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Abstract 

The area of clinical diagnostics and increasingly specific and sensitive detection systems has 

acquired great relevance in recent decades, in particular, the field of biosensors, as they are a 

powerful tool for the diagnosis of diseases. This is because they allow the analysis and 

measurement of a great variety of biomarkers specific to each pathology in a multitude of human 

samples such as blood, urine, saliva, etc.  

This added to the advantages they provide, such as the possibility of obtaining results quickly, 

their high sensitivity and specificity, their portability, versatility, and easy handling, make them a 

great alternative in the diagnostic field, allowing in many occasions the early detection of diseases 

and consequently the improvement of treatments, as well as monitoring chronic diseases. In this 

way, it is possible to offer a more personalized and efficient medicine. 

In recent years the growth in the use of biosensors has seen a large increase mainly due to the 

pandemic caused by Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in March 

2020, responsible for Coronavirus Disease 2019 (COVID-19). At that time, biosensors were crucial 

for the detection and control of the disease. This was one of the motivations in the work of this 

thesis, since, when the beginning of the pandemic was decreed, the development of an in-vitro 

diagnostic system based on an optical biosensor for the detection of specific antibodies (Abs) 

against SARS-CoV-2, both in serum and saliva, was prioritized as an objective. In addition to 

detecting other biomarkers related to the disease.  

On the other hand, among the increasingly widespread pathologies worldwide are 

Neurodegenerative Diseases (NDD), with Alzheimer's Disease (AD) being the leading cause of 

dementia. One of the major problems related to this disease is that it has no cure and that the 

symptoms appear once it is very advanced. It has been demonstrated that the first changes that 

occur are at the biochemical level, changing the expression profile of certain biomarkers such as 

tau protein, among others, in addition to the appearance of pathological structures in the brain. 

This is why it is of the utmost importance to have a system capable of detecting these variations 

that are difficult to detect. 

This is the motivation for the second main objective of this thesis, which is the development of an 

in-vitro diagnostic system using the same type of biosensor for the detection of biomarkers related 

to AD in different types of human samples.  

During the development of this thesis, it was possible to detect specific Abs against SARS-CoV-2 

in serum samples of patients who had suffered from the disease (severe, moderate, and mild) and 

to perform a study of Ab detection in the saliva of volunteers over time.  

Thanks to these experiments, it was possible to develop a mathematical model to determine the 

severity of the disease based on the different biomarkers measured in the patient's samples. 

In the case of AD, a system based on the use of nanoparticles (NPs) was developed to reach very 
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low detection levels of tau protein in serum samples. In addition, we were able to determine other 

markers such as lactoferrin in saliva samples or the phosphorylation of tau protein (which is 

increased in the progression of the disease).  

So, in conclusion, we were able to develop a diagnostic KIT valid for different pathologies and that 

is extrapolable thanks to its versatility to any other pathology. Thanks also to the use of NPs it is 

possible to use samples with more complex matrices and to reach much lower detection limits, 

making the use of this type of biosensor with NPs a great tool for the early diagnosis of diseases. 
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Resumen 

El área del diagnóstico clínico y los sistemas de detección cada vez más específicos y sensibles ha 

tomado una gran relevancia en las últimas décadas, en concreto, el campo de los biosensores, ya 

que son una gran herramienta para el diagnóstico de enfermedades. Esto se debe a que permiten 

el análisis y la medición de una gran variedad de biomarcadores específicos de cada patología en 

multitud de muestras humanas como la sangre, la orina, la saliva, etc.  

Esto sumado a las ventajas que proporcionan, como la posibilidad de obtener resultados de forma 

rápida, su alta sensibilidad y especificidad, su portabilidad, la versatilidad y su fácil manejo, hacen 

que sean una gran alternativa en el campo diagnóstico, permitiendo en muchas ocasiones la 

detección temprana de enfermedades y consecuentemente la mejora de tratamientos, así como el 

seguimiento de enfermedades crónicas. De esta forma es posible ofrecer una medicina más 

personalizada y eficiente.  

En los últimos años el crecimiento del uso de los biosensores ha sufrido un gran aumento sobre 

todo debido a la pandemia causada por el Coronavirus del Síndrome Respiratorio Agudo Grave de 

tipo 2 (SARS-CoV-2) en marzo de 2020, responsable de la Enfermedad por Coronavirus 2019 

(COVID-19). Momento en el que los biosensores fueron cruciales para la detección y control de la 

enfermedad. Esto fue una de las motivaciones en el trabajo de esta tesis, ya que, al decretarse el 

inicio de la pandemia, se priorizó como objetivo el desarrollo de un sistema de diagnóstico in-vitro 

basado en un biosensor óptico para la detección de anticuerpos específicos frente al SARS-CoV-2, 

tanto en suero como en saliva. Además de detectar otros biomarcadores referentes a la 

enfermedad.  

Por otro lado, dentro de las patologías cada vez más extendidas a nivel mundial, se encuentran las 

enfermedades neurodegenerativas, siendo la enfermedad de Alzheimer (EA) la primordial causa 

de demencia. Uno de los mayores problemas relativos a esta enfermedad es que no tiene cura, y 

que los síntomas aparecen una vez se encuentra muy avanzada. Está demostrado que los primeros 

cambios que ocurren se dan a nivel bioquímico, cambiando el perfil de expresión de determinados 

biomarcadores como la proteína tau, entre otras, además de la aparición de estructuras 

patológicas a nivel cerebral. Es por esto que es de relevada importancia contar con un sistema 

capaz de detectar dichas variaciones que son difícilmente perceptibles.  

Es aquí donde se encuentra la motivación para el segundo gran objetivo de esta tesis que es el 

desarrollo de un sistema de diagnóstico in-vitro utilizando el mismo tipo de biosensor para la 

detección de biomarcadores relacionados con la EA en diferentes tipos de muestras humanas.  

Durante el desarrollo de esta tesis se consiguieron detectar anticuerpos específicos frente al SARS-

CoV-2 en muestras de suero de pacientes que habían sufrido la enfermedad (graves, moderados y 

leves) y realizar un estudio de detección de anticuerpos en saliva de voluntarios a lo largo del 

tiempo.  

Gracias a estos experimentos se pudo desarrollar un modelo matemático para determinar la 

gravedad de la enfermedad en base a los diferentes biomarcadores medidos en las muestras de 
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los pacientes.  

Para el caso de la EA, se consiguió desarrollar un sistema basado en el uso de nanopartículas para 

llegar a niveles de detección muy bajos de la proteína tau en muestras de suero. Además, se 

pudieron determinar otros marcadores como la lactoferrina en muestras de saliva o la 

fosforilación de la proteína tau (la cual se encuentra aumentada en el progreso de la enfermedad).  

Por lo que, en conclusión, fuimos capaces de desarrollar un KIT de diagnóstico válido para 

diferentes patologías y que es extrapolable gracias a su versatilidad a cualquier otra patología. 

Gracias también al uso de las nanopartículas se pueden emplear muestras con matrices más 

complejas y llegar a límites de detección mucho más bajos, haciendo que el uso de este tipo de 

biosensor con las nanopartículas sea una gran herramienta para el diagnóstico temprano de 

enfermedades.  
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1. Introduction  
Biosensors are becoming increasingly important in clinical diagnostics because of the growing 

need for detection systems that are reliable, with high specificity and sensitivity, that are easy 

to use and that reduce costs and time in clinical determinations.  

These are some of the characteristics of biosensors that make them a great tool for the diagnosis 

and monitoring of multiple diseases. On the one hand, they are systems that can reach very low 

detection limits, improving established conventional systems. On the other hand, this detection 

becomes very specific, regardless of the type of sample being measured, since they have the 

possibility of reducing the matrix effect. 

In the case of the biosensor used during this thesis, in addition to these advantages, it also has 

many others:  

❖ The simplicity in the manufacture process of the biosensor allows it to be scaled up, 

being able to manufacture a large number of these in a short time, greatly reducing costs 

during the manufacturing process.  

❖ The versatility in designing what we want to determine in the biosensor. A multiplexed 

design can be performed to determine multiple biomarkers in a few samples, or a single 

biomarker can be determined in a large number of samples. In addition, this versatility 

allows on the other hand to use this biosensor in the determination of multiple 

pathologies.  

❖ The sample volume is also an important factor to consider, as there are cases where the 

sample is poor or difficult to obtain. In addition, if less volume is needed to determine one 

marker, multiple biomarkers can be determined with the same amount of sample. In this 

case, the biosensor used is capable of determining the biomarker of interest with only 1 

µL of sample.  

❖ Decrease the number of steps during assays to allow faster determinations. In the case 

of some biomarkers, these can be determined directly or label-free, without the need for 

secondary antibodies (Abs) or a chemical developer. It is also possible in some cases to 

eliminate the surface blocking step. Therefore, thanks to the lack of these steps, faster 

protocols can be carried out.  

❖ Obtain quantitative as well as qualitative results. In addition to being able to determine 

the presence or absence of the biomarker, it is possible to quantify the biomarker of 

interest with a calibration curve.  

❖ Easy handling by laboratory operators also simplifies the work. It does not require 

complicated steps during use and some processes can be automated, such as the 

dispensing of drops for incubations. This also reduces human error and achieves greater 
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repeatability in the assay and between assays performed by the same or different people.  

❖ The readout system of this biosensor is also easy to use, with a user-friendly interface 

that allows in real time to see if the readout is being performed correctly. In addition, being 

able to obtain data at each step of the protocol is also very important, as it allows to 

control the experiment at each step and to know at what point the assay may be failing 

without having to wait for the final step of developing the assay.  

So due to all these advantages, the optical biosensor employed during this thesis is a great 

candidate to be used in clinical practice.  

All this became more evident in March 2020 when the pandemic caused by Severe Acute 

Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) started. This is a Ribonucleic Acid (RNA) 

virus that first appeared in Wuhan, China, at the end of 2019 and quickly spread around the world 

causing Coronavirus Disease 2019 (COVID-19), which is a respiratory disease that causes fever, 

cough, and respiratory distress (in addition to other symptoms) leading to death.  

At this time, international collaboration at multiple levels was very important, among them in 

research in order to have effective and rapid diagnostic systems that would allow a large 

population screening. It is for this reason that the first objective of this thesis was decided at 

this time as:  

❖ To develop an optical in-vitro diagnostic system for the detection of specific Abs 

against SARS-CoV-2. In order to develop this objective, also different biomarkers 

characteristic of the disease will be determined in human serum and saliva samples.  

➢ A mathematical model will then be developed to determine the severity of the 

disease based on the biomarkers measured.  

But, in addition to this emerging disease, we must keep in mind that there are thousands of other 

pathologies in the world. A very widespread case is Neurodegenerative Diseases (NDD), which 

increasingly affect millions of people worldwide. Among these diseases is Alzheimer's Disease 

(AD), which causes 60% of cases of dementia worldwide, with more and more people suffering 

from this pathology. The importance of the diagnosis of AD is due to the fact that it is a disease 

that has no cure and whose treatments are only to alleviate the symptoms and try to slow its 

progression. However, once these treatments begin, it seems too late, since the symptoms appear 

when the neuronal damage is high and it is very difficult to stop it.  

Therefore, it is necessary to think of an alternative, and this is the determination of different 

proteins involved in the pathology of the disease. The first changes that occur between 15-20 

years before symptoms appear are at the biochemical level, as the expression patterns of some 

proteins that can act as biomarkers change. However, it must be considered that these first 

changes are difficult to perceive since although some proteins increase or decrease, they do so in 

very small concentrations.  
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This was the motivation for the second objective of this thesis:  

❖ To develop an optical in-vitro diagnostic system for NDD. In this case, the model 

disease used was AD.  

Another factor to consider is that at present, the sample used for these determinations is 

Cerebrospinal Fluid (CSF), which is very invasive and makes monitoring the disease very 

complicated. Therefore, the aim would be to be able to measure these proteins in serum, adding 

the difficulty that serum concentrations are even lower. For this reason, it is necessary to 

develop a system capable of having very low detection limits in order to be able to determine very 

low concentrations of the biomarkers of interest. To this end, as a complement to the optical 

biosensor, we use Nanoparticles (NPs) that can act as refractometric amplifiers. These can be 

manufactured with different materials, in this case, the NPs used are of Silicon oxide (SiO2) that 

after a biofunctionalization process, in which the surface of the NP is modified, can be used as 

biomarker collectors in the samples and after this step, they can be incubated in the biosensor 

increasing the sensitivity of the system and can detect the concentration of pg/mL.  

The need to use NPs in the detection system sets the third objective of this thesis:  

❖ Develop a protocol for the biofunctionalization of NPs to modify their surface and 

coat them with specific Abs against the biomarkers of interest. In this way, thanks to 

its use, competitive assays will be performed in order to quantify the biomarkers in the 

different types of samples used, increasing the sensitivity of the sensor.  

It is important to consider that for a biosensor to be competitive in the market, among other 

characteristics, it is important that it has a very low Limit of Detection (LoD) in order to improve 

the currently established detection systems. For this reason, in order to improve this point, the 

fourth objective of this work was determined as follows:  

❖ To develop a system that increases the detection sensitivity of the biosensor and 

thus obtain a lower LoD for direct detection. Among the available systems, the biotin-

streptavidin (STV) system was chosen.  

Of all the proposed objectives, promising results have been achieved that open up new ways to 

detect other pathologies or help in their follow-up. In addition, sensitivity has been significantly 

improved and its possible use with different types of samples, including serum and saliva, has 

been corroborated, opening up the possibility of its use in future clinical diagnosis.  
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2. State of the art 

2.1. Introduction to biosensors 

A biosensor is defined as a device capable of converting a chemical or biological interaction into 

a measurable signal. These reactions are specific and can be mediated by Abs, enzymes, cells, and 

nucleic acids, among others, generating signals that can be optical, electrical, etc. (IUPAC, 2012). 

Among the main characteristics of biosensors, noteworthy are their ease of handling and use, 

speed, reduced costs, and the significantly lower sample quantity required (Ziegler & Göpel, 

1998). 

A typical biosensor comprises the following elements: the bioreceptor, the transducer, and the 

detector (Bhalla et al., 2016; IUPAC, 2012; Wild, 2013). 

❖ The bioreceptor is a molecule capable of specifically recognizing the analyte of interest. 

This recognition triggers a biological interaction that generates a measurable signal, 

known as the recognition signal, which can manifest as a change in pH, light emission, etc. 

❖ The transducer is responsible for converting this biological interaction into a measurable 

signal. Its mechanism can be of various types, including electrochemical, optical, magnetic, 

etc. 

❖ The detector processes the signals sent from the transducer, enabling their analysis. 

Utilizing both hardware and software, it facilitates the presentation of data. 

Figure 1 illustrates the schematic of a biosensor where the bioreceptor, typically a specific 

biomolecule, is anchored to the transducer's surface and interacts with the analyte. This 

interaction, facilitated by the transducer (a physical element), is transduced, and sent to the 

reading device for processing. This system converts the signal emitted by the transducer into a 

digital format, which may or may not be quantifiable, and presents it in a user-friendly manner. 
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Figure 1. Depiction of the parts of a biosensor. Created with Biorender.com. 

 

Each type of transducer operates on a different principle. Focusing on the biosensors used in this 

thesis, which are optical biosensors, the transduced signal is the light. The recognition 

interaction between the bioreceptor and the analyte of interest generates an optical response, 

altering the properties of light based on the optical characteristics of the transducer. 

The biosensor market has experienced exponential growth in recent years, primarily driven by 

the emergence of nanotechnology-based biosensors and significant technological advancements. 

Additionally, the demand surged during the SARS-CoV-2 pandemic, further propelling 

advancements in this sector (A. Kumar et al., 2022). 

These biosensors find widespread and routine applications in various fields, including disease 

diagnosis, water quality control, and food composition analysis, among many others. However, 

their viability for a particular bioapplication depends on specific characteristics outlined by the 

World Health Organization’s (WHO's) ASSURED criteria (Affordable, Sensitive, Specific, User-

friendly, Rapid and robust, Equipment-free, and Deliverable to end-users). These characteristics 

are described in Table 1.  
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Table 1. Characteristics of the biosensors. 

Characteristic Definition Source 

Selectivity 

It refers to the method's capacity to determine specific 

analytes under the conditions of the sample matrix (simple or 

complex) without interference from other components. In the 

case of biosensors, it relates to ensuring that the bioreceptor 

used will exclusively interact with the analyte of interest 

present in the sample, while avoiding interactions with other 

substances. This specificity is crucial to accurately detect and 

measure the target analyte in the presence of various 

compounds or elements in the sample. 

Diagnostic selectivity is defined as the probability that the 

test result will be negative in a person who does not have the 

disease (true negatives). 

(Akobeng, 

2007; 

Vessman et 

al., 2001) 

Precision 

It refers to the equality among results obtained through 

repeated measurements in independent assays that have 

followed the same experimental procedure. Therefore, when 

measuring the same sample in the biosensor, it provides 

similar results in terms of dispersion or variability. This 

reliability ensures consistency and reproducibility in the 

measurements, allowing for confidence in the obtained data 

and its interpretation. 

