2 to the flow of pure CO2 at RT (293 K) (Figure 5.15a). 
We could confirm that the highest sensor response in terms of 
absolute signal was for the nanoZIF-8-based BiMW sensor (Df = 14,87 
± 0,34 prad) (Figure 5.15b). This absolute signal was ~ 24-fold 
amplified when pre-concentrating the CO2 within the pores of the 
nanoZIF-8 compared to the bare sensor chip. When coating the film 
with a PDMS layer or a MMM film of PDMS/nanoZIF-8, the absolute 
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signal was ~ 4-fold amplified. This last result confirms the need to 
work with the layer of nanoZIF-8 underneath the PDMS. When 
mixing the nanoZIF-8 with the PDMS, we decreased the number of 
available receptors in close contact with the sensor surface and, 
therefore, the sensitivity. 

 

 
Figure 5.15. (a) Responses to 100 % CO2 of the nanoZIF-8-based BiMW 
sensor, the BiMW sensor coated with a MMM of PDMS/ZIF-8, the BiMW 
sensor containing only the PDMS film and the bare BiMW sensor. (b) Real-
time response signal to the change from pure N2 flow to pure CO2 flow at 
RT of the nanoZIF-8-based BiMW sensor. 

 
Using the optimized conditions established before for our 

nanoZIF-8-based BiMW sensor, the sensor response was evaluated 
for different concentrations of CO2 established by variably mixing the 
CO2 flow with the carrier N2 flow at RT (Figure 5.16). The calibration 
curve with triplicate measurements for each CO2 concentration is 
shown in Figure 5.17. From here, we deduce a linear response in the 
range of 1 % to 100 % CO2. The LOD was 3130 ppm of CO2 calculated 
as the concentration corresponding to the blank signal plus three 
times its SD. 
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Figure 5.16. Real-time signals for the detection of (a) 80 % CO2, (b) 60 % CO2, 
(c) 40 % CO2 and (d) 1 % CO2 at RT. 

 

 
Figure 5.17. Calibration curves at 293 K (blue) and 278 K (black) for CO2. 
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The extent to which a gas can adsorb to a MOF surface depends 
on the temperature and pressure of the gas. To study the temperature 
dependence of the nanoZIF-8, we measured the absolute signal to a 
change from pure N2 flow to pure CO2 flow as the temperature 
decreased from RT to 278 K (Figure 5.18a). These results confirm 
previous reports that showed greater CO2 uptake and CO2 selectivity 
(over N2) of ZIF-8 at lower temperatures (Figure 5.18b).223 We then 
repeated the calibration curve experiment but decreasing the 
temperature down to 278 K using the Peltier element (Figure 5.17). 
Results show a ~ 1.5-fold amplification of the CO2 signal response at 
100 % CO2 relative to that measured at RT and a linear response in the 
range of 0.2 % to 100 % CO2. By simply decreasing the working 
temperature to 278 K, the LOD could be lowered down to 774 ppm. 

 

 
Figure 5.18. (a) Responses to 100 % CO2 of the nanoZIF-8-based BiMW 
sensor at different temperatures, from RT to 278 K. (b) Adsorption isotherms 
of nanoZIF-8 by using CO2 at 278 K (black), CO2 at 293 K (blue), N2 at 278 K 
(yellow), and N2 at 293 K (red). 

 
Next, we needed to address the analytical features of the 

nanoZIF-8-based BiMW sensor in terms of selectivity, reusability, 
reproducibility and repeatability. When using MOFs as receptors, we 
do not only seek enhanced sensitivity but also selectivity for the target 
analyte. Most of the literature does not report the selectivity when 
using MOF as receptors in chemical sensors. Here, we evaluated the 
ZIF-8 selectivity for CO2 over N2 or CH4. For that, we measured the 
sensor response from vacuum up to 1 bar of pressure for these three 



Chapter 5 
 

 

 112 

gases at RT. The selectivity reached up to 8:1 for CO2 over N2, and up 
to 3:1 for CO2 over CH4 (Figure 5.19a). The preferred selectivity for 
CO2 over CH4 was confirmed by measuring CO2 in the presence of       
1 % CH4. These methane concentration is well above the 0.1 % 
concentration recommended by NIOSH as the maximum 
concentration for an 8-hour work.224 Under these conditions, the 
signal response was identical than in the absence of CH4 (Figure 
5.19b). The sensitivity of the sensor to CH4 was also tested measuring 
in triplicate different CH4 concentrations ranging from 5 % up to      
100 % in N2 and demonstrating a low sensitivity for this gas with a 
LOD of 1.5 % (Figure 5.20).  

 

 
Figure 5.19. (a) Sensor response for 1 bar of N2, CO2 and CH4. (b) Sensor 
response to 10 % CO2 in the presence and absence of 1 % CH4. 

 
Figure 5.20. Calibration curves for CH4 at RT. 
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To evaluate the reusability of the nanoZIF-8-based BiMW 
sensor chip we evaluated two different strategies with identical 
results. Both a simple N2 purge at RT or with the vacuum pump were 
found to be sufficient to refresh the sensor for subsequent reuse 
(Figure 5.21a). Reusing the same nanoZIF-8-based BiMW sensor, the 
repeatability of the sensor was assessed over more than 50 
measurements followed by regeneration cycles, with a relative 
standard deviation (RSD) of less than 2 % (Figure 5.21b). It is also 
important to highlight here that XRD of the sensor after finalizing all 
the CO2 measurements showed that the nanoZIF-8 film retains its 
crystallinity (Figure 5.22). 

 

 
Figure 5.21. (a) Real-time detection cycles of three consecutive 
measurements of 20 % CO2. (b) 50 consecutive measurements at 100 % CO2. 

 
Figure 5.22. XRD patterns of the simulated ZIF-8 (black), freshly prepared 
nanoZIF-8-based BiMW sensor (blue) and after using it for the CO2 detection 
experiments (red). 
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To evaluate the reproducibility of the MOF-BiMW sensors we 
fabricated distinct sensors using different BiMW chips and different 
batches of nanoZIF-8 (Figure 5.23). A high reproducibility was 
observed when comparing the different nanoZIF-8-based BiMW 
sensor with a signal reduction of less than 2 %. This low variability 
observed among the sensor chips and the nanoZIF-8 batches, and the 
high repeatability, are all vital indicators for future technology 
transfer endeavors with these sensors. 

 

 
Figure 5.23. (a) Response of six different sensors (1 to 3: different chips and 
same nanoZIF-8 batch; 4 to 6: same chip and different nanoZIF-8 batches) to 
100 % CO2. 

 
As it was explained earlier, one of the main disadvantages of 

the commercial non-dispersive IR absorption CO2 sensors was the 
water interferences. Because of that, we analyzed the performance of 
our MOF-sensor device to selectively detect CO2 under humid 
conditions. Thus, the sensor was tested at a CO2 concentration of         
50 % and relative humidity of 25 % and 50 % (Figure 5.24a) and also 
a CO2 concentration of 25 % and a RH of 25 %, 50 %, 60 % and 75 % 
(Figure 5.24b). Remarkably, the sensor response was unaffected by 
the humidity. These results confirm that water does not interfere with 
the CO2 detection and an additional desiccation process is not 
required. 
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Figure 5.24. (a) Sensor response to 50 % CO2 at RH levels of 0 %, 25 % and 
(b) sensor response to 25 % CO2 at RH levels of 0 %, 25 %, 50 % and 75 %. 