(Vessman et 

al., 2001) 

Sensitivity 

Analytical sensitivity is defined as the slope of the dose-

response curve, or the change in response per unit 

concentration. If the slope of the straight line is very steep, it 

will have a higher sensitivity, if it is not very steep the method 

will have a lower sensitivity. 

Diagnostic sensitivity is defined as the probability of a 

positive diagnostic test result in a person affected by the 

disease (true positives). 

(Akobeng, 

2007; Lavín 

et al., 2018) 

Resolution 

It is the smallest change in magnitude that a device can 

perceive significantly. In other words, it represents the 

minimum change that the device can detect in the measured 

magnitude. 

(Bhalla et al., 

2016) 

Accuracy 

This refers to how close the measurements taken by a device 

are to the true value of the measured magnitude. In essence, it 

represents the instrument's ability to provide values close 

to the actual or true value when the sample is measured 

multiple times. This characteristic reflects the precision and 

accuracy of the instrument in obtaining reliable and close-to-

real values across repeated measurements. 

 

(Vessman et 

al., 2001) 
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Characteristic Definition Source 

Stability 

It assumes that the measured values are not influenced by 

external factors during their measurement or throughout 

their lifespan. For a biosensor, this characteristic is related to 

susceptibility to environmental disturbances within the 

biosensor system's surroundings, which can lead to signal drift 

during readings and errors in the measured concentration. 

Factors affecting stability include temperature variations, 

affinity between the analyte of interest and the bioreceptor, 

degradation of the bioreceptor, and storage conditions. These 

factors play a crucial role in maintaining the biosensor's 

stability and accuracy by minimizing signal fluctuations or 

errors caused by environmental influences. 

(Naresh & 

Lee, 2021) 

Reproducibility 

This refers to obtaining consistent results in experiments 

conducted independently but following the same protocol 

and using the same materials under different conditions. It 

signifies achieving results that align, even when conducted by 

different individuals or in different laboratories. This 

reproducibility validates the reliability and robustness of the 

experimental method, ensuring that the outcomes are 

consistent and in agreement across various settings or 

operators. 

(Bhalla et al., 

2016; 

Vessman et 

al., 2001) 

LoD 

The LoD is typically defined as the minimum quantity or 

concentration of a substance reliably detectable by a 

specific analytical method. Intuitively, the LoD would be the 

minimum concentration obtained from measuring a sample 

(containing the analyte) that we can distinguish from the 

concentration obtained by measuring a blank sample, one 

without the analyte present. 

The primary issue regarding LoD lies in its calculation, as there 

is no consensus on its determination. This complicates the 

comparison between different biosensors on the market since 

various methods or criteria are used, making it challenging to 

establish a universal standard for LoD determination. 

(Currie, 

1995; Lavín 

et al., 2018) 

Linearity 

This attribute correlates the measured responses from a 

set of measurements taken at different analyte 

concentrations in a proportional manner, resembling 

results plotted on a straight line represented mathematically 

by the calibration curve as y = mx + c, where "c" is the 

intercept, "x" is the concentration of the analyte, "y" is the 

output signal, and "m" (the slope of the line) represents the 

biosensor's sensitivity. 

In essence, it signifies the proportionality of the biosensor's 

(Bhalla et al., 

2016) 
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Characteristic Definition Source 

response concerning the analyte concentration. This 

proportionality is especially crucial in biosensors that not only 

detect the presence of an analyte but also quantify it 

accurately. The linear relationship depicted by the calibration 

curve helps in quantifying the analyte concentration based on 

the biosensor's response signal. 

 Types of biosensors 

The number of biosensors today has experienced a significant increase, presenting numerous 

variabilities in the molecules employed (both as receptors and analytes to be determined), as well 

as the types of transducers that can be utilized in manufacturing different biosensors. 

The primary aim of this thesis is the development of technology capable of detecting multiple 

pathologies using a biosensing system based on an interference-based optical transducer 

without labeling, coupled with an optical detection system that measures changes in Refractive 

Index (RI). Depending on the pathology to be detected, NPs have also been employed as a 

method of refractometric amplification to detect very low concentrations in the samples used. 

To comprehend the employed system, an introduction and description of this type of biosensor 

will be provided.  

 Classification  

There are various classification types in the literature, but the most established ones are based on 

biochemical interaction, the type of detection interaction (direct or indirect), the bioreceptor 

used, and finally, based on the transducer upon which the biosensor relies. Figure 2 represents 

this classification based on the literature found (Karunakaran et al., 2015; Kaur et al., 2018; J. V. 

Kumar et al., 2022; Monošík et al., 2012). 
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Figure 2. Biosensors classification. 

C
la

ss
if

ic
at

io
n

 o
f 

B
io

se
n

so
rs

Bioreceptor

Nucleic acids

Enzymes

Antibodies

Cells

Aptamers

Biochemical 
interaction

Catalytic 
interaction

Affinity 
interaction

Transducer

Magnetic

Thermometric

Piezoelectric

Electrochemical

Photonic

Labelled

Label-free

Optical fiber based

Ring resonator

Optical waveguide

Photonic crystals

Surface plasmon 
resonance

Interferometry



Ana María Martín Murillo  

10 

 

 Classification based on bioreceptor used 

Biosensors depend on bioreceptors, crucial for providing selectivity by specifically binding to 

targeted molecules for detection. These bioreceptors can be different biomolecules, among which 

the most commonly used are (Ronkainen et al., 2010; Scheller et al., 2001):  

❖ Nucleic acids: These biosensors rely on the phenomenon of hybridization occurring 

between the Deoxyribonucleic Acid (DNA) strand acting as a probe within the biosensor 

and the complementary strand, which serves as the target to be detected. This results in 

high specificity due to the exceptionally strong affinity between DNA strands. 

❖ Enzymes: These biomolecules can catalyze reactions with a substrate, producing a 

product that can be measured by the transducer. In this scenario, numerous different 

enzymes can be employed, each highly specific to its substrate. 

❖ Abs: Also known as Immunoglobulins (Igs), Abs exhibit high specificity as each type 

recognizes a specific epitope of a particular protein. Moreover, there's a wide variety of 

Abs capable of recognizing diverse protein types. 

❖ Cells: In this case, the entire cell acts as the bioreceptor, enabling the achievement of very 

low detection limits. 

❖ Aptamers: These are sequences of single-stranded oligonucleotides (DNA or RNA) 

artificially synthesized, capable of recognizing a wide range of molecules with high affinity 

and specificity.  

 Classification based on the type of biochemical interaction 

Another viewpoint for classification is based on the interaction occurring between the bioreceptor 

and the target analyte. Based on this interaction, it can be divided into two subclasses: 

❖ Catalytic interaction: In this scenario, a biocatalyst such as an enzyme is employed. When 

it interacts with the analyte (in this case, the enzyme's substrate), it triggers a chemical 

reaction, resulting in a detectable and measurable substance (Kwong, 2000).  

❖ Affinity interaction: Detection occurs directly due to the interaction between the 

bioreceptor and the analyte (Rogers & Mulchandani, 2011). 

In both cases, the biosensor may or may not require the presence of a marker to be measurable 

or to amplify the signal, distinguishing between direct detection systems and indirect detection 

systems (Thévenot et al., 2001). 

 Classification based on the type of transducer. 

The transducer is a device capable of converting a physical magnitude (mechanical, thermal, 

electrical, optical, etc.) into a measurable signal. It is crucial, and depending on the type of 

transducer employed, they can be classified as follows: 
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❖ Magnetic: These biosensors use micro or NPs coated with a molecular recognition 

element responsible for capturing the target analyte. Subsequently, another element 

(matrix, gel, etc.) selectively traps only those magnetic particles where the molecular 

recognition reaction occurred on their surface. Finally, a magnetic technique or sensor 

(usually the Hall effect or variations of magnetoresistance or magneto-impedance) detects 

the number of magnetic particles with the analyte on their surface, with the magnetic 

signal being proportional to this number (Llandro et al., 2010; Marrows, 2007). 

❖ Thermometric: Thermometric transducers detect the heat generated in exothermic 

enzymatic reactions, which can be correlated with the analyte's concentration. These 

temperature changes are typically determined by thermistors at the device's entry and 

exit points where the enzymes are immobilized. An inconvenience here could be heating 

losses due to radiation, conduction, or convection (González Rumayor et al., 2005). 

❖ Piezoelectric: Biosensors of this type use piezoelectric materials that resonate under the 

influence of an external alternating electric field. These crystals are coated with the 

recognition element, often based on bioaffinity (such as Abs, lectins, etc.), and are exposed 

to the sample containing the analyte to be detected (Ivnitski et al., 1999). The oscillation 

frequency is determined by the crystal's mass, which varies upon the interaction between 

the recognition element and the analyte, resulting in a change in the oscillation frequency. 

❖ Electrochemical: Electrochemical transducers convert the signal produced by the 

interaction between the recognition system and the analyte into an electrical signal. They 

provide specific quantitative or semi-quantitative analytical information. The biological 

recognition element and the transduction element must be in contact. Four types of 

electrochemical biosensors exist: conductometric, potentiometric, amperometric, 

and impedimetric, detecting changes in conductivity, potential, generated current, or 

impedance, respectively (Grieshaber et al., 2008; Ronkainen et al., 2010). 

❖ Photonic: Optical transducers measure variations in light properties due to physical or 

chemical interactions between the target analyte and the biosensor's biological 

recognition element. These sensors rely on changes in absorption, fluorescence, 

luminescence, scattering, or RI when light interacts with recognition surfaces. The basic 

measurement system consists of a light source, the sensor element (where the receptor 

molecules would be located), and the detector. They differentiate between direct 

detection methods, which do not require labeling, and indirect detection methods where 

labeling is necessary (Damborský et al., 2016; Ligler & Taitt, 2008). 

 Optical biosensors  

Optical biosensors today offer substantial advantages over conventional analytical techniques, 

providing direct, real-time detection that can even be label-free. Additionally, they boast high 

specificity and sensitivity. 
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These biosensors measure the interaction between the bioreceptor and the target analyte using 

light, assessing changes in light properties resulting from this interaction. The optical response 

obtained is contingent upon the transducer's characteristics, which can manifest as alterations in 

RI, absorption, and dispersion, among other factors (Lakshmipriya & Gopinath, 2019). 

As depicted in Figure 2, optical biosensors can be categorized into labeled or label-free types. In 

label-free detection, the signal emerges directly from the interaction between the target analyte 

and the transducer, utilizing various optical structures (such as optical fibers, resonant rings, 

optical waveguides, photonic crystals, Surface Plasmon Resonance (SPR), and interferometric 

systems). Conversely, labeled detection often generates signals via colorimetric or fluorescent 

methods (Damborský et al., 2016). 

Label-free optical biosensors are further classified as optical fibers, resonant rings, optical 

waveguides, photonic crystals, SPR, and interferometric systems (Singh et al., 2023). 

 Optical fiber-based biosensors  

Optical fibers consist of a core and a cladding, where the Silica (Si) core is typically doped with 

another material (like germanium), creating a difference in RI between the core and cladding. This 

difference, with the core having a higher RI than the cladding, enables the propagation of light 

through Total Internal Reflection (TIR) (Leung et al., 2007). Bioreceptors are immobilized within 

the fiber core and interact with the target analyte. 

This type of optical biosensor has found extensive use, for instance, in detecting Escherichia coli 

(Maas et al., 2018) or measuring glucose and hemoglobin levels (Hirsch et al., 2017). Its 

widespread application is attributed to its compact size, robustness, cost-effectiveness, and 

capability for high-volume production with finely tuned optical properties (Singh et al., 2023). 

 Ring resonator-based biosensors 

A resonator ring consists of one or multiple silicon waveguides positioned on an oxide substrate, 

where light traveling through the resonator ring is coupled. Typically, a tunable laser light is 

directed into the waveguide, partially coupling to the resonator ring, creating resonance peaks 

(Singh et al., 2023; Steglich et al., 2019). 

The surface of the resonator ring is biofunctionalized with the bioreceptor. Consequently, if the 

target analyte interacts with the bioreceptor, it results in a shift in the resonance wavelength 

(Steglich et al., 2019). 

This type of biosensor is cost-effective with a very rapid response time. It has increasingly been 

employed in detecting various diseases, such as cancer (L. Ali et al., 2020). 
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 Optical waveguide based-biosensors 

Waveguides can be primarily classified into multimode and single-mode. Multimode waveguides 

are usually thicker than the excitation light's wavelength and are commonly made of glass or Si, 

making them cost-effective and easy to manufacture. In contrast, single-mode waveguides consist 

of a very thin layer, smaller than the excitation light's wavelength (Mukundan et al., 2009). 

These have been extensively used in various biodetection applications because they can exhibit 

high sensitivity due to the action of the evanescent field. Commercial systems based on 

waveguides are employed for cell signaling (Fang et al., 2006). 

 Photonic crystals-based biosensors  

Photonic crystals are periodic structures that can exist in one, two, or even three dimensions. This 

geometric arrangement causes destructive light interference, resulting in a range of frequencies 

known as the photonic bandgap (Benmerkhi et al., 2020). 

The structures forming photonic crystals can vary significantly, often incorporating a defect 

deliberately introduced to break the network's periodicity. This defect makes the structure more 

sensitive to any changes in the RI near it, making it easier to monitor. The defect might involve 

altering the size of the periodic structure or removing one of the network's elements, directly 

affecting light transmission and therefore is directly related to the analyte concentration under 

determination (Divya et al., 2018; Gavela et al., 2016). 

Biosensors based on photonic crystals have very small sizes and are easily integrable, making 

them widely employed in medical applications (Inan et al., 2017). 

 SPR-based biosensors 

SPR is an optical phenomenon enabling real-time measurement of the binding between the 

analyte of interest and the bioreceptor (Kumar Singh et al., 2023). These biosensors detect 

minimal changes in the RI on the detection surface. This detection is highly sensitive and relies on 

exciting electrons in a metallic film, leading to total light absorption at a specific angle of incidence 

dependent on RIs (Mittal et al., 2021). 

SPR-based biosensors present a remarkable alternative for clinical diagnostics due to their high 

sensitivity, real-time monitoring capability allowing rapid results, and capacity for parallel 

measurements (Kumar Singh et al., 2023). Moreover, their versatility has been extensively 

demonstrated in literature for detecting numerous analytes associated with various diseases 

(Mandala et al., 2021; Toma et al., 2022; Wittekindt et al., 2000). 
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 Interferometry-based biosensors  

Within label-free optical biosensors, interferometry-based ones are considered a great choice for 

various diagnostics due to their small size, allowing for easy large-scale production. They 

boast excellent reproducibility and sensitivity (Fan et al., 2008). Their operation relies on the 

interference of two polarized electromagnetic waves originating from the same monochromatic 

light source but traveling through different pathways. One pathway is biofunctionalized with the 

bioreceptor, interacting with the sample (S), while the other acts as a reference (R), remaining 

unchanged and possibly pretreated to prevent undesired nonspecific bindings. This process 

creates an interference pattern between the two light beams, enabling the measurement of 

differences in the RI of both pathways (González-Guerrero et al., 2016; Ramirez et al., 2022). 

When recognition occurs between the analyte and the bioreceptor in pathway S, it induces a 

disturbance in the light, altering its phase (ΔØ). The resulting interference pattern (I, Equation 

(Eq.) 1) combines the intensity of both beams (IR and IS) based on the phase variation (Kumar 

Singh et al., 2023)(Damborský et al., 2016; Nguyen et al., 2015). 

 

 

 

Great sensitivity is based on this principle, as it measures the evanescent field sensitive to changes 

in the RI. It is also responsive to the length of the path where the interaction occurs (Ramirez et 

al., 2022). Currently, various types of interferometry-based biosensors can be found, including the 

Mach-Zehnder Interferometer (MZI) (Heideman et al., 1991), where light entering one arm is split 

into two different paths (measurement and reference) that later converge at a certain distance. 

Subsequently, the Young Interferometer (YI) was proposed, similar to the MZI, but without both 

paths rejoining (Brandenburg & Henninger, 1994). More recently, Bimodal Waveguides (BiMW) 

have been developed where light does not split into two different paths but follows a common 

trajectory (Torrijos-Morán et al., 2022). Additionally, the literature describes the Hartman 

Interferometer (HI) and the Dual-Polarization Interferometer (DPI) (González-Guerrero et al., 

2016). Within this type of interferometer-based biosensors, there are those based on cavities, 

characterized by their resonant peak, which shifts depending on the concentration of the analyte 

detected by the bioreceptor. Additionally, this subgroup can also utilize evanescent field 

interaction. There are various cavity-based biosensors, and one of them is the Fabry-Perot 

Interferometer (FPI) (Figure 3), which forms the basis of the biosensor used for this thesis and 

will be detailed in the following subsection. 

 

 𝐼 = 𝐼𝑅 + 𝐼𝑆 + 2√𝐼𝑅𝐼𝑠𝑐𝑜𝑠⁡(∆∅) Eq. 1 
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Figure 3. Representation of an FPI. On the left is depicted the interaction of the incident light with the 
surface when a biomolecule is anchored, while on the right is the behavior of the light on the reference 
surface. Created with BioRender.com. 

 

2.1.3.6.1 Fabry-Perot-based biosensors   

FPIs have been extensively used since they were described by Charles Fabry and Alfred Perot 

(Islam et al., 2014). They rely on two highly reflective surfaces, or one highly reflective and 

another semi-reflective, placed in a parallel configuration, creating a cavity with both surfaces 

separated by a distance d. This setup causes the light beam to recur within the system. 

The light beam, originating from a source (S) and featuring a narrow angle of incidence θt, 

undergoes successive reflections between the reflective surfaces. The transmitted set of beams 

eventually converges at a photodetector, as depicted in Figure 4. Additionally, part of the light is 

transmitted each time it reaches the second reflective surface, and these transmitted beams 

interfere with each other, resulting in either a maximum or minimum depending on the path 

between them. The convergence of these beams is determined by the optical path difference (Δ) 

between them, where n represents the RI of the cavity medium, as shown in Eq. 2 (Born & Wolf, 

1999): 

 

 𝛥 = 2𝑛𝑓𝑑 cosθ𝑡 ⁡ Eq. 2 
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Figure 4. Description of the principle of the technique used. Created with BioRender.com. 

 

Within the ways to modulate the behavior of this interferometer, one can alter the cavity 

dimensions (d), the speed of light in the medium (c) related to the material, its RI, and the 

frequency of the incoming light (ν). When the reflective surfaces are separated by a distance d, 

the phase shift δ experienced by the electromagnetic wave in a complete path relates to the wave 

vector k, as shown in Eq. 3, where k represents the number of waves per unit distance. This, in 

turn, is related to the angular frequency ω and the propagation speed in the medium c, expressed 

in Eq. 4. 

Considering the relationship 𝑘 =
2𝜋

𝜆
=

2𝜋𝜈

𝑐
 (where ν is the frequency, λ is the wavelength, and c is 

the speed of light in the medium), the displacement of the electromagnetic wave in a complete 

path can also be expressed as described in Eq. 5. 

 𝛿 = 2𝑘𝑑⁡ Eq. 3 

 𝑘 =∣ 𝒌 ∣=
𝜔

𝑐
 Eq. 4 

 𝛿 =
4𝜋𝜈𝑑

𝑐
⁡⁡ Eq. 5 

δm can also be expressed as shown in Eq. 6 when the transmittance is at its maximum and the 

values of the incoming light fulfill the condition (𝑑 =
𝑚𝜆

2
; m=0, 1, 2…). This leads to resonant 

frequencies within the cavity, and considering that the space within the cavity is not air and thus 

the RI is not 1, it would be reflected as in Eq. 7: 
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 𝛿𝑚 =
4𝜋𝜈𝑚𝑑

𝑐
⁡= 2𝑚𝜋⁡⁡⁡𝑚 = 0, 1, 2…⁡⁡ Eq. 6 

 𝜈𝑚 =
𝑚𝑐

2𝑑
=
𝑚𝑐0
2𝑛𝑑

⁡→ ⁡𝜆𝑚 =⁡
2𝑑

𝑚
⁡; ⁡⁡⁡𝑚 = 0, 1, 2…⁡⁡ Eq. 7 

 

Considering this, the behavior of this biosensor can be modulated by changing the cavity distance 

(d) and setting the resonant peaks. However, any biological material within the cavity also alters 

the response of the FPI, leading to a different RI correlated with the concentration of that material. 

Therefore, for this thesis, all parameters that could modify the FPI's response were fixed to 

maximize the signal to study the response related to the RI change once recognition between 

the bioreceptor and the analyte of interest occurred on the surface of the FPI.  

2.1.3.6.2 Biophotonic Sensing Cells (BICELLs) 

The biosensor utilized in this thesis is based on the development of BICELLs, engineered within 

the Group of Optics, Photonics, and Biophotonics (GOFB) at Universidad Politécnica de Madrid 

(UPM), under the leadership of Dr. Holgado (Holgado et al., 2010). These BICELLs can be vertically 

interrogated, avoiding light coupling, and constitute the area that encompasses the photonic 

structure. Moreover, they can be wafer-level fabricated, facilitating their scalability and reducing 

manufacturing time and cost (Casquel et al., 2020). 

Initially, the BICELLs contained photonic structures based on a multilayer system that, through 

various fabrication techniques, could form micro and nanopillar resonant structures to enhance 

sensitivity by combining Fabry-Perot resonator technology with photonic crystals. Additionally, 

SU-8 resist was introduced onto the SiO2/Si substrate, conducting various immunoassays such as 

immobilizing Bovine Serum Albumin (BSA) protein and recognizing it with the anti-BSA (αBSA) 

Ab, monitoring the entire process (Casquel et al., 2020; Holgado et al., 2010; López-Romero et al., 

2010). 

Due to the results obtained using SU-8 resist, simpler photonic structures began to be 

manufactured, yielding FPI-based structures consisting of multiple-layer thin films, 

significantly easing the manufacturing process. These FPI-based BICELLs rely on a resonant 

cavity, where the wavelength is modulated by the cavity's thickness and material, the nature of 

the biological material deposited on the surface, and the wavelength and angle of incidence 

(Figure 5). Thus, the GOFB advancements focused on enhancing and standardizing the 

manufacturing and biofunctionalization processes of this type of biosensor (Holgado et al., 2016; 

Santamaría et al., 2017). 
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Figure 5. Composition of the BICELLs used during the thesis. Created with BioRender.com. 

 

 BICELLs manufacturing  

To carry out the manufacturing of BICELLs, first, a Si wafer serves as the primary substrate, which 

has a SiO2 film on its surface acting as an anti-reflective layer, optimizing the optical signal of the 

interferometer by increasing the cavity thickness. Additionally, this SiO2 film aids the 

measurement device in distinguishing between the areas where the BICELLs are located and the 

rest of the wafer (Del Campo & Greiner, 2007; J. B. Lee et al., 2015). 

Secondly, a negative polymer, SU-8, is deposited using a spinner. This biocompatible and inert 

resist crosslinks its components after exposure to a specific wavelength (350-400 nm) near 

Ultraviolet (UV) light. Therefore, negative photolithography masks with the desired geometry are 

used. This way, the unexposed material remains unpolymerized and can be removed, while the 

material exposed to UV light undergoes curing. This process involves an initial light exposure to 

open the epoxy groups followed by a thermal treatment to complete the process (Anhoj et al., 

2006; J. Zhang et al., 2001). Subsequently, a piranha solution is used to eliminate any 

unpolymerized resist, leaving the desired structures imprinted on the wafer (Sanza, 2015). These 

structures imprinted on the wafer using photolithography techniques can vary in shape and size 

based on the assay requirements. 

Finally, to prepare the biosensor for use in the laboratory, the wafers are sectioned into 

pieces with the desired number of structures, referred to as "chips”. Each of these cut 

sections contains a certain number of necessary sensor surfaces, customized according to the 

needs, and is mounted onto a glass slide for easy handling and to fit into the measurement 

platform called KIT (Figure 6). For this assembly, a mounting apparatus determines the precise 

position of the "chip" and secures it to the glass slide using commercial adhesive. After a drying 

period, they are ready for use. 
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Figure 6. KITs implemented during the thesis. On the right side of the image, the Si wafer is represented, 
which after cutting it, the "chips" are obtained. On the left of the figure a KIT is illustrated, when the chips 
are mounted on the slides. Created with BioRender.com. 

 

For this thesis, two different types of KITs have been used: 

❖ 16-BICELLs KITs: These contain 16 sensor cells, each 200 μm in diameter, made of SU-8 

using the process described earlier. To confine the sensor cells for conducting assays, a 

Polyvinyl Chloride (PVC) mask is placed over the chip. This chip configuration with 16 

cells allows for rapid tests with an n=4 typically and has been used throughout this thesis 

to conduct dose-response curves, reagent specificity tests, and to establish protocols 

(incubation times, concentrations, temperature). Subsequently, this served as a basis for 

scaling up to chips with a higher number of sensor cells. Additionally, they have 

demonstrated highly robust data with very low standard deviations among cells and chips, 

requiring minimal effort and time, thus facilitating working with a larger number of them 

(Figure 7). 
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Figure 7. 16-BICELL KITs used during the experiments of this thesis. Created with BioRender.com. 

 

❖ 65-BICELLs KITs: These chips have 65 sensor cells, each 200 μm in diameter, made of SU-

8 following the procedure described earlier. Similar to the 16 BICELLs chips, it's also 

necessary to place a PVC mask to conduct incubations during the experiments. These 

masks need to be changed after each incubation step in both cases. This type of chip allows 

for multiplex assays due to a large number of sensor cells, enabling the measurement of 

different markers for the same sample or several samples (as in the detection of specific 

Abs against SARS-CoV-2 in serum), or for instance measuring a marker for a high number 

of samples (as in the measurement of specific Immunoglobulin A (sIgA) Ab against SARS-

CoV-2 in saliva). This facilitates screening a large number of samples in a short time 

(Figure 8). 
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Figure 8. 65-BICELL KITs used throughout the experiments of this thesis. Created with BioRender.com. 

 

2.1.3.6.3 Interferometric Optical Detection Method (IODM) 

All the experiments presented in this thesis have been conducted using a reading platform based 

on the IODM, an innovative vertical interrogation method developed by the GOFB. This method is 

supported and protected by patent number EP2693164A1 (Holgado et al., 2012). 

This methodology relies on data collected from two interferometers, providing two different 

interferometric signals: a reference signal (Iref) and a measurement signal (Isig). The 

interferometer generating the reference signal remains inactive, whereas the measurement 

interferometer is equipped with anchored bioreceptors and is used for determining the target 

analyte. As a result, the signal from this interferometer shifts due to recognition, while the 

reference signal remains unchanged. 

Both interferometric signals have a mathematical correlation, resulting in the detection variable 

obtained through the Transfer Function (𝑓𝑡𝑟𝑎𝑛𝑠) represented in Eq. 8: 

 𝑓𝑡𝑟𝑎𝑛𝑠 =
𝐼𝑠𝑖𝑔

𝐼𝑟𝑒𝑓
 Eq. 8 
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This allows measurements to be carried out without the need for complex devices or as high costs 

as those found in the market. This principle is illustrated in Figure 9.  

 

Figure 9. IODM working principle. The input light generates two signals, the Iref and the Isig. Both are 

detected and thanks to the 𝑓𝑡𝑟𝑎𝑛𝑠 we obtain the Increased Relative Optical Power (IROP) (%) value. Created 

with BioRender.com. 

 

The light impacts both interferometers (reference and measurement), and the optical power of 

each of them is collected by the optical power detectors. This 𝑓𝑡𝑟𝑎𝑛𝑠 can be established considering 

the optical power (OP) for a wavelength in both signals as 𝑓𝑡𝑟𝑎𝑛𝑠 =⁡
𝑂𝑃𝑠𝑖𝑔

𝑂𝑃𝑟𝑒𝑓
. Therefore, this OP would 

be calculated as the integral of the signal collected in a specific spectral region between [λ1, λ2], 

known as the optical interrogation band (Eq. 9), and is directly related to the thickness of the 

immobilized material layer on the interferometer.  

 𝑂𝑃[𝜆1, 𝜆2] = ∫ 𝐼(𝜆)𝑑𝜆
𝜆2

𝜆1

 Eq. 9 

 

This means the signal being detected corresponds to the area below the reference and 

measurement signals within that optical interrogation band (Holgado et al., 2014; Lavín, 

2016). This region provides higher sensitivity and a lower LoD along with a broader dynamic 

range. It occurs where the minimum of the OP from the reference interferometer (blue line in 

Figure 10) aligns with the midpoint of the positive slope of the interference signal from the 

measurement interferometer (red line in Figure 10).  

So, initially, the difference between these signals is maximized. However, it's crucial to note that 

the Isig will shift to the right as the interferometer undergoes biofunctionalization or recognition 

stages due to an increase in thickness, while the Iref remains unchanged. Consequently, the 

measurement signal will gradually move closer to the reference signal (green line in Figure 10). 

This shift enables the determination of whether an interaction has occurred between the 

bioreceptor and the analyte of interest.  
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The sensor's dynamic range is achieved when Iref=Isig. The difference between the Iref and 

the Isig due to the thickness of the deposited biolayer is described as Increased Relative 

Optical Power (IROP) (Holgado et al., 2012; Laguna et al., 2014), defined as shown in Eq. 10. 

 𝐼𝑅𝑂𝑃(%) = (𝑓𝑡𝑟𝑎𝑛𝑠 − 1) · 100 = ⁡(
𝐼𝑠𝑖𝑔[𝜆1, 𝜆2] − 𝐼𝑟𝑒𝑓[𝜆1, 𝜆2]

𝐼𝑟𝑒𝑓[𝜆1, 𝜆2]
) · 100 Eq. 10 

Considering this equation, as the thickness of the layer increases, the signal shifts to the right, 

resulting in a lower IROP (%) level. Thus, the value of IROP (%) for each measurement in the 

process is expressed in Eqs. 11 and 12, and the difference between both (ΔIROP (%)) is 

represented in Eq. 13. 

 

So, following Eq. 13, with IROP𝑡ℎ⁡0⁡(0𝑛𝑚)(%) as the measure corresponding to the initial value of 

the signal and IROP𝑡ℎ⁡1⁡(𝑋⁡𝑛𝑚)(%) as the signal obtained at each step of the assay, the resulting 

value of ΔIROP (%)—defined as the increase in the signal between two measurements—allows 

us to monitor each step of the experiment and confirm the bio-recognition. Additionally, this 

measure also enables us to determine the concentration of the analyte of interest. 

This technology, coupled with transducer design, maximizes the biosensor's sensitivity for in-

vitro diagnostics by detecting minimal variations in thickness and thus very low concentrations. 

Moreover, this reading system enables integration into a Point-of-Care (PoC) device, facilitating 

swift, cost-effective, and user-friendly diagnostics. 

 IROP𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠⁡0⁡(0𝑛𝑚)(%) = (𝑓𝑡𝑟𝑎𝑛𝑠
0 − 1) · 100 = ⁡(

𝐼𝑠𝑖𝑔
0

𝐼𝑟𝑒𝑓
− 1) · 100 Eq. 11 

 
IROP𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠⁡1⁡(𝑋⁡𝑛𝑚)(%) = (𝑓𝑡𝑟𝑎𝑛𝑠

1 − 1) · 100 = ⁡(
𝐼𝑠𝑖𝑔
1

𝐼𝑟𝑒𝑓
− 1) · 100 

Eq. 12 

 

𝛥𝐼𝑅𝑂𝑃(%) = IROP𝑡ℎ⁡1⁡(𝑋⁡𝑛𝑚)(%) − IROP𝑡ℎ⁡0⁡(0𝑛𝑚)(%)

= ⁡(
𝐼𝑠𝑖𝑔
1 − 𝐼𝑠𝑖𝑔

0

𝐼𝑟𝑒𝑓
) · 100 

Eq. 13 
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Figure 10. Principle of operation of the IODM. The red line in the image corresponds to the first 
measurement of the sensing surface. The green line represents the signal obtained once a bioreceptor has 
been immobilized on the surface. Finally, the blue line belongs to the reference KIT which is not modified 
during the whole experiment. The area represented by "A" is proportional to the OP of Iref. The area 
represented by "C" is proportional to the OP of Isig0 when the surface has not been coated. Finally, the area 
represented by "B" is proportional to the OP of Isig1 when a molecule is anchored to the surface. Thus, as the 
thickness on the surface increases, the Isig pattern is closer to Iref, with the IROP signal becoming lower 
Created with BioRender.com. Figure adapted from (Holgado et al., 2016). 

 

2.1.3.6.4 Reading platform 

To carry out measurements of the transducers using vertical interrogation, the IODM was 

incorporated into a PoC device. This reading platform was designed for conducting 

measurements and was developed by the company Bio Optical Detection S.L. (BIOD S. L.). The 

technology of this device evolved during the course of this thesis, alongside the evolution of the 

biosensors. The optimization of the PoC device was a collaborative effort between GOFB and BIOD. 

Two different devices were utilized during the thesis development, both based on the IODM 

methodology, explained below. The second platform employed represents an enhanced, 

faster, and more precise version. 

 PoC 

The first PoC device is based on the IODM methodology and was used briefly at the beginning of 

this thesis. This device comprises two measurement channels: one for the biosensor used in the 

assay Isig and another for Iref. Both channels are integrated within the same optical head design, 

but only the measurement channel has access to the experiment's biosensor.  
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The light sources are based on semiconductor laser diodes emitting light at a wavelength of 

approximately 851 nm. Additionally, the housing is designed to ensure optical isolation. 

Regarding its mechanical components, the device includes a support KIT constructed from a metal 

piece aimed at maintaining stability and preventing undesired movements during measurements. 

It features a motorized XY axis that positions the support, providing stability for the measurement, 

and includes anti-vibration mounts. All these mechanical elements are designed to prevent 

potential instabilities in the measurement and ensure accuracy. Lastly, the device is operated 

through a user interface that issues commands during experiments. In this case, the platform was 

capable of measuring the 65-BICELLs KITs in approximately two hours (Figure 11). 

 

Figure 11. PoC device. On the left is the representation of the device and on the right is the detail of where 
the KIT is positioned for the measurement reading. 