 
Another fundamental feature during sensor development is 

the stability of the sensor device. We tested our MOF-BiMW sensor 
chips by storing them under high RH levels (80 %) for 1 day, or in air 
for 1 month. Later, we evaluated the absolute signal (Df) to a change 
from pure N2 flow to pure CO2 flow at RT. For both, the sensor stored 
under high RH levels and for one month, the responses were identical 
to those of freshly prepared ones (Figure 5.25). The high stability of 
the nanoZIF-8-based BiMW sensor may be due not only to the 
hydrolytic stability of ZIF-8 but also to the PDMS layer. The polymer 
film on top of the nanoZIF-8 film not only permanently attached and 
prevented cracking of the MOF film but also protected it from the 
environment. 

 

 
Figure 5.25. Sensor response to 100 % CO2 after storage under RH of 80 % 
for 1 day or in the air for 1 month. 
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 Conclusions 

We have presented the integration, for the first time, of MOFs 
as receptors onto a BiMW transducer. For the development of this 
novel device different MOFs and integration strategies in thin films 
were evaluated. The optimized sensor was fabricated with the self-
assembly of a transparent film of ZIF-8 nanoparticles on the surface 
of the BiMW waveguides. With this innovative design we applied the 
BiMW device for the detection of CO2. To evaluate the proposed 
MOF-BiMW sensor a calibration curve was carried out with different 
CO2 concentrations. The sensor showed a broad linear response, with 
LODs of 3130 ppm at room temperature and 774 ppm at 278 K. These 
values are below the threshold for CO2 monitoring in human safety 
indoors and for food packaging. The film of ZIF-8 nanoparticles not 
only confers the ability to detect CO2 with high sensitivity but also 
selectivity in a fast way. The selectivity of the sensor was confirmed 
in the presence of water vapor and CH4. The unaffected sensor 
response by water interferences avoid any additional desiccation 
process. We also analytically characterized our sensor in terms of 
repeatability, stability and reproducibility. The MOF-BiMW sensor 
was efficient over 50 measurements-regeneration cycles with a RSD < 
2 % and a response time of only a few seconds. Moreover, the sensor 
was stable after storage either for a month in air or for 1 day at 80 % 
RH. In addition, the sensor fabrication was highly reproducible when 
different chips and nanoZIF-8 batches were used. These promising 
properties pave the way for using MOFs to develop robust, cheap, 
selective and sensitive sensors for CO2 detection. Furthermore, the 
BiMW technology can potentially be adapted to conform portable and 
fully integrated MOF-based sensors for in-situ gas sensing.  
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General conclusions 

This PhD Thesis demonstrates the potential applicability and 
versatility of the BiMW interferometer sensor in environmental 
monitoring. This works follows two different strategies: 1) the 
multidisciplinary combination of surface chemistry, immunology and 
optical sensors in the development of an immunosensor for the 
detection of the pesticide Irgarol 1051 in seawater; and 2) the 
combination, for the first time, of the BiMW tranducer with porous 
crystalline materials MOFs as receptors for the development of a 
specific CO2 gas sensor. 

 
The main general conclusions related to the biosensor 

development are the following: 

• Different functionalization strategies for silicon nitride surfaces, 
including APTES, CTES and a silane-PEG were evaluated to 
carefully control the density of (bio)receptors immobilized onto 
the sensor surface. The optimization of the biosensor 
(bio)functionalization directly affects the analytical performance 
and avoids the non-specific interaction of other analytes in a 
complex matrix such as seawater. The optimal results obtained 
were based on a label-free competitive inhibition immunoassay, 
both in terms of sensor response and sensitivity, when employing 
the direct covalent immobilization of Irgarol 1051 derivative 4e 
onto an APTES-modified sensor surface. This is attributed to the 
physical proximity of the receptor to the surface were the 
evanescent field is maximum, enhancing the response. 
 

• The biosensor was applied, for the first time, in the monitoring of 
water pollution. After a careful optimization of the methodology, 
the optimized immunoassay was applied to the detection of 
Irgarol 1051 in seawater showing a limit of detection of only 3 ng 
L-1, clearly lower than the 16 ng L-1 set by the EU as the maximum 
allowable concentration in seawater. The LOD value is an 
excellent one, similar to the value detected by some 
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chromatographic techniques. To our knowledge, this is the most 
sensitive sensor for the detection of Irgarol 1051 that has been 
published. 