 

 MOX 

The latest platform version named MOX has successfully addressed most of the limitations and 

issues detected in the PoC. It's practically a new platform that has improved reliability, 

usability, measurement robustness, and exterior design. Figure 12 shows an image of the 

MOX device. 

Among the most significant enhancements implemented in this measurement platform is the 

speed. Modifications were made in mechanics, optics, and electronics to reduce measurement 

times for KITs. The most significant change was observed in the 65-BICELLs KIT, reducing 

measurement time from two hours to twelve minutes. The software was also upgraded, 

achieving a user-friendly yet powerful interface. This new version includes XY axes capable of 

operating at nearly thirty times the previous speed. The KIT supports were optimized by 

introducing tabs that expanded the glass slide tolerance, solving many issues encountered with 

the previous platform. This adjustment ensured perfect positioning and alignment of all KITs, 

irrespective of glass slide size, to prevent measurement discrepancies. Laser integration with 

temperature stabilization was incorporated to avoid environmental climate interferences. 
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Finally, one of the most significant novelties of this device is the inclusion of a reference chip 

inside, enabling correlation and validation of the device's status just before each measurement, 

without causing any delay in the measurement time. 

 

 

Figure 12. MOX device. The left side of the figure shows the image of the device and the right side 
illustrates how the KIT is placed in the holder of the device for subsequent reading. 

 

2.1.3.6.5 Signal amplification method based on NPs 

So far, in-vitro detection systems with high sensitivity available in the market for detecting 

analytes or target molecules rely on systems with chemical amplifiers or some form of detection 

(usually enzymatic), such as the Enzyme-Linked ImmunoSorbent Assay (ELISA). This is because 

there is a growing demand for systems that offer high sensitivity and deliver reliable and fast 

results when working with real samples. 

This becomes challenging since, in certain pathologies or diagnoses, the analyte of interest is 

found in very low concentrations alongside numerous other elements in the sample that may 

interfere with the measurement. 

These issues had to be considered during the completion of this thesis because the technique 

employed relies on changes in the RI. When dealing with low concentrations of the target 

molecule or molecules of low molecular weight, this change in the RI becomes significantly 

smaller, affecting sensitivity and the LoD. Therefore, to enhance sensitivity and specificity in such 

situations and achieve a LoD competitive enough with other techniques, a system is needed to 

address the limitations of these interference-based optical biosensors. 

To overcome these limitations, a method was proposed in patent no. ES 2750374 B2, based on the 

use of Nps to amplify the signal due to changes in the RI and the potential scattering produced 

by these NPs, which depends on their nature and size (Holgado et al., 2020). This method allows 

for qualitative and/or quantitative detection of the target analyte in real samples with highly 

complex matrices.  
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To perform this method, several stages are involved, illustrated in Figure 13 and summarized as 

follows: 

❖ Stage 1: Reference signal measurement 

-First of all, it is necessary to measure the biosensor's reference signal once its surface is coated 

with the specific bioreceptor against the target analyte or with the molecule itself (Figure 13A). 

❖ Stage 2: Preparation of the conjugate 

-The next step involves incubating the NPs at the desired concentration with the target 

analyte present in the sample. To achieve this, the NPs must have previously undergone 

biofunctionalization with the specific bioreceptor, resulting in the NP-bioreceptor complex, 

allowing them to bind to the analyte. This incubation process should occur between 2 and 37°C. 

Upon completion, the NP-bioreceptor-analyte conjugates will be obtained (Figure 13B3b). 

❖ Stage 3: Conjugate separation 

-Once the analyte has been recognized by the NP-bioreceptor, these complexes need to be 

separated from the other components of the sample as they will be used for incubation on the 

biosensor. In this case, we will obtain both NP-bioreceptor conjugates and NP-bioreceptor-

analyte complexes, depending on the concentration of the molecule being determined. The 

method for separating these conjugates depends on the nature of the NPs; it could involve the use 

of a magnet for magnetic particles or centrifugation for other types of NPs. 

❖ Stage 4: Recognition on the biosensor surface 

-The previously separated conjugates will be brought into contact with the biosensor surface that 

had been immobilized earlier with the specific bioreceptor or the target molecule (depending on 

the type of assay performed). At this stage of the process, the NP-bioreceptor and NP-

bioreceptor-analyte conjugates will interact with the biomolecules immobilized on the 

transducer (Figure 13C). 

❖ Stage 5: Signal reading 

-Finally, the signal will be read on the device. This interference signal will be affected once the 

NPs conjugates have attached to the surface, thereby altering the interference pattern due to 

changes in the IR linked to the phenomenon of light dispersion (Figure 13C2).  

Optically, this signal change, involving intensity and/or interference pattern variation, occurs 

because the NP conjugates, once they have recognized and adhered to the biosensor's surface, 

alter the optical thickness, causing a variation in the real part of the RI. Additionally, the complex 

part of the RI is also altered, leading to a variation in optical intensity due to the dispersion 

phenomenon. 
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Figure 13. Signal amplification method based on NPs. A. Readout of the signal once the recognition 
biomolecule has been immobilized on the sensing surface. B. On the right shows the assay without the use 
of NPs. On the left is an example of the incubation of the NPs with the sample for the formation of the NP-
bioreceptor-analyte conjugates. C. On the right, we obtain the signal that would be obtained with the assay 
without NPs. On the left depicts the amplification of the signal in the IODM due to the NPs (Holgado et al., 
2020). 
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 NPs biofunctionalization techniques 

Over the last few years, the importance of nanomaterials has been increasing due to their 

significant role in science and technology, along with the new advancements in nanotechnology. 

When working with nanomaterials, it's crucial to consider different factors such as size, shape, 

charge, RI, and the surrounding medium, among others, as these can influence their physical and 

chemical characteristics (Avvakumova et al., 2014; Conde et al., 2014). 

Within these nanomaterials, for example, are NPs, which can have different sizes (ranging 

from 1 to 100 nm). Thanks to the advances in NPs synthesis, a considerable interest has emerged 

in various fields of biomedicine and engineering. Moreover, currently, NPs of very diverse 

materials can be synthesized, each with varying properties, such as gold (Au), silver, magnetic, or 

Si NPs (Subbiah et al., 2010). 

Among these, Si NPs are of great interest due to being easily synthesizable, possessing high 

stability and dispersibility in water, biocompatibility, and simple surface modification 

capabilities (Q. Zhang et al., 2009). Their synthesis was developed by Werner Stober (Jung et al., 

2012), and since then, research based on these NPs has been on the rise. With this type of NPs, 

precise control over size and porosity is achievable depending on the application (Liberman et al., 

2014). Additionally, the silanol groups found on the surface (Si-OH) can be modified to obtain 

different functional groups (Jung et al., 2012). 

The techniques based on NPs are becoming increasingly important due to their multiple 

biomedical applications, such as detection systems, high-throughput screening, in the field of 

biosensors, and for in-vivo and in-vitro diagnosis in tissues and cells (Bagwe et al., 2006). However, 

achieving these applications requires highly optimized NPs design involving various factors in 

their synthesis, such as size, surface charge, and shape (Avvakumova et al., 2014). 

Another process that requires significant optimization is the surface modification of NPs. This 

process, where functional groups are added to the NPs's surface, is known as 

biofunctionalization (Subbiah et al., 2010). The primary objective of this process is to cover the 

NPs's surface with the desired molecule depending on the application, altering the surface 

properties of the NPs (Subbiah et al., 2010). The strategy for achieving biofunctionalization 

depends on the NPs's surface chemistry, size, the functional groups to be added, as well as the 

molecules to be anchored to the NP, making these crucial points to consider (Conde et al., 2014). 

These NPs are highly efficient due to their high surface to volume ratio, which allows a large 

number of molecules to be attached to their surface through biofunctionalization processes 

(Avvakumova et al., 2014). One of the benefits of this process is the ability to modify them, thereby 

adapting them to various applications (Subbiah et al., 2010). 

The main molecules employed for the biofunctionalization of NPs are peptides, enzymes, 

oligonucleotides, lipids, aptamers, and Abs (Avvakumova et al., 2014). Once these 

biomolecules have bound, it's crucial that the NPs continue to function despite any changes in 

their physicochemical properties (Subbiah et al., 2010). One of the major challenges in these 

processes is ensuring that the NPs remain stable in solution without aggregating, as they often 



Ana María Martín Murillo  

30 

 

precipitate during the process due to the loss of balance between attractive and repulsive forces 

(Conde et al., 2014). 

Within the techniques of NPs biofunctionalization, there are different methods that can be 

classified depending on the steps taken to obtain the final functional group (direct 

functionalization and post-functionalization) or based on the type of bonding (non-covalent or 

covalent) (Avvakumova et al., 2014; Conde et al., 2014; Subbiah et al., 2010)(Figure 14). 

 

Figure 14. Classification of NPs biofunctionalization techniques. 

 

❖ Based on the number of steps:  

➢ Direct functionalization: in this case, a single organic compound is used that is 

bifunctional, where one of the reactive groups in this compound binds to the NP, 

while the other group modifies the surface. Only one conjugation step is 

employed in this case. Special attention must be paid to ensure that the 

modifying group does not interact with the NPs's surface. Thiol or phosphine oxide 

groups are used in these cases (Subbiah et al., 2010)(Figure 15A). 

➢ Post-functionalization: In this process, similarly, there's an initial step of adding 

a bifunctional organic compound, but subsequently, another compound is added 

to introduce the desired functional group onto the NPs's surface. An example 

widely used in such cases is silanization (Subbiah et al., 2010)(Figure 15B). 
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Figure 15. Biofunctionalization techniques based on the number of steps. A. Direct functionalization 
in which the conjugating agent provides the functional group for the following steps. B. In the case of post-
functionalization, there is a first step in which a chelating group is added for a second step to add the 
functional group. Created with BioRender.com. 

 

❖ Based on the type of bonding:  

➢ Non-covalent: these rely on electrostatic, hydrophobic, and affinity interactions. 

Biofunctionalization protocols in these cases are much simpler, but the bond is 

less stable and reproducible.  

• Ionic coupling: This can be achieved when the agent intended to be 

coupled to the NPs has an opposite charge to it. When attaching complex 

molecules like Abs, it's essential to consider the isoelectric point to control 

their net charge. In this scenario, the agent's attachment might lose its 

biological activity after conjugation because its protein structure could be 

affected (Conde et al., 2014)(Figure 16A). 

• Hydrophobic coupling: Hydrophobic molecules like fluorophores can be 

directly attached to NPs. However, similar to the previous method, there's 

a concern because hydrophobic forces also play a role in stabilizing protein 

structures. Additionally, these forces are more likely to destabilize 

proteins (Avvakumova et al., 2014)(Figure 16B).  

 



Ana María Martín Murillo  

32 

 

• Biotin-avidin/streptavidin system: In this case, NPs are 

biofunctionalized with the protein avidin or Streptavidin (STV), while the 

molecule intended to be attached to the NPs is biotinylated. This is feasible 

because biotin can be synthesized with various functional groups, enabling 

its attachment to the molecule of interest (Conde et al., 2014)(Figure 16C). 

 

Figure 16. Non-covalent biofunctionalization techniques. A. Ionic coupling due to the charge difference 
between the surface of the NPs and the molecule to be anchored. B. Hydrophobic coupling in which the 
drugs are trapped in the vesicles formed around the NPs. C. Biotin-avidin/STV system relies on STV binding 
on the surface to couple biotinylated Abs on the surface. Created with BioRender.com. 

 

➢ Covalent: The covalent bonding of molecules relies on a stable and strong union 

of the functional groups of the NPs and the molecule intended to be coupled, 

without causing denaturation of the protein. Within this strategy, there is 

nonspecific covalent conjugation and selective covalent bonding controlled by 

orientation (Avvakumova et al., 2014). 

• Nonspecific covalent conjugation: This method is used for various 

types of NPs like Au and Si, primarily based on carbodiimide chemistry, 

enabling the condensation of amino and carboxyl groups (Avvakumova 

et al., 2014). The most commonly used coupling reaction involves the use 

of Ethyl(dimethylaminopropyl) carbodiimide (EDC). EDC is a zero-

length cross-linker used to activate carboxyl groups for conjugation 

to primary amines. Once EDC reacts with the carboxyl group, it forms 

an intermediate called an amino-reactive O-acylisourea.  
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This intermediate can directly react with primary amines to form a stable 

amide bond. Due to the instability of the intermediate, N-

Hydroxysuccinimide (NHS) or sulfo-NHS is typically added to produce a 

stable ester-NHS that interacts with primary amines. One of its main 

advantages is water solubility, eliminating the need for organic solvents. 

Parameters to consider when using this strategy include controlling the 

reaction pH, as it significantly influences the unstable intermediate's 

hydrolysis, the amount of EDC used (as excessive EDC can cause NP 

aggregation by neutralizing electrostatic repulsion forces), and finally, 

the EDC/NHS ratio (Conde et al., 2014)(Figure 17A). 

• Selective conjugation controlled by orientation: This 

biofunctionalization aims to achieve a controlled orientation of the 

biomolecule. Within these systems, there's thiol chemistry, click 

chemistry reactions, those mediated by enzymes, and those based on 

the production of recombinant proteins that integrate specific binding 

sites into their sequence (Avvakumova et al., 2014)(Figure 17B). 

 

Figure 17. Covalent biofunctionalization techniques. A. Coupling by EDC/NHS chemical reaction. B. 
Example of a site-directed coupling due to the use of an enzyme that is substrate specific. Created with 
BioRender.com. 

 

During this thesis work, various NPs biofunctionalization protocols have been explored. Among 

them, we utilized silanization combined with EDC/NHS chemistry and the biotin-STV system.  
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 NPs characterization techniques  

During the NPs biofunctionalization process, it's crucial to maintain control at every step. This 

ensures the proper implementation of biofunctionalization. Parameters typically studied include 

shape and size, distribution of various sizes, surface charge, degree of aggregation, and even 

surface chemistry (Mourdikoudis et al., 2018). 

To characterize, various techniques can be employed, including those based on X-rays, Fourier-

Transform Infrared Spectroscopy (FTIR), mass spectrometry, different microscopy techniques 

like Scanning Electron Microscopy (SEM) or Transmission Electron Microscopy (TEM), Atomic 

Force Microscopy (AFM), Nanoparticle Tracking Analysis (NTA), and Dynamic Light Scattering 

(DLS) (Butler et al., 1992; Mourdikoudis et al., 2018). 

Depending on the specific physical property being measured, different techniques are employed, 

and sometimes multiple techniques can serve the same purpose. For instance, to measure NP 

size, techniques such as DLS, NTA, and SEM can be used, among others. Additionally, DLS can 

also be employed to obtain the surface charge of NPs (E. J. Cho et al., 2013; Modena et al., 2019). 

In the following subsections, we will explain in more detail the two techniques that have been 

used for the characterization of the NP biofunctionalization process, through which the size, 

distribution, Zeta Potential (ζ-potential), concentration, and degree of aggregation have been 

measured.   

2.1.3.6.5.2.1 DLS 

It is a widely used technique to measure the size of NPs when they are in suspension. This 

technique is based on the Brownian motion of particles in solution when dispersed, determining 

the coefficient of free diffusion of the particles in suspension. Thus, DLS measures the dispersion 

of light over time, also combining the Stokes-Einstein equation (Eq. 14) to deduce the 

Hydrodynamic Diameter (Dh) of NPs (E. J. Cho et al., 2013; Modena et al., 2019). 

                                                                     𝐷ℎ⁡ =
𝐾𝑏⁡𝑇

3𝜋𝜂𝐷𝑡
                                                            Eq. 14 

In this equation, Dt represents the diffusion coefficient, Kb is the Boltzmann constant, T refers to 

the temperature at which the analysis is conducted, η indicates the solvent's viscosity, and Dh is 

the Hydrodynamic Diameter of the particle (Modena et al., 2019). Dh refers to the diameter of 

the NPs along with the surrounding solvent that diffuses at the same speed (Mourdikoudis et al., 

2018)(Figure 18).  
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Figure 18. DLS technique. Schematic representation of DLS operation and data obtained (size and 
concentration). Created with BioRender.com. 

 

The result obtained provides the average particle size and the uniformity of the size 

distribution. The uniformity is indicated by the Polydispersity Index (PDI). If this value falls 

between 0.1 and 0.25, it indicates a narrow size distribution, whereas if it's above 0.5, the 

distribution is broader (E. J. Cho et al., 2013). This data also informs us about potential NPs 

aggregation and how dispersed they are in the solution. 

It's essential to consider that, during measurements, the NPs concentration cannot be too high; 

otherwise, an undesirable multiple scattering effect could occur. Factors such as this, solution 

stability, and NPs surface modifications influence the obtained value (Mourdikoudis et al., 2018). 

Another crucial factor is the solution's pH; if it's far from the NPs's isoelectric point, electrostatic 

repulsion forces dominate. However, if the pH is near the isoelectric point, repulsive forces 

decrease, leading to an increase in the hydrodynamic size (E. J. Cho et al., 2013). 