 
•  The biosensor allows the detection of the pollutant Irgarol 1051 

directly in seawater. It can properly operate during 30 assay-
regeneration cycles using the same sensor surface and with a time-
to-result of only 20 min for each cycle. Moreover, the 
interferometric nanosensor is able to directly detect low 
concentrations of Irgarol 1051 in seawater without the need of 
clean-up and pre-concentration steps, which are mandatory in the 
chromatographic methods and without showing any background 
signal due to sea matrix effect. 

 
This study was part of the European project BRAAVOO 

(Biosensors, Reporters and Algal Autonomous Vessels for Ocean 
Operation) for the development of biosensors for real time 
monitoring of biohazard and man-made chemical contaminants in the 
marine environment. As part of the project, the developed 
immunosensor can be further miniaturized and integrated in 
unmanned marine vessels or buoys for the autonomous monitoring 
of Irgarol 1051 in seawater. Other future improvements may include 
a multiplexed functionalization of each of the waveguide sensors 
within the same chip for the multiple evaluation of different chemical 
pollutants present in the same sample of seawater. 

 
In the second application, the high sensitivity of the BiMW 

interferometer suggests that, besides their archetypical use for 
biosensing applications, BiMW sensors show potential to be adapted 
for sensing small molecules such as gases. The difficulty to sense these 
molecules using interferometric waveguide devices arises from the 
fact that should involve much lower RI shifts than those taking place 
in biological interactions. The main conclusions related to the gas 
sensor development are: 

• The successful combination, for the first time, of MOFs as 
receptors with the BiMW transducer, results in a gas sensor with 
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improved sensitivity and selectivity. Overall, this work presents 
the unique combination of highly porous crystalline materials 
with the exceptionally high sensitivity of the BiMW 
interferometer. The integration of MOFs not only brings the 
desired selectivity but also enhanced sensitivity for gas sensing. 
 

• The BiMW transducer is successfully applied, for the first time, for 
the evaluation of gas samples, in this case for air pollution 
monitoring. First, a gas sensor set-up was designed and evaluated. 
Then the sensor was constructed via self-assembly of a transparent 
film of ZIF-8 nanoparticles (size: 32 ± 5 nm) on the waveguides. 
Finally, the integration of MOFs onto the BiMW transducer 
surface is applied for the detection of the well-known gas CO2. The 
nanoZIF-8-based sensor exhibits a broad linear response, with a 
limit of detection of 3130 ppm at room temperature and 774 ppm 
at 278 K, respectively. Furthermore, it is robust, selective, fast and 
reusable, and can be stored under humid conditions with no loss 
in performance, potentially overcoming the problems found 
nowadays in the sensor market.  

 
Future perspectives may be focused towards implementing the 

analytical methodologies developed in this work in innovative MOF-
sensor platforms for rapid and multiplexed detection and also 
miniaturization in integrated portable devices. On-going advances in 
photonic technology and the available MOFs materials are further 
facilitating the achievement of truly portable and multiplexed sensors 
with enormous potential for highly efficient and decentralized on-line 
monitoring in the near future. 

This PhD Thesis represents a significant contribution in the 
integration of photonic sensors with MOFs materials opening the 
path of a new research line for the real implementation of advanced 
environmental monitoring sensing tools. 