Another value obtainable through this technique is the ζ-potential. It's defined as the 

difference in electrical potential between the stationary layer of charges surrounding the particle 

and the potential of the solution they are in (Modena et al., 2019). The surface charge of particles 

is an important factor as it affects their behavior, especially in terms of aggregation, where 

electrostatic repulsion between particles plays a key role in stability. This occurs because mobile 

charges in the solution are attracted to the static charges on the particle surface, potentially 

leading to their aggregation (Modena et al., 2019). 
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Several parameters affect the ζ-potential, such as the ionic strength of the solvent and the 

solution's pH. NPs might aggregate if they are at a pH where their surface charge is zero 

(Modena et al., 2019). To prevent this, it's important to ensure the pH is away from the isoelectric 

point (Mourdikoudis et al., 2018). 

In general, particles with a ζ-potential more positive than +30mV or more negative than -30mV 

maintain stability due to electrostatic repulsions (E. J. Cho et al., 2013; Mourdikoudis et al., 2018). 

Finally, another crucial piece of information attainable through the DLS technique is the 

concentration of NPs. The principle behind this measurement involves transforming the particle 

size distribution into the intensity of the absolute concentration distribution using the derivative 

of the scattered count rate and the optical properties of the dispersant and material. The 

measurement involves separately recording scattering data in three angular positions: 

backscatter, side scatter, and forward scatter (Austin et al., 2020). 

Due to the low sample quantity required for these determinations, the short measurement time, 

the diversity of solvents usable for measurement, and the wide range of sizes it can determine, 

DLS proves to be a highly useful technique for routine and rapid analysis.  

2.1.3.6.5.2.2 SEM  

SEM provides surface images by directing an electron beam onto the sample and detecting the 

emitted secondary electrons (Mourdikoudis et al., 2018)(Figure 19). 

 

Figure 19. SEM technique. Schematic diagram of the internal workings of the SEM. Created with 
BioRender.com. 
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Due to the moderate energy used, its resolution is limited to a minimum of 2-3 nm, significantly 

reducing the risk of sample damage. To capture high-resolution images, a conductive substrate is 

required. For non-conductive samples, a metalization process can be used, adding a thin metallic 

layer. It's important to note that this process alters the NPs size and structure (Modena et al., 

2019). 

SEM images also offer information on NPs size and dispersion. However, it's crucial to note 

that the size measured by SEM and, for instance, DLS varies because each measurement occurs in 

different environments (dry and in solution). Sizes measured in SEM tend to be smaller due to the 

loss of the hydration layer (E. J. Cho et al., 2013).  

 Methodology advantages 

Once the patented methodology used in this thesis has been explained, the advantages of using 

NPs alongside the described and employed optical biosensor will be specified below. 

Firstly, this method is independent of the molecular weight of the analyte to be determined. 

As previously mentioned, this type of biosensor, relying on changes in the RI for detection, faces 

greater difficulty in detecting molecules with low molecular weights as they cause very slight 

variations in the RI once on the biosensor surface. However, by using NPs, this problem is 

resolved, allowing the quantification of these low molecular weight molecules. 

Secondly, it allows the detection and quantification of these target analytes in real samples 

with highly complex matrices without requiring any prior treatment. Using NPs, unspecific 

bindings to the sensor surface can be greatly reduced or eliminated, as the NP-bioreceptor-analyte 

conjugates have been separated from the sample and all other interfering components have been 

removed. This step also streamlines the assay protocols, potentially eliminating blocking steps 

and reducing washing times. 

Moreover, NPs are a crucial tool for modifying the dynamic range of the biosensor. 

Depending on the size, material, and concentration of the NPs, lower LoD can be achieved due to 

increased sensitivity, enabling the detection of a wider range of concentrations of the target 

analyte. Thus, these NPs parameters can be adjusted to custom assays to specific requirements. 

Lastly, the system's versatility stands out in its use with different biological samples (serum, tears, 

saliva, etc.), for water quality studies, or in the food industry. Furthermore, this versatility extends 

to its application in various types of different optical biosensors based on interference, aside from 

the one described in this thesis. 

 Application of the method in disease diagnosis 

This thesis focuses on the development of an in-vitro diagnostic system for various 

pathologies. One of these, and the case study here, is AD, which falls within NDD, specifically 

tauopathies (Rawat et al., 2022). In this context, the protein of interest to be determined is tau 

protein, although, throughout this thesis, assessments of other implicated markers such as 

lactoferrin were conducted. 
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The specificities of detecting tau protein, such as low concentration and the need for measurement 

in complex matrices, demand a highly sensitive and specific detection system, making the use of 

NPs almost obligatory. 

Tau protein is primarily found in the brain, functioning as it should, but its levels start to rise as 

the disease progresses. Currently, determining tau protein concentration is done using CSF 

samples, which involve an invasive and costly extraction system, making patient monitoring and 

diagnosis challenging (Anoop et al., 2010). Thus, this thesis proposes an alternative: assessing 

tau protein levels in serum samples. However, serum samples have significantly lower 

concentrations compared to CSF, making the use of NPs essential to achieve much lower LoD 

necessary for this diagnostic purpose. 

Additionally, employing NPs and achieving such low LoD offers a significant opportunity to screen 

relatives of individuals with AD, detecting this condition before symptoms arise, as these 

molecular changes begin years before symptoms manifest (Raskin et al., 2015). 

Moreover, while transitioning to serum samples, the complexity of the matrix remains, so using 

NPs in serum aids in eliminating the matrix effect by separating the conjugates from the sample, 

thereby reducing nonspecific bindings on the sensor surface. However, during the incubation of 

NPs with samples, some issues arose due to the corona effect described previously in the 

literature (Monopoli et al., 2011; Tenzer et al., 2013; Vidaurre-Agut et al., 2019). 

This system was also employed to determine tau protein in serum samples from a Syrian 

hamster tauopathy model (Mesocricetus auratus) and P301S transgenic mice, which express 

human tau. Here, the use of NPs was crucial due to the very low amount of serum obtained from 

these animals. 

Finally, during this thesis, NPs were used to assess lactoferrin concentrations in saliva samples, 

where their use similarly aided in minimizing the matrix effect characteristic of such samples. 

This demonstrates the application and versatility of NPs in measuring different markers across 

various sample types, establishing suitable protocols and optimal conditions for each application. 

2.2. Introduction to the Immune System  

Immunology is an experimental branch of health and life sciences that studies the mechanisms by 

which higher organisms molecularly recognize what is self from what is foreign, developing 

tolerance to avoid attacking their tissues (Chaplin, 2006). 

Specifically, the immune system refers to the mechanisms (discriminatory of self from non-self) 

that higher organisms possess for defense against pathogens. It consists of a set of cells and 

molecules responsible for immunity (capable of generating a response). 

This immune response is a comprehensive and coordinated reaction in the event of an attack 

by foreign agents. However, not only external pathogens like viruses, bacteria, or parasites trigger 

an immune response, but also various agents such as cancer cells, toxins, pollen, etc., can elicit this 

response (Varella, 2001). 
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Apart from immunology itself, there are other involved sciences, such as applied immunology, 

which deals with studying issues related to autoimmunity, hypersensitivity, immunodeficiencies, 

etc. On the other hand, there's molecular and cellular biology, which focuses on studying immune 

system cells, implicated genes, signaling pathways, etc.  

 General introduction  

Throughout history, immunology has been closely linked to microbiology as it focused on 

studying prevention against microorganisms. Not all pathogens elicit the same response; it 

depends on their structure, size, method, and route of infection (Nicholson, 2016). 

The immune system protects against four types of pathogens (Table 2): 

❖ Extracellular bacteria, parasites, and fungi.  

❖ Intracellular bacteria. 

❖ Viruses. 

❖ Parasitic nematodes (extracellular).  

Table 2. Types of pathogens that trigger an immune response (Nicholson, 2016). 

Pathogen type Pathogen example Diseases 

Extracellular bacteria, 

parasites, and fungi 

Streptococcus pneumoniae 

Clostridium tetani 

Trypanosoma brucei 

Pneumonia 

Tetanus 

Sleeping sickness 

Intracellular bacteria 

Mycobacterium leprae 

Leishmania donovani 

Plasmodium falciparum 

Leprosy 

Leishmaniasis 

Malaria 

Viruses 

Smallpox 

Influenza 

Chickenpox 

Smallpox 

Influenza 

Chickenpox 

Parasitic nematodes 

(extracellular) 

Ascaris 

Schistosoma 

Ascariasis 

Schistosomiasis 

 

The size of the pathogen is very relevant because it will allow it to enter in one way or another, 

and depending on this invasion method, it will enable it to evade the immune system's response 

in a better or worse way.  

Pathogens can be intracellular or extracellular. In the case of extracellular ones, they are more 

easily combated by the immune system as they are more accessible.  
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Similarly, the immune system protects us against any type of normal or pathological cells, for 

example: 

❖ Aging cells: due to their deterioration, they express markers that identify them as target 

cells for destruction (P. Song et al., 2020). 

❖ Neoplastic (tumor) cells: they express tumor markers on their surface that are not 

expressed in normal cells and are therefore recognized as foreign (Varella, 2001). 

❖ Allogeneic cells: they express markers that are not native to the individual and therefore 

are also recognized as foreign cells (Michniacki et al., 2022). 

To initiate a response, immune system cells do not recognize the entire pathogen as such, but they 

identify specific foreign molecules. These alien substances that trigger specific immune 

responses recognized by immune system cells and their components are termed Antigens 

(Ags). Therefore, the term Ag could be defined as any substance that induces Ab production 

because the immune system recognizes it as a risk (Delves & Roitt, 2000). 

All immune system cells possess specific receptors capable of recognizing different types of Ags 

such as sugars, lipids, proteins, nucleic acids, etc., or they can recognize conserved molecular 

patterns present in pathogenic microorganisms called Pathogen-Associated Molecular Patterns 

(PAMPs) (McComb et al., 2019). 

The immune system's objectives focus on two main aspects: first, discriminating between self 

and non-self, and second, generating tolerance or a response. Maintaining a balance in the 

immune system is crucial since there are foreign Ags that are harmless and shouldn't trigger a 

response, just as self-Ags should be tolerated. Meanwhile, harmful foreign Ags should always 

provoke a response (Varella, 2001).   

 Immune system cells 

The formation of all blood cells, including those belonging to the immune system, occurs during 

the embryonic phase through the process of hematopoiesis. This process takes place in the blood 

islands of the yolk sac initially, and this function later transitions to the liver and spleen after birth, 

finally occurring in the bone marrow during adulthood. For an efficient immune response, 

immune cells are specialized in very specific functions, distributed throughout the body via the 

blood and lymphatic system (Sugiyama & Nagasawa, 2012). 

From the pluripotent hematopoietic stem cell, two lineages emerge: myeloid (Figure 20) and 

lymphoid (Figure 21). 
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Figure 20. Differentiation of hematopoietic stem cells: myeloid lineage. Created with BioRender.com. 
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Figure 21. Differentiation of hematopoietic stem cells: lymphoid lineage. Created with BioRender.com. 

 

Initially, cells were classified by size; later, classification was based on morphology and size, but 

primarily on surface markers. The expression of these membrane molecules varies depending on 

the cell type, differentiation stage, and activation state. Understanding the differentiation stage 

through the differential expression of membrane molecules is crucial for diagnosing pathologies. 

These surface markers are called Cluster of Differentiation (CD) followed by a number (Cruse et 

al., 2004).  

 Myeloid lineage 

From the pluripotent hematopoietic stem cell arises the Common Myeloid Progenitor (CMP), from 

which all cells of this lineage derive. Within this lineage, we can find mononuclear phagocytes, 

polymorphonuclear phagocytes, mast cells, erythrocytes, and megakaryocytes (Doulatov et 

al., 2012).  

2.2.2.1.1 Mononuclear phagocytes 

These originate from monocytes found in the blood and differentiate into macrophages and 

myeloid Dendritic Cells (DCs) like Langerhans cells when they enter tissues. They play a 

significant role in both innate and adaptive immunity, carrying out functions such as Ag 

presentation, immunomodulation, and phagocytosis (Dale et al., 2008; Guilliams et al., 2018).  
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❖ Macrophages: Their main functions include removing dead cells, Ag presentation, 

phagocytosis, and participation in the inflammatory process. They play a key role in 

homeostasis. These cells invade areas of infection and phagocytose bacteria, dead cells, 

and foreign agents. Macrophages are present in different tissues depending on their 

markers, and they have different names in each tissue (Figure 22). They regulate both the 

adaptive and innate immune responses by recruiting various cell types (Epelman et al., 

2014).  

 

Figure 22. Macrophage types depend on the tissue in which they carry out their function. Created 
with BioRender.com. 

 

Considering different pathogens, the generated microenvironment, or cellular damage, 

macrophages can differentiate into two distinct subpopulations. These subpopulations 

are called M1 and M2 (Figure 23).  

➢ M1 macrophages are activated by Interferon-gamma (IFNγ) and participate in 

responses mediated by Th1 lymphocytes (proinflammatory). They produce 

proinflammatory molecules such as Interleukin-6 (IL-6). They play a crucial role 

in responses against viruses, intracellular bacteria, or tumors (Barros et al., 2013; 

K. Y. Lee, 2019).  

➢ M2 macrophages are important in tissue repair processes and also function in 

chronic infections (regulatory functions). They are stimulated by Interleukin-4 

(IL-4) and participate in responses mediated by Th2 lymphocytes (Barros et al., 

2013; K. Y. Lee, 2019).  

Given that these cells are involved in both types of responses and are responsible for 

homeostasis, in addition to their high plasticity, they open the possibility of therapies 

based on macrophages (Gordon & Martinez-Pomares, 2017).  
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Figure 23. Macrophage polarization in M1 and M2. Created with BioRender.com. 

 

❖ DCs: These cells are also responsible for phagocytosis and are professional Antigen-

presenting Cells (APCs). They capture Ags in tissues and present them to lymphocytes in 

lymph nodes. They act as mediator cells in immunity and tolerance (K. Liu & Nussenzweig, 

2010). DCs also have different names depending on the tissue they are in and are a highly 

heterogeneous group, including monocyte-derived DCs, plasmacytoid DCs, and 

conventional DCs (Bošnjak et al., 2022).  

2.2.2.1.2 Polymorphonuclear phagocytes 

Those are cell types that contain enzymatic granules released during infectious processes, 

asthma, and allergic reactions. Within this group, you can find neutrophils, basophils, and 

eosinophils.  

❖ Neutrophils: this cell type remains in the blood for a short time as they constitute the first 

line of defense in the innate immune system and are the first to arrive at the site of 

infection. Their production is stimulated in bacterial infections, and they are responsible 

for destroying and phagocytizing them. They also undergo extravasation in inflammatory 

situations and have roles in modulating the adaptive immune response (Burn et al., 2021; 

Dale et al., 2008).   
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❖ Basophils: These cells have a more controversial immune function. They contain cytolytic 

enzymes to destroy pathogens during phagocytosis. They are a minority cell type and 

participate in allergic processes, inflammation, and defense against parasites (Ito et al., 

2011; Nakashima et al., 2018).  

❖ Eosinophils: They are involved in inflammation, phagocytosis, and elimination of 

parasites, being the first effector against these. They contain cytolytic enzymes that they 

secrete upon contact with the pathogen. They are also involved in tissue damage and 

allergic reactions. Recently, other functions within innate immunity have been 

investigated, linking both innate and adaptive responses for tissue remodeling (Germic et 

al., 2019; Shamri et al., 2011).  

2.2.2.1.3 Mast cells 

Mastocytes are cells that participate in both innate and adaptive immune responses and are 

involved in allergic reactions and defense against parasites. They play a key role in responses 

that involve Immunoglobulin E (IgE). They have the ability to quickly respond by releasing 

granules from their interior (histamine and heparin) when facing an infection (Kalesnikoff & Galli, 

2008; McComb et al., 2019).  

2.2.2.1.4 Erythrocyte 

Erythrocytes are anucleated cells found in the blood with a lifespan of around 120 days. Their 

primary function is gas exchange; however, they have been associated with immune system 

functions as they are targeted by various infections. These cells can produce cytokines or 

signaling molecules. Furthermore, hemoglobin serves as a source of bioactive peptides involved 

in innate immune responses due to their bactericidal effects (El Bishlawy, 1999; Morera & 

Mackenzie, 2011).  

2.2.2.1.5 Megakaryocytes 

Megakaryocytes are large, multinucleated cells responsible for producing platelets, which form 

by shedding their cytoplasm. Due to the abundance of immunological receptors and inflammatory 

molecules, they can contribute to both types of immunity (innate and adaptive), although 

megakaryocytes are not typically considered immune cells (Cunin & Nigrovic, 2019). 

During adaptive immunity, platelets secrete substances that enhance the action of DCs in Ag 

presentation. Additionally, they promote the recruitment of lymphocytes to the site of infection 

and interact with them and with neutrophils (Marcoux et al., 2021). On the other hand, in terms 

of innate immunity, they participate in complement activation and pathogen recognition through 

their membrane receptors (Koupenova et al., 2022). 

Moreover, megakaryocytes possess molecules necessary for Ag presentation, suggesting they may 

have that function. They promote the activation of Th1 and Th17 lymphocytes and regulate 

pluripotent stem cells to remain in quiescence or proliferation (Marcoux et al., 2021).  
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 Lymphoid lineage 

Lymphocytes are the primary cells of adaptive immunity. Unlike cells involved in the innate 

immune system, lymphocytes express Ag receptors on their surface distributed in a clonal manner 

and with high specificity (Anaya et al., 2013). 