 



 
 

 

  



 
 

 

 
 
 
 
 
 

 
Annex  

The work described in this annex was carried out during a PhD stay 
at the Ozcan Research Group from the Henry Samueli School of 
Engineering and Applied Science at the University of California, Los 
Angeles (UCLA). The main motivation of this stay and collaboration 
was the integration of MOFs as receptors on low-cost and portable 
optical sensor devices for water pollution control. Three different 
platforms were evaluated: on-chip Vis holographic imaging, on-chip 
UV holographic imaging and a mobile plasmonic sensor. These 
photonic sensing technologies are exclusive of the UCLA group and 
are very competitive solutions as compared to the state-of-the-art at 
international level. 
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Annex  

A.1. Introduction 

Water pollution is a major concern worldwide but specially in 
developing countries where is estimated that at least 844 million 
people lack access to basic drinking water and sanitation services.225 
One significant consequence of the current stage of industrialization 
is the exposure to heavy metals. Although heavy metals are naturally 
occurring elements, anthropogenic activities has introduced them in 
large quantities in different water bodies such as lakes or rivers.226  

Two of the priority metals that are of public health significance 
are arsenic and mercury. Arsenic is highly toxic in its inorganic form 
and long-term exposure can lead to chronic arsenic poisoning. Typical 
effects include skin lesions and skin cancer. Major threats originate 
from contaminated groundwater in developing countries and the 
World Health Organization (WHO) has classified arsenic as one of 
WHO’s 10 chemicals of major public health concern.227 The current 
maximum contaminant level set by the United States Environmental 
Protection Agency (EPA) in drinking water is 10 ppb but in many 
developing countries remains 50 ppb the maximum allotment.228  

There are three forms of mercury: elemental mercury, 
inorganic mercury compounds and organic mercury compounds. 
Health effects related to inorganic mercury compounds are mainly 
related to kidney damage and an acute exposure can cause burning 
chest pain, severe gastrointestinal symptoms and can even be fatal.228 
Mercury is also considered by WHO as one of the top 10 chemicals of 
major public health concern.229 Currently, the maximum contaminant 
level set by EPA in drinking water is 2 ppb.228 

The introduction of low-cost and portable sensor devices in 
developing countries for water pollution control is an unmet urgent 
need. The Ozcan Research Group at UCLA are pioneers in the 
development of low-cost and portable optical devices. In our previous 
work of the MOF-BiMW gas sensor, we have demonstrated that 
MOFs not only bring the desired selectivity, but also enhanced 
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sensitivity. Therefore, combining MOFs materials with the advanced 
portable optical technologies from UCLA, may overcome the current 
constraints in the detection of priority metals in water.  

There are some reported hydro-stable MOFs with a high 
sorption capacity for heavy metals. Relevant examples include Zr-
DMBD that has exposed free-standing thiol groups in the pores of the 
MOFs for an effective Hg(II) uptake (Figure A.1),171 or UiO-66 and 
ZIF-8 for arsenic sorption.230,231 

 

 

Figure A.1. Synthetic scheme of the Zr-DMBD network before and after 
loading mercury. The topology is shown in a simplified form as a 
tetrahedral cage.171 

 

A.2. On-chip Vis holographic imaging 

The lens-free on-chip holographic imaging refers to using a 
digital optoelectronic sensor array, such as a complementary metal-
oxide semiconductor (CMOS) or a charge-coupled device (CCD), to 
sample the light directly through a specimen without any lenses in 
between.232 An hologram is a photographic recording of a light field, 
instead of an image formed by a lens. The on-chip holographic 
imaging is a low-cost, portable and robust lens-free holographic 
microscopy. Previous proof-of-concepts in lab-on-a-chip biomedical 
applications of this technology include malaria parasites (Plasmodium 
falciparum) detection in smears of human red blood cells or 
automatically recognition of different cell types from a sample.233,234 
This new technology is a cost-effective option for microscopy tasks 
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without the need for imaging lenses or other bulky optical 
components (see Figure A.2). 