Once cloned, a lymphocyte will only produce one type of specificity (clonal distribution). They 

possess memory because, during an infection, different lymphocytes and clones are generated. 

The most active ones are selected against a second infection, resulting in a faster and more 

effective response. They are the only cells in the body capable of recognizing different antigenic 

determinants. Originating in the bone marrow, they differentiate based on their membrane 

markers, the cytokines they secrete, and the function they perform (Varella, 2001). 

Among their functions are:  

➢ They assist in phagocytosis and defend the body against infections, adding specificity to 

the defense. 

➢ They have the ability to produce Abs against foreign agents and the capacity to generate 

memory against them. 

➢ They are involved in the process of opsonization. 

There are two different types of lymphocytes: B cells and T cells. Additionally, within this 

lymphoid lineage and sharing the same common lymphoid progenitor, we also have Natural Killer 

(NK) cells (Doulatov et al., 2012).  

2.2.2.2.1 B cells 

B cells are produced and mature in the bone marrow. During their differentiation process, they 

undergo gene recombination at the genes encoding for the light and heavy chains, resulting in the 

vast diversity of Abs with different specificities in each clone. They can recognize more than 5 

x 1013 different Ags (Anaya et al., 2013). 

On their membrane, they possess the B Cell Receptor (BCR) to non-covalently recognize Ags, 

leading to their activation, and triggering various pathways. Upon activation, they transform into 

plasma cells specialized in Ab production. These cells have eccentric nuclei and secrete large 

amounts of Abs but do not express Igs on the membrane, unlike B cells. They undergo minimal 

divisions and are found in the bone marrow and lymphoid tissues (Kurosaki et al., 2015; Varella, 

2001). 

Mature B cells can be classified into different types based on the markers they express, the 

pathways they activate, Ag specificity, and their location (Anaya et al., 2013). Primarily, we have 

effector B cells or plasma cells that, after an initial immune response, some of them transition 

into memory B cells. These memory B cells persist long-term and participate in quicker and more 

potent secondary immune responses (Knox et al., 2019). These two types of responses (primary 

and secondary) generate two distinct groups of plasma cells that migrate to the bone marrow, 

where they can persist without the need for self-renewal (Manz et al., 2002) (Figure 24). 
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Figure 24. B cell differentiation steps. Created with BioRender.com. 

 

Apart from their primary function of Ab production, B cells also have other roles such as 

regulating homeostasis. They are also necessary to initiate adaptive immune responses mediated 

by T cells (Lebien & Tedder, 2008).  

2.2.2.2.2 T cells 

T cells are produced in the bone marrow like all other cellular types, but they subsequently 

migrate to the thymus for maturation. Once they leave the thymus, they are considered “naïve” T 

cells as they have not yet encountered any pathogens. These mature cells express the T Cell 

Receptor (TCR) on their surface, through which they recognize Ags. Unlike B cells, T cells require 

the Ag to be presented in the context of the Major Histocompatibility Complex (MHC) to 

recognize it (Andersen et al., 2006). They participate in the adaptive immune response and 

orchestrate immune responses through signaling or by directly eliminating pathogenic agents, 

depending on the type of T cell (Fabbri et al., 2003). 

T cells divide into different types such as helper, cytotoxic, regulatory, and memory T 

lymphocytes.  

❖ Helper T cell (Th): characterized by the CD4+ membrane marker, their function upon 

activation is to mediate the body's immune responses by secreting cytokines. They 

activate cells involved in the innate immune response, cytotoxic T cells, and B cells. They 

recognize Ags presented in MHC class II (Luckheeram et al., 2012). Within helper T cells, 

there are various types (Figure 25):  

➢ Th1: These lymphocytes differentiate into Th1 due to Interleukin-12 (IL-12) and 

INFγ. Their function involves eliminating intracellular pathogens and amplifying 

phagocytic activity (Kidd, 2003; Luckheeram et al., 2012).  
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➢ Th2: Their differentiation into Th2 depends on Interleukin-2 (IL-2) and IL-4. Their 

function involves responding to extracellular parasites such as helminths and they 

are also implicated in allergic processes (Kidd, 2003; Luckheeram et al., 2012).  

➢ Th17: IL-6, Interleukin-21 (IL-21), Interleukin-23 (IL-23), and Transforming 

Growth Factor-beta (TGF-β) are involved in their differentiation into Th17. Their 

function involves responding to extracellular fungi and bacteria, especially in 

defending mucosal and epithelial surfaces. They play a significant role in 

autoimmune diseases (Burgler et al., 2009; Veerdonk et al., 2009).  

➢ Regulatory T cells (Treg): These lymphocytes control the immune response at 

different points and through different mechanisms. Among their functions are 

regulating tolerance to the body's own Ags and to the flora, as well as to food. On 

the other hand, they limit and control immune system responses, so they don't 

become excessive. There are also other lymphocytes that can act as regulators of 

the immune response, such as CD8+ suppressor T cells (González-Amaro & 

Marazuela, 2016; Shevyrev & Tereshchenko, 2020).  

 

Figure 25. T cell CD4+ differentiation. Created with BioRender.com. 
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❖ Cytotoxic T cells (CTLs): Characterized by the CD8+ membrane marker, their function 

involves destroying cells deemed a threat, such as virus-infected cells. They also eliminate 

tumor cells as they can differentiate them from non-malignant cells in the body (Boon & 

Van der Bruggen, 1996). The death of these cells can occur through procedures requiring 

cell-to-cell contact or can be mediated by cytokines like INFγ. This type of lymphocyte 

recognizes Ags presented in MHC class I (Andersen et al., 2006).  

❖ Memory T cells: this is a highly heterogeneous group of cells, differing in function and 

phenotype. Essentially, they are T cells that have responded to an Ag and are maintained 

long-term. Consequently, they are primed to proliferate immediately upon a second 

encounter with the Ag (Martin & Badovinac, 2018).  

2.2.2.2.3 NK cells 

NK cells have specialized in Ab-mediated cytotoxicity, as they recognize opsonized pathogens 

through Fraction Crystallizable (Fc) receptors. They contain cytolytic granules within and 

identify cells infected by viruses or tumor cells. Furthermore, they activate macrophages by 

producing IFNγ. They are found in both lymphoid and non-lymphoid tissues and have a lifespan 

in the blood of 12 days (Vivier et al., 2008). Various studies have demonstrated that this cell type 

can exhibit functions associated with conventional immunological memory (Cooper et al., 2009; 

O’Sullivan et al., 2015).  

 Immunity types 

The immune system has two types of immunity: passive immunity and active immunity (Figure 

26):  
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Figure 26. Classification of immunity types. 

 

❖ Passive immunity: it is a short-term immunity, also known as temporary immunity. It is 

conferred through the adoptive transfer of Abs or lymphocytes. For example, the 

immunity transmitted by the mother during the breastfeeding period (natural) or through 

immunotherapy treatments (acquired) (Baxter, 2007).  

❖ Active immunity: conferred through an individual's response to a pathogen. This can be 

natural or acquired. In the case of natural active response, it occurs when a pathogen 

infects us and we recover from the infection. Conversely, acquired active response would 

be obtained through vaccination (Baxter, 2007).  

Within active immunity, we find innate or nonspecific immunity and adaptive immunity (Table 

3):  

❖ Innate or nonspecific immunity: it constitutes the body's second line of defense. It acts 

against any substance or foreign agent that manages to penetrate the body; therefore, it is 

nonspecific. In the response produced by this system, two main reactions occur (Weber, 

2008):  

➢ Inflammation: it is the recruitment of immune cells and plasma proteins to the 

infection sites. Cells such as phagocytes or NK cells are involved, along with soluble 

molecules like complement components, cytokines, etc. 
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➢ Antiviral defense: mediated by soluble factors (cytokines). They confer 

resistance and activate cells that will destroy the infected cells.  

❖ Adaptive or specific immunity: it constitutes the organism's third line of defense, the 

actual immune system, and only acts against the Ag that has stimulated it. Lymphocytes, 

Abs, cytokines, etc., are involved in this response (Bonilla & Oettgen, 2010).  

Table 3. Differences between innate and adaptive immune response (Bonilla & Oettgen, 2010; Weber, 
2008). 

 Innate Adaptive 

Response time Hours Days 

Specificity Limited and fixed Diverse and improved 

Immunological memory No Yes 

Response to repeated 

infections 
Identical to the first one Faster than the first one 

Blood soluble components 

Complement system, 

antimicrobial peptides, 

cytokines 

Cytokines and antibodies 

Cells involved Phagocytes B and T lymphocytes 

Recognition Patterns Antigens 

 

 Innate immunity 

The innate immunity is present from birth and serves to provide an immediate response to a 

pathogen. It's not as efficient as the adaptive immune system and consists of nonspecific 

mechanisms for Ag recognition. Its main functions are phagocytosis, Ag processing for 

presentation, and in the inflammatory response (Delves & Roitt, 2000). 

Within innate immunity, there's a set of defense barriers aimed at preventing the entry of 

pathogens or other disease-causing agents (Chaplin, 2006). These defenses can be divided into 

external and internal ones (Anaya et al., 2013) (Figure 27).  

➢ External barriers: these can be physical, such as the skin and mucous membranes; 

chemicals, like sweat glands, tear ducts, or saliva; or microbiological, through the 

body's own bacterial flora (Delves & Roitt, 2000). 

➢ Internal barriers: in this case, an internal barrier would be fever as a protective 

response against infection and injury (Delves & Roitt, 2000). 
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Figure 27. Innate immune responses. Created with BioRender.com. 

 

Moreover, the innate immune system also comprises cellular components such as phagocytes 

responsible for pathogen phagocytosis and Ag presentation (macrophages and DCs). Neutrophils, 

eosinophils, and basophils are also part of this immunity (McComb et al., 2019). 

Finally, various soluble mediators also participate, circulating molecules in the bloodstream and 

lymph that recognize and tag pathogens. This allows the immune system's effector cells to carry 

out a faster and more efficient response. These mediators can include natural Abs, the 

complement system, cytokines, and opsonins (Fabbri et al., 2003). 

In summary, innate immunity acts immediately without the need for prior sensitization, it 

has a broad specificity as it recognizes PAMPs, and it does not develop immunological memory 

(McComb et al., 2019).  

 Adaptive immunity 

Following the innate response, there's the response mediated by B cells responsible for Ab 

synthesis and secretion into the bloodstream (humoral immunity), and T cells (cellular 

immunity). This type of immunity is characterized using receptors that are specific to the Ag 

(Parkin & Cohen, 2001).  

2.2.3.2.1 Cell-mediated immunity 

In cell-mediated immunity, a crucial function is defense against intracellular pathogens, 

particularly viruses. Lymphocytes responsible for this are the T cells. For this type of response 

to occur, T cells need to be activated, but to recognize the Ag, they require presentation within the 

context of MHC (I or II). Once the MHC interacts with the TCR, T cells additionally require co-

stimulatory signals from APCs (via membrane receptors and cytokine production). When all 
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signals are present, T cells activate and proliferate (Wing & Remington, 1977). 

If this activation occurs in CD4+ T cells, it leads to the synthesis of proinflammatory cytokines like 

IL-6, immunoregulatory cytokines like IFNγ, and chemotactic properties like Interleukin-8 (IL-8). 

Additionally, Th2 lymphocytes interact with B cells to activate them in the case of T-dependent 

Ags, initiating the humoral immune response (Varella, 2001). 

Moreover, CD8+ T cells are also activated (upon recognizing peptides in the context of MHC I) and 

secrete perforins and granzymes, creating holes in infected cells, destroying them, and facilitating 

granzyme entry to induce apoptosis in the cell. In this response, the first cells to respond are NK 

cells, which recognize virus-infected cells and can destroy them (Varella, 2001) (Figure 28). 

 

Figure 28. Cell-mediated immunity. The CD4+ T-cell mediated response is shown on the right and CD8+ 
T-cell mediated response on the left. Created with BioRender.com. 

 

Finally, some of these T cells become memory cells capable of recognizing the Ag in a subsequent 

infection (Wing & Remington, 1977).  

2.2.3.2.2 Humoral immunity 

B cells and plasma cells are the main actors in this type of response. When an Ag enters the body, 

B cells are activated (aided by multiple signals, including those produced by Th2 cells). 

Recognition of the Ag is more efficient when carried out by an APC (Bonilla & Oettgen, 2010). 

Once all necessary signals are received, the clonal proliferation of different types of lymphocytes 

begins, as typically, the production of these Abs is polyclonal, targeting different epitopes of 

the Ag. Hence, there's always a window of time until the Abs are detectable in serum (Varella, 

2001). 
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The majority of these B cells become Ab-producing plasma cells, while some become memory B 

cells during the primary response. In this primary response, the first type of Ab produced is 

Immunoglobulin M (IgM); subsequently, Immunoglobulin G (IgG) Abs become 

predominant over IgM. IgGs reach a peak until they start to decline due to negative feedback, 

coupled with Ag elimination and suppressor cell-mediated activity (Bonilla & Oettgen, 2010; 

Elgueta et al., 2010). 

Subsequently, if there were a re-exposure to the same Ag, a much faster and more efficient 

secondary response to eliminate that pathogen would occur. This secondary response requires a 

smaller amount of Ag; the window of time also decreases, and the concentration of Abs increases 

much more rapidly and to much higher titers. Since memory cells express IgG, this Ab type 

predominates in the secondary response (Varella, 2001). 

This humoral response also occurs in mucous membranes, where the primary Ab is 

secretory Immunoglobulin A (IgA). One of its attributed functions is preventing the binding of 

microorganisms to the mucous membranes (Varella, 2001) (Figure 29).  

 

Figure 29. Humoral immunity. When activated, B cells become Ab-producing plasma cells that act in the 
neutralization of pathogens and in the activation of the Ab-dependent complement pathway. Created with 
BioRender.com. 
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 Immunoglobulins  

All Igs share the same basic structural characteristics but exhibit great variability in the Ag 

recognition region. 

Igs, also known as Abs, have a symmetrical basic structure composed of two identical light 

chains and two identical heavy chains (four polypeptide chains). A light chain is covalently 

bound to a heavy chain through an interchain disulfide bridge, and the two heavy chains are, in 

turn, linked to each other via disulfide bonds. Both heavy and light chains consist of Variable (V) 

amino-terminal regions involved in Ag recognition and carboxy-terminal Constant (C) regions 

(Varella, 2001). 

In the heavy chains, the V region consists of an Ig domain where the sequence has significant 

variation, and the C region comprises three or four Ig domains with identical sequences in all of 

them, at least within the same isotype. The V region of the heavy chain associates with the V 

region of a light chain, forming the Ag-binding site. On the other hand, light chains have a V 

region and a C region. These light chains can be of the Kappa type (60%) or the Lambda type 

(40%) (Schroeder & Cavacini, 2010). 

The V region, in turn, has three zones or hypervariable segments, also known as 

Complementarity-Determining Regions (CDRs), which determine the specificity of an Ab to an Ag. 

They are called CDR1, CDR2, and CDR3, with CDR3 being the most variable for both light and 

heavy chains (Chiu et al., 2019) (Figure 30). 

 

Figure 30. Ig structure. Created with BioRender.com. 

 

Each Ab has two Ag-binding sites and can bind when they are close together or when they are 

apart because they possess a region called a hinge located between the C domains of the first and 

second heavy chains, allowing independent movement of Ag recognition sites relative to the rest 

of the molecule. 
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These chains can be cleaved by enzymes like papain and pepsin. Papain digestion separates the 

two Ag-binding sites (Fab') from the portion of the Ig molecule that binds to complement and Fc 

receptors, while pepsin digestion generates a single bivalent Ag-binding fragment F(ab')2 

(Varella, 2001) (Figure 31). 

 

Figure 31. Ig fragments produced by enzymatic digestion of papain and pepsin. Created with 
BioRender.com. 

 

Abs can exist in two forms in the body: secreted in body fluids or anchored to the membrane, for 

instance, as BCR. Moreover, Abs can be distinguished by isotopic, allotypic, and idiotypic 

differences. Idiotype differentiates one Ab from another, as they have different antigenic 

specificities, residing in the hypervariable region of the Ig. Isotypes of Igs differ in the amino acid 

(aa) sequence of the C regions. Lastly, allotypic variations occur within the same species due to 

allelic variation (Schroeder & Cavacini, 2010). 

In mammals, five different isotypes of Igs are found: IgG, Immunoglobulin D (IgD), IgE, IgM, 

and IgA. The first three form monomers, while IgM and IgA, although they can also form 

monomers, in their secreted form, IgM forms pentamers, and IgA forms dimers. Each of these 

isotypes differs in the number of C regions, with IgE and IgM having four C domains and IgG, IgD, 

and IgA having three C domains (Figure 32): 
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❖ IgA: it is expressed in large quantities in human serum and has a half-life of six days. It can 

be found as a monomer, but predominantly as a dimer. In its secretory form, it plays a 

fundamental role in antimicrobial defense in the mucosa, where it acts as a neutralizing 

Ab (Woof & Ken, 2006).  