 

 
Figure A.2. (a) A digitally enlarged region of a breast tissue with carcinoma. 
(b-d) The zoomed-in holograms are used for the reconstruction of the lens-
free images (e-g). (h-j) Microscope comparison images using ×40 objective 
lens.235 

 
Since lenses are not incorporated in the device, the image of the 

sample is not recorded directly. Instead, the recorded image is a 
hologram that is created by the interference of the scattered light from 
the sample with the unperturbed light that is emitted from the light 
source.235 The optical phase is required to digitally focus the sample 
after image acquisition. Therefore, the measured phase could 
potentially be used for sensing RI changes of a sample over time. For 
that, three different MOFs with high sorption capacity for As(V) were 
selected: UiO-66, MIL-88B and ZIF-8.230,231,236 In summary, we 
evaluated the sensor performance for a broad range of As(V) 
concentrations from 0 ppm up to 1000 ppb and evaluated the MOF 
size effect. The MOFs sizes were critical since they were directly 
related to the resolution of the constructed images so larger MOFs 
particles were sought. Preliminary experiments did not show any 
general tendency when increasing the As(v) concentration. These 
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results may be related to many possible reasons such us the loading 
capacity of these MOFs under these experimental conditions or the 
sensitivity of the transducer itself to detect small molecules. Future 
experiments need to first address the bulk sensitivity of the on-chip 
Vis holographic imaging.  

A.3. On-chip UV holographic imaging 

The on-chip holographic imaging with deep UV light-emitting 
diodes (LEDs) (240 nm-360 nm) expanded the scope of applicability 
of these low-cost and portable devices. This platform is composed of 
a Raspberry Pi single-board computer connected to a de-capped 
CMOS image sensor and a UV-LED operating at 280 nm peak 
wavelength light source (Figure A.3). With this new platform we 
studied also the integration of UiO-66 and ZIF-8 for As(V) detection. 

 

 
Figure A.3. Scheme and photograph of a 3D-printed prototype of an on-chip 
UV holographic imaging platform.237 

 
The results, as before, were inconclusive so the platform was 

used, instead, for protein crystallography. The on-chip UV 
holographic imaging platform was applied for imaging protein 
crystals and distinguish them from salt crystals (Figure A.4). The 
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standard imaging technique is based in dual-mode microscopes that 
are sensitive, but relatively bulky and expensive. Most protein 
crystals absorb UV light and emit fluorescence through tryptophan 
residues, unlike salt crystals, making them easily distinguishable.237 
These results are published under the reference:  

M. Ugur Daloglu, A. Ray, M. J. Collazo, C. Brown, D. Tseng, B. 
Chocarro-Ruiz, L. M. Lechuga, D. Cascio, A. Ozcan. Low-cost and 
portable UV holographic microscope for high-contrast protein crystal 
imaging. APL Photonics 4, 30804 (2019). 

 

 

Figure A.4. (a) Brightfield microscope images of proteinase K, sodium 
chloride, and ammonium sulfate crystals. (b) Amplitude reconstructions of 
the same field-of-views in (a), proteinase K crystals appearing significantly 
darker.237 
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A.4. Mobile plasmonic sensor 

As explained in the introduction, LSPR are EW-based sensors 
where the plasmon resonance occur when light interacts with 
subwavelength metal nanostructures. Only one previous work 
reports the integration of HKUST-1 as receptors in a LSPR sensor for 
CO2 detection.194 At the Prof. Ozcan Lab, they have designed a low-
cost and portable plasmonic sensor for on-site monitoring (Figure 
A.5).237 The plasmonic nanostructures employed are square 
periodicity gold nanohole arrays with a relief depth and hole 
diameter of 300 nm and 380 nm. We studied the integration of Zr-
DMBD, UiO-66 and ZIF-8 nanoparticles (below the nanohole 
diameter). The experiments were performed both in static conditions 
and with a microfluidic delivery system. The sensor response in static 
conditions was too slow. The last methodology was expected to 
enhance the sensitivity of the sensor by flowing larger quantities of 
heavy metals diluted in water. The problem was that even at very low 
flow rates the smallest nanoparticles were flown away. Future 
experiments need to address the grow of MOF films onto the gold 
sensor surface and also evaluate larger types of water pollutants. 

 

 
Figure A.5. Schematic illustration and photograph of a 3D-printed 
prototype of the mobile plasmonic sensor.237 
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