❖ IgD: it is only expressed in B cells, not secreted, and is expressed on the surface membrane 

of immature B cells. It is not detected in serum and has a half-life of three days. Its function 

is as an Ag receptor (InvivoGen, 2012).  

❖ IgE: it is found in very low concentrations in serum and has a half-life of two days, existing 

as monomers. It plays a crucial role in hypersensitivity reactions. It also plays an 

important role in controlling endothelial barrier function and consequently in the 

development of inflammatory processes, as it activates mast cells. Additionally, it is 

involved in immunity against helminths and in allergy and anaphylaxis phenomena 

(Janeway et al., 2001).  

❖ IgG: it is the most abundant of all existing isotypes. There are four types, and its half-life 

is twenty-three days. They are involved in opsonization (the process by which a pathogen 

is marked for destruction by phagocytes), complement activation, Ab-mediated 

cytotoxicity, etc. They represent the first line of defense for newborns as it is the only Ig 

capable of crossing the placenta (Janeway et al., 2001).  

❖ IgM: it can be secreted in a pentameric form and has a half-life of five days. It participates 

in complement activation. It also plays a central role in defense mechanisms developed in 

the vascular compartment (Janeway et al., 2001). 

 

Figure 32. Ig isotypes. Created with BioRender.com. 
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The Abs have two main roles. On one hand, they bind to the epitope of Ags through the Fab 

region, and as biological effectors, they activate NK cells, the classical complement pathway, 

and phagocytosis (Lipman et al., 2005). Additionally, another characteristic to consider about 

Abs is whether they are polyclonal or monoclonal (Table 4).  

❖ Polyclonal Abs: these are generated when the host (rabbit, goat, mouse, etc.) has been 

immunized against a specific Ag, resulting in the production of Abs against different 

epitopes of this Ag by various B cell clones (Ritter, 2000). 

❖ Monoclonal Abs: the technique for producing monoclonal Abs was described by Köhler 

and Milstein and involves the growth of a single B cell clone and the purification of the Ab 

produced by this clone. This is achieved by creating a hybridoma between this specific B 

cell and a myeloma cell, so that the generated Abs only have specificity for a single epitope 

(Ritter, 2000). 

Table 4. Differences between monoclonal and polyclonal Abs (Ritter, 2000). 

Polyclonal Monoclonal 

Heterogeneous population of Abs with 

differing paratopes for an Ag 

Homogenous population of a specific Ab with 

one paratope 

Not epitope specific Epitope specific 

Increased likelihood for cross-reactivity with 

similar Ags 
Low cross-reactivity 

Increased likelihood for background noise Low background noise 

Lot variability Identical lots 

Inexpensive to develop Expensive to develop 

Quick to produce (approx. 3 months) Slow to produce (approx. 6 months) 

Many host species options Few host species options 

 

 Ag-Ab reaction 

The Ag-Ab binding is of a non-covalent nature, mediated by electrostatic forces, hydrogen 

bonds, hydrophobic interactions, and Van der Waals forces. Therefore, this union is 

reversible, and dissociation can be achieved with significant pH changes (Varella, 2001). 

The Ag area that interacts with the Ab (recognition site) is termed an epitope. Consequently, 

a single Ag may contain different epitopes and be recognized by different Abs. These regions 

usually consist of approximately 15-22 aa (Varella, 2001). 

Two fundamental concepts to consider in this type of reaction are affinity and avidity. 

❖ Affinity: defines the strength with which a single Ag-binding site of an Ab attaches to the 

epitope of that Ag. This affinity is measured by a Dissociation Constant (Kd). Lower Kd 

values indicate a greater interaction affinity of that complex. 
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❖ Avidity: defines the cumulative capacity of an Ab to bind to the Ag. Avidity is higher than 

affinity since an Ab has at least two Ag-binding sites. It also refers to the binding strength 

of multiple Abs produced in response to that Ag, which presents different epitopes 

(Lipman et al., 2005). 

So, regarding the valence of the interaction (monovalent, bivalent, or multivalent) and the avidity 

of these interactions, monovalent Ags interact with a single binding site of an Ab molecule, so even 

if the affinity of this interaction is high, its avidity is low. When repeated epitopes are found on a 

cell surface, it can lead to a bivalent interaction with higher avidity. For example, IgM molecules 

have ten Ag-binding sites, allowing them to simultaneously bind to ten Ags, resulting in 

multivalent interactions with very high avidity. 

Another characteristic to consider in these types of interactions is cross-reactivity, which 

occurs when an Ab recognizes an epitope for which it is not specific due to having a very 

similar sequence or conformation (Varella, 2001). 

 Immune response against viruses 

For a virus to enter cells and cause infection, it must first breach barriers like the skin and mucous 

membranes. In some cases, the virus needs to reach the target organ to replicate (Mueller & Rouse, 

2008). 

When this happens, the innate immune system acts as the first line of defense, attempting to 

block or inhibit the infection (Mueller & Rouse, 2008). Upon a virus penetrating a cell, Pattern 

Recognition Receptors (PRRs) like Toll-Like Receptors (TLRs) found in endosomes recognize the 

virus's RNA or DNA and viral proteins, resulting in the production of type I interferons and 

cytokines in infected cells or other immune cells, activating the antiviral response. 

Additionally, recognition via TLR on the cell surface activates the inflammatory response (Koyama 

et al., 2008). PRRs also include Retinoic acid-Inducible Gene I (RIG-I)-like receptors (RLRs) 

following the type I interferon pathway and NOD-Like Receptors (NLRs) regulating Interleukin-1 

beta (IL-1β) production (Takeuchi & Akira, 2009). 

These receptors trigger signaling cascades within cells aimed at inducing apoptosis in infected 

cells or conferring resistance to uninfected ones. Furthermore, the produced cytokines aid in 

recruiting more cells involved in innate and adaptive immunity (Takeuchi & Akira, 2009). One of 

the primary pathways activated by type I interferons is the activation of NK cells that produce IL-

12 and IFNγ, recruited to the site of infection and capable of killing infected cells. Additionally, 

antiviral defense involves complement activation (Brandstadter & Yang, 2011; Mueller & Rouse, 

2008). 

This initial innate immune response is crucial for mounting an adaptive response to viral 

infection. On one hand, within humoral immunity, Abs are produced, neutralizing viral particles 

before they can enter cells due to the activation of B cells by APCs. These Abs also play a preventive 

role against a secondary infection, especially in mucosal areas, and some of these B cells become 

memory cells (Takeuchi & Akira, 2009). 
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The cellular response is characterized by the activation of CD8+ T cells responsible for 

eliminating virus-infected cells by inducing apoptosis through cytotoxic granules and the 

production of Tumor Necrosis Factor alpha (TNF-α) and IFNγ. This occurs through the recognition 

of these cells by the interaction of the TCR on the surface of the T cell with MHC class I on the 

infected cells (Blattman et al., 2000; Huber et al., 2014). Consequently, when the virus has 

penetrated the cell, some viral proteins are degraded to be presented on MHC I on the cell surface 

and recognized by the specific CD8+ T cell for that Ag. CD4+ T cells are also activated through MHC 

II, co-stimulating the activation of CD8+ T cells (Huber et al., 2014). 

Following this initial infection, within 3-4 weeks after the expansion peak, 90% of T cells die by 

apoptosis, and the remaining become memory T cells that will have a quicker and more effective 

response in a second exposure to that virus (Wherry & Ahmed, 2004) (Figure 33). 

 

Figure 33. Immune response against the virus. The immune system reacts innately by blocking the virus 
and activating NK cell-mediated cytotoxicity. On the other hand, in an adaptive response, it neutralizes the 
viral particles with Abs and activates CD8+ T cell-mediated cytotoxicity. Created with BioRender.com. 

 

Viral infections can be classified as acute, when the virus is eliminated, or chronic when the 

infection persists (latent or persistent) (Wherry & Ahmed, 2004), as viruses can also evade the 

immune system's response through various mechanisms (Mueller & Rouse, 2008).  

 Immunoassays 

An immunoassay is a test that employs Ag-Ab complexes as a means to generate a detectable 

result. Such a complex is also known as an immune complex (Findlay et al., 2000). 
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Immunoassays stand out from other laboratory tests due to their specific reaction, facilitated by 

the presence of specific Abs against each Ag. They find broad utility in clinical settings, allowing 

for qualitative or quantitative measurement of either the Ag or the Ab (Wild, 2013).  

 Types of immunoassays 

Immunoassays can be classified in different ways; they can be competitive or non-competitive, 

and heterogeneous or homogeneous. In all these classic immunoassays, which are based on 

primary interactions between the Ag and the Ab, the use of labeled material is necessary, 

adding another classification. A label is a molecule that reacts, causing a change in the signal 

that can be measured. Some examples of these labels are radioactive compounds, enzymes, or 

compounds that produce light (Hsieh & Rao, 2023).  

2.2.5.1.1 Competitive immunoassay 

In competitive immunoassays, the unlabeled analyte (usually the Ag) in the sample is 

measured for its ability to compete with a labeled antigen (Ag*). The unlabeled Ag blocks the 

ability of Ag* to bind, as the Ab recognition sites are already occupied (Slagle & Ghosn, 1996). 

Therefore, in this type of assay, a decrease in the signal produced by Ag* indicates a higher 

quantity of the Ag being determined in the patient's sample. Hence, the Ag concentration in the 

sample is inversely proportional to the measured signal. 

Competitive immunoassays can be: 

➢ Single-step: In this case, both the Ag* and the unlabeled analyte from the sample compete 

for a limited amount of Ab (H. R. Kim et al., 2022) (Figure 34A). 

➢ Two-step: In this type of competitive assay, the concentration of Ab is in excess compared 

to the Ag concentration. First, the excess Ab is incubated with the sample, and in a second 

step, the Ag* is added. This process enhances sensitivity (Huang et al., 2022) (Figure 34B). 

 

 

Figure 34. Competitive immunoassay. A. One-step, in which labeled and unlabeled Ag are incubated at 
the same time and compete for binding sites. B. Two-step, in which there is first an incubation of the sample 
and then the Ag*. In both cases, the relationship between concentration and signal is inversely proportional. 
Created with BioRender.com. 
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2.2.5.1.2 Non-Competitive immunoassay 

In this type of immunoassay, there's no competition between the analyte of interest and the 

labeled substance, so the concentration of the analyte is directly proportional to the amount 

of signal obtained. These immunoassays are also referred to as sandwich assays.   

❖ Sandwich assays: These typically yield the highest levels of sensitivity and specificity and 

are used for measuring critical analytes. They are termed as such because the analyte to 

be determined is sandwiched between two specific Abs targeting it. To determine Ags, a 

specific Ab against it is immobilized on the solid support, usually a plate, and after 

incubating the sample, another specific Ab is added and labeled. These assays can also be 

one or two-step processes. In the case of two steps, there are washing stages to remove 

unbound labeled reagents and interfering substances (Schwickart et al., 2014)(Figure 35).  

 

Figure 35. Non-competitive immunoassay. In the case of non-competitive assays, the Ag concentration 
is directly proportional to the detected signal. Created with BioRender.com. 

 

2.2.5.1.3 Heterogeneous immunoassay 

They are techniques that require the separation of the immune complex from the unconjugated 

molecules. That is, it requires the separation of the Ag-Ab complex and generally uses a solid-

phase. There are different methods for separating the bound and free fractions, which sometimes 

involve immobilizing one of the components (Ag or Ab) on a solid system such as a microplate or 

NPs. This allows the fractions to be separated through washing. Additionally, this method helps 

eliminate all serum components that could interfere with the measurement (O’Beirne & Cooper, 

1979).  

2.2.5.1.4 Homogeneous immunoassays 

In these cases, the separation of the complex is not required. These techniques are usually 

used to measure small analytes such as drugs of abuse and therapeutics. They are easier and 

quicker to perform. They take place in a solution rather than on a solid support. 

The physical and chemical differences (such as size or conformational changes) between the free 

Ag and the Ag bound to the Ab characterize the signal response. Not separating the fractions could 

impact sensitivity by facilitating interference, making them less sensitive compared to 

heterogeneous assays (Wild, 2013).  
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2.2.5.1.5 Immunolabeled assays 

Depending on the type of labeling molecule used in the immunoassay, these can be classified as 

follows (Ahsan, 2022; Rizzo, 2022): 

❖ Fluoroimmunoassay (FIA): This detection system is based on Ags or Abs labeled with 

lanthanide chelates, which are fluorescence emitters called fluorochromes. 

❖ Chemiluminescence immunoassay (CLIA): It's a variation of the standard ELISA 

method. An enzyme transforms the substrate into a product that emits photons instead of 

a visible color. 

❖ Radioimmunoassay (RIA): In this case, Ag or Abs labeled with radioactive isotopes such 

as iodine-125 or iodine-131 are used. 

❖ Enzyme Immuno Assay (EIA): This method is based on the high specificity of the Ab to 

the Ag and amplification through chemical reactions carried out by enzymes acting on 

substrates that generate colored products (indicator reaction). Commonly used enzymes 

include alkaline phosphatase, peroxidase, and β-galactosidase, although they can also be 

amplified by the biotin-avidin/STV system. Within this type of immunoassay is the ELISA 

technique, which will be explained in more detail, as it is one of the methods used in this 

thesis. 

 ELISA  

ELISA procedures are generally more sensitive in heterogeneous formats compared to 

homogeneous ones. ELISA is performed on a solid phase (such as polystyrene plates or similar). 

It's a heterogeneous EIA, with detection preferably done through spectrometry. Most ELISAs are 

non-competitive, with a variety performed on nitrocellulose paper known as an immunoblot. It's 

widely used in clinical laboratories for detecting and measuring various markers. 

The principle behind ELISA involves using Ags or Abs labeled with an enzyme. As a result, 

the resulting conjugates exhibit both immunological and enzymatic activity. One of the 

components marked with the enzyme is easily revealed by adding a specific substrate. The 

enzyme action yields a color visible to the naked eye or quantifiable using a spectrophotometer 

or colorimeter. There are different types of ELISA (Gan & Patel, 2013; Hidayat & Patricia 

Wulandari, 2021): 

❖ Direct ELISA: Used for Ag detection, where the sample is incubated in the plate, 

immobilizing the Ags. It's then revealed with an enzyme-labeled Ab that shows the 

reaction after adding the substrate, without the need for a secondary Ab (Figure 36A). 

❖ Indirect ELISA: Used for detecting Abs in the sample. Specific Ags against the Ab of 

interest are immobilized, and the sample is incubated, allowing the Abs to react with the 

immobilized Ag. Subsequently, an enzyme-labeled anti-Ab (αAb) is added, reacting with 

the Fc of the sample Ab, and then revealed in the same way. In this case we have a 

primary Ab and a secondary Ab. (Figure 36B).  
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❖ Sandwich or capture ELISA: Involves two types: 

➢ Double Ab Sandwich (DAS): The specific Ab against the Ag to be determined in 

the sample is immobilized on the plate. After incubating the sample and allowing 

the reaction, a second specific Ab against the Ag but against another epitope is 

incubated, marked with the enzyme. Finally, it is revealed by adding the specific 

substrate for the enzyme (Figure 36C). 

➢ Heterologous Antiglobulin Double Ab Sandwich (HADAS): Similarly, the 

specific Ab against the Ag is immobilized on the plate. After incubating the sample 

and the second specific Ab against another epitope of the Ag, there's an additional 

step where an enzyme-labeled αAb reacts with the Fc of the second Ab. It has the 

same final revelation step (Figure 36D). 

❖ Competitive ELISA: In this type, plates are coated with specific Ag or Ab against the 

molecule to be detected. A known concentration of a mixture of Ags specific to the used 

Ab, labeled with the enzyme, along with unknown Ags from the sample, is added. Both 

Ags compete for binding sites on the Ab fixed on the plate. 

 

Figure 36. ELISA types. A. ELISA of direct Ag recognition. B. Indirect ELISA in which a secondary Ab is 
necessary. C. DAS sandwich ELISA, in which the Ab of the second recognition is labeled with an enzyme. D. 
HADAS sandwich ELISA in which a second enzyme-labeled αAb is used. Created with BioRender.com. 

 

To quantify the Ag, known concentration standards are used simultaneously with the samples to 

create a reference curve. The absorbance obtained correlates with the amount of the analyte 

present in the standards and samples. Thus, absorbance readings are converted into 

concentration units (Sasaki & Mitchell, 2001). 
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Quantifying Abs isn't as straightforward in converting absorbances to concentration units, as 

appropriate standards aren't always available. It's more common to work with relative or 

arbitrary units. Ab quantity can be estimated through titration curves with serial dilutions 

of the sample, presented as titers. Alternatively, the Optical Density (OD) of samples can be 

compared to that of a standard or control serum, to which arbitrary units have been assigned. 

❖ Characteristics of ELISAs include (Hidayat & Patricia Wulandari, 2021): 

➢ High sensitivity and specificity, reproducibility, and adaptability. 

➢ Utilization of a solid phase allows easy separation between bound and free 

fractions (heterogeneous immunoassays). 

➢ Enable quantification of hormones, drugs, metabolites, inflammation mediators, 

proteins, etc. 

 Immunological assays in biosensors 

The nomenclature used for traditional immunoassays differs from that employed in the context 

of this thesis for immunoassays conducted in biosensors. To prevent confusion, the classification 

will now be explained, considering the immunoassay design:  

❖ Non-competitive immunoassays: This type of immunoassay is conducted when the 

concentrations of the analyte to be determined are sufficiently high. These are divided into 

three different types:  

➢ Direct immunoassay: It is called so when the analyte to be determined in the 

sample is the Ag, thus immobilizing the specific Ab against the Ag that we want to 

recognize on the biosensor surface (Figure 37A).  

➢ Indirect immunoassay: Conversely, in this case, the molecule to be recognized is 

the Ab in the sample, so the sensor surface will have the Ag immobilized (Figure 

37B).  

➢ Sandwich immunoassay: This type of immunoassay is more sensitive than the 

previous two. For this, monoclonal Abs are immobilized on the surface, which are 

specific to an epitope of the Ag to be determined. Once this interaction has 

occurred, in a final step, an Ab that can be either monoclonal against another 

epitope of the Ag or a polyclonal Ab is incubated (Figure 37C).  
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Figure 37. Biosensor immunoassay types. A. Direct type assay for recognition of Ags. B. Indirect type 
assay for detection of Abs. C. Sandwich assay for detection of Ags. Created with BioRender.com. 

 

❖ Competitive immunoassay: It is performed to determine Ags present in low 

concentrations in the sample. For this, the biosensor's surface is coated with the known 

specific Ag, which is the same as the one to be determined in the sample. On the other 

hand, the suitable bioreceptor, in this case, a specific Ab against this Ag, is incubated in the 

sample, which will also be specific to the Ag immobilized on the biosensor. Once this Ag-

Ab complex is formed in the sample, it is incubated on the biosensor's surface. Only the 

free Abs will bind, so, with a higher concentration in the sample, fewer binding sites will 

be free, resulting in a lower signal on the biosensor. There is an inversely proportional 

relationship between the concentration and the signal (Figure 38).  
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Figure 38. Competitive immunoassay. A. In the sample, there is no analyte of interest and all Abs bind to 
the surface having maximum signal. B. In this case, the concentration of the analyte is medium and there 
will be only a portion of free Abs binding to the surface. C. When the analyte concentration is very high, 
there will be no free Abs binding, having the minimum signal. So, in this case, the signal is inversely 
proportional to the concentration of the analyte. Created with BioRender.com. 

 

Furthermore, in reference to classification by labeling, immunoassays include: 

❖ Label: In this case a molecule is necessary to reveal the result. For example, a 

fluorochrome that emits light. 

❖ Label-free: In label-free biosensors, no chemical labeling is necessary, so that the signal 

is obtained directly, eliminating the development steps. The biosensor used during the 

development of this thesis was label-free. 

Throughout this thesis, non-competitive immunoassays of both direct and indirect types, as well 

as competitive immunoassays, have been conducted using NPs to form the NP-Ab-Ag complexes 

in the sample. In the case of competitive immunoassays, NPs have been employed to create 

complexes in the sample, which are then incubated on the sensor surface with the immobilized 

Ag. 

The advantages these methods offer over conventional immunoassays include:  

❖ Monitoring: Each step of the immunoassay can be monitored due to the signal change in 

ΔIROP (%). This allows for tracking the assay's progress, ensuring proper immobilization 

and recognition.  

❖ Blocking stage: When working with very small surfaces, depending on the assay type, it's 

possible to eliminate the blocking stage, reducing the time needed to perform the 

immunoassay.  
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❖ Multiplexing: Biosensors can be designed to determine various biomarkers in one or two 

samples simultaneously, or alternatively, a single marker can be measured across a larger 

number of samples. Depending on the analysis required, the most suitable markers for 

each condition can be chosen.  

❖ Sample: Compared to traditional methods, much lower sample volumes are used (1-2 µL 

per cell). This enables the measurement of many more markers when sample quantities 

are limited. 
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3. Case I. Development of an in-vitro optical 

diagnostic system for the detection of specific 

Abs against SARS-CoV-2 

3.1. Introduction 

There are numerous diseases that attack our bodies, challenging our immune system. Among the 

agents capable of causing infections are viruses, which overcome the natural barriers of our 

bodies to create diseases while evading the immune system. The development of these 

infections is determined by the established relationship between the virus and the host, as 

well as the host's response to the infection. The immune system's ability to control the 

infection will define the severity and duration of the illness. Most symptoms that develop 

originate from the inflammatory response triggered by the viral infection. Additionally, we 

must consider the host's susceptibility, which relies significantly on different factors (Baron, 

1996):  

❖ Exposure site and the infection mechanism. 

❖ Intrinsic factors such as age, health condition, genetic predisposition, or the state of the 

immune system. 

❖ Virus-dependent factors, such as the strain type causing the infection. 

Furthermore, the nature and severity of these symptoms are also related to the specific affected 

organ. However, there are infections that can progress without symptoms because the infection 

may have been controlled before the target organ is infected. In such cases, these infections are a 

significant source of contagion and transmission (Baron, 1996). 

Viruses can cause hundreds of thousands of deaths per year, leading to a significant 

transformation in diagnostic methods (Figure 39). Currently, there are several sensitive and 

accurate options available. These include cellular cultures, the detection of viral Ags or their 

genome, and cytological techniques (James H. & Ellen G., 2020).  
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Figure 39. Case Fatality Rate (CFR) of common viral infections (WHO, 2024). Created with 
BioRender.com.  

 

In recent years, there has been significant progress in the development of biosensors for the 

detection and identification of viral particles. These biosensors can have diverse designs and 

significantly reduce sample analysis times, achieving high sensitivity and specificity. 

Currently, biosensors have been developed for the detection of the Human Immunodeficiency 

Virus (HIV) (Babamiri et al., 2018), hepatitis B (Yao & Fu, 2014), and Dengue (Lim et al., 2018), 

among many others.  

During the beginning of the development of this doctoral thesis a pandemic due to SARS-CoV-2 

hit the world population, causing a massive collapse of the health care systems due to the high 

number of admissions, in addition to all the deaths that occurred. This combined with the great 

progress that has been taking place in the field of biosensors were the motivation to develop an 

in-vitro optical detection system for the detection of specific Abs against SARS-CoV-2 in both 

serum and saliva, as well as the detection of different markers involved in the progression of the 

infection with the aim of establishing a severity prediction model for the disease. 

3.2. Viruses  

Viruses are submicroscopic infectious agents defined as obligate intracellular parasites, as they 

require the cell's machinery to carry out the replication of their genome and utilize its metabolism.  

Their basic structural unit is the virion, and they can replicate in animal, plant, or bacterial cells 

(Chappell & Dermody, 2015; Wang-Shick, 2017a). 
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They consist of two main components: firstly, coiled genetic material, which can be either DNA or 

RNA (single or double-stranded), found inside a protein coat called a capsid (they lack organelles). 

Additionally, some viruses may have a lipid envelope derived from the host cell they have infected, 

facilitating the infection of other cells belonging to the same cellular lineage (Wang-Shick, 2017a) 

(Figure 40). 

 

Figure 40. Generic viral structure. Created with BioRender.com. 

 

Viruses can enter cells through different mechanisms depending on whether they have a lipid 

envelope. Generally, they interact with proteins on the cell surface, triggering internalization 

mechanisms and evading the destruction process typically carried out by the cell. Generally, the 

virus infection process involves the following steps (Cohen, 2016; Dimitrov, 2004; Wang-

Shick, 2017b)(Figure 41): 

1. Interaction with the cell.  

2. Internalization and entry into the cell. 

3. Use of the infected cell's machinery to transcribe viral genes into messenger RNA (mRNA). 

4. Translation of transcribed mRNA into viral proteins. 

5. Packaging of the replicated genome and assembly with translated proteins to form virions. 

6. Release of these virions from the infected cell to infect other cells in the organism. 
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Figure 41. Virus replication cycle. Created with BioRender.com. 

 

They can exit the cell through cell lysis, either directly or through budding (taking part of the cell's 

lipid membrane). On the other hand, it's possible for the virus to remain latent within cells without 

exiting or causing cell death, or for the cell to trigger apoptosis before virions are produced.  

 Classification 

The classification of viruses can be done according to different criteria. One of the most 

established methods is the Baltimore Classification (BC), which considers the type and 

structure of the virus's nucleic acid and the method of mRNA transcription (Koonin et al., 

2021)(Table 5). 
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Table 5. Baltimore Classification (Koonin et al., 2021). 

BC 
Viral nucleic 

acid 

Genome 

structure kb 

Genome 

size 
Host range 

I dsDNA Mostly linear 5-2.500 Bacteria, archaea, protists, and animals 

II ssDNA Mostly circular 1.7-25 
Bacteria, rare in archaea and most 

eukaryotes 

III dsRNA Linear 4-30 Protists, animals, and plants 

IV (+) RNA Linear 3.5-40 All eukaryotes and bacteria 

V (-) RNA Mostly linear 1.7-20 Animals and plants 

VI (+) RNA, RT Linear 5-13 All eukaryotes 

VII dsDNA, RT Circular 3-10 Animals and plants 

 

Other types of classifications are based on the virus capsid structure (helical or icosahedral) 

(Louten, 2016), the type of cell they infect (animal, plant, bacteria) (Ackermann, 2005; Chappell 

& Dermody, 2015; Wang-Shick, 2017a), or whether they have a lipid envelope or not (Lucas & 

Knipe, 2002). 

 Coronavirus 

The Orthocoronavirinae viruses, commonly known as coronaviruses, belong to a virus subfamily 

characterized by a single-stranded positive-sense RNA genome ranging from 27 to 32 Kb and a 

size ranging from 60 to 200 nm. They are part of the Coronaviridae family and are identified by 

their crown-like appearance under electron microscopy. These viruses are capable of infecting 

birds and mammals (Weiss & Leibowitz, 2011). 

Their genome encodes for four types of proteins (Yoshimoto, 2020)(Figure 42): 

❖ Spike protein (S) 

❖ Envelope protein (E) 

❖ Membrane protein (M) 

❖ Nucleocapsid protein (N) 

Within the envelope of these viruses, at least three protein structures are found: the M protein, 

the E protein involved in viral assembly, and the S protein (glycoprotein), which binds to host cell 

receptors, causing membrane fusion and allowing the virus to enter the cell. 
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Figure 42. Coronavirus structure. Created with BioRender.com. 

 

Human Coronaviruses (HCoV) were first described in the 1960s in patients with the common cold. 

Currently, coronaviruses account for about one-third of all cases of the common cold. 

However, they can also cause more severe respiratory diseases such as bronchitis or pneumonia, 

particularly in high-risk patients, including immunocompromised individuals and the elderly. 

They have also been associated with diseases affecting the intestines or the nervous system (Kahn 

& McIntosh, 2005; Mahase, 2020). 

Currently, seven strains causing respiratory illnesses in humans have been identified and 

registered (Table 6) (Kahn & McIntosh, 2005; Santacroce et al., 2021). 

Table 6. Coronavirus strains are described as pathogenic to humans (Santacroce et al., 2021). 

Strain Genus/subgenus Infect 

Severe Acute Respiratory Syndrome 

Coronavirus infection (SARS-CoV) 

Betacoronavirus/ 

Sarbecovirus 

Humans and 

mammals 

Severe Acute Respiratory Syndrome 

Coronavirus 2 (SARS-CoV-2) 

Betacoronavirus/ 

Sarbecovirus 

Humans and 

animals 

Human Coronavirus HKU1 (HCoV-HKU1) 
Betacoronavirus/ 

Embecovirus 
Humans, mice 

Human Coronavirus 229E (HCoV-229E) 
Alphacoronavirus/ 

Duvinacovirus 
Humans, bats 

Human Coronavirus NL63 (HCoV-NL63) 
Alphacoronavirus/ 

Setracovirus 
Humans 

Human Coronavirus OC43 (HCoV-OC43) 
Betacoronavirus/ 

Embecovirus 
Humans, cattle 
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 Coronavirus diseases 

Each of the previously mentioned types of coronaviruses causes diseases in humans at varying 

levels (Santacroce et al., 2021): 

❖ HCoV-229E: This strain is one of the causes of the common cold and can lead to bronchitis 

or pneumonia (D. X. Liu et al., 2020). 

❖ HCoV-OC43: Also responsible for the common cold and can lead to pneumonia in high-

risk patients (D. X. Liu et al., 2020). 

❖ SARS-CoV: Responsible for the major epidemic of 2002-2004 originating in China, causing 

the death of at least 10-15% of those infected. It resulted in pneumonia, hypoxia, and high 

fevers. No severe cases have been recorded since 2005 (Pandurangan et al., 2004). 

❖ HCoV-NL63: Associated with a mild respiratory syndrome similar to the flu (Van Der 

Hoek et al., 2006). 

❖ HCoV-HKU1: Causes clinically mild infections, but deaths due to pneumonia have been 

reported (Woo et al., 2009). 

❖ MERS-CoV: From 2012 to 2017, it was attributed to a 30% mortality rate among infected 

individuals. It is considered a zoonotic disease, and symptoms can vary from fever, and 

gastrointestinal and respiratory problems to progressing to pneumonia and Acute 

Respiratory Distress Syndrome (ARDS) (Drosten et al., 2013). 

❖ SARS-CoV-2: Causes COVID-19 and also originated as a zoonotic disease. Symptoms 

include pneumonia, ARDS, and persistent COVID-19. It had a mortality rate between 3-5% 

(Gorbalenya et al., 2020). 

 SARS-CoV-2 and COVID-19 

On March 11, 2020, the WHO declared a global pandemic caused by the SARS-CoV-2 (WHO, 2020). 

SARS-CoV-2 is an RNA virus from the coronavirus family that infects both humans and 

animals, causing COVID-19. It originated around December 2019 in the city of Wuhan, Hubei 

Province, Central China, where a large number of pneumonia cases of unknown cause were 

reported. The sequencing of the virus genome led to the identification and description of SARS-

CoV-2 (H. Li et al., 2020). 

The most supported evidence suggests that SARS-CoV-2 is a virus originating from bats and, 

through an unknown intermediary, managed to infect humans, becoming a zoonotic disease (L. 

Zhang & Guo, 2020). 

SARS-CoV-2 is composed of five proteins with different functions (Table 7). These include the 

S protein, the N protein, the E protein, the M protein, and the Hemagglutinin-Esterase dimer (HE) 

(Ravi et al., 2020). 



Ana María Martín Murillo  

76 

 

Table 7. Function of SARS-CoV-2 proteins (Ravi et al., 2020). 

Virus protein Binding site Function 

Spike protein (S) 

It uses the n-terminal 

fragment to access the 

endoplasmic reticulum 

Facilitates virus binding to the 

host cell receptor 

Nucleocapsid protein (N) Binds the viral genome 

Binds the viral genome to the 

replicase-transcriptase 

complex and encapsulates the 

genome into viral particles 

Envelope protein (E) 
It is a transmembrane protein 

that has ion channel activity 

Significant role in the 

assembly and release of the 

virus 

Membrane protein (M) It binds to the nucleocapsid 

Holds the curvature of the 

membrane and the attachment 

to the nucleocapsid 

Hemagglutinin- esterase 

dimer protein (HE) 

Binds to sialic acids of surface 

glycoproteins 

It promotes the entry of the 

virus into the host cell and its 

propagation 

 

The most studied protein is the S protein, as it's the one the virus uses to interact with the 

host organism's cell and infect it (L. Zhang & Guo, 2020). It's a transmembrane glycoprotein 

consisting of 1273 aa and a high rate of glycosylation (Jun Zhang et al., 2021). It's divided into two 

subunits (S1 and S2). S1 is involved in the recognition and binding of the virus to the cell, while 

S2 is implicated in the fusion of the two membranes. S1 consists of two distinct structural 

domains: the N-Terminal galectin-like Domain (S-NTD) as a stabilizer of S2, and two C-Terminal 

Domains (CTD1 and CTD2) used as the Receptor-Binding Domain (RBD). On the other hand, S2 

has four different regions, including a transmembrane region, a Fusion Peptide (FP), and two 

Heptad Domains (H1 and H2)  (Arya et al., 2021; Jackson et al., 2022)(Figure 43).  

 

Figure 43. S protein structure. Created with BioRender.com. 
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To initiate infection, virus cells first interact with healthy host cells using the S protein 

(RBD), binding to the Angiotensin-Converting Enzyme 2 (ACE2) receptor (L. Zhang & Guo, 

2020). This leads to the fusion of membranes, allowing the virus's genome to enter the host cell, 

enabling it to utilize the host's replication machinery and form new viral particles (Jackson et al., 

2022)(Figure 44). 

 

 

Figure 44. Mechanism of SARS-CoV-2 entry. Created with BioRender.com. 

 

The expression of the ACE2 receptor is predominantly found in type II alveolar cells in the lower 

region of the lungs and in ciliated cells of the bronchial and nasal epithelium. Hence, the infection 

primarily targets nasal epithelial cells, progressing from there. Additionally, many other cell types 

express this receptor, such as those in the kidney, intestine, and brain. This indicates that there's 

increasing evidence suggesting it's a disease that can affect multiple organs (Jackson et al., 2022; 

Lamers & Haagmans, 2022). 

Due to this, symptoms caused by SARS-CoV-2 affect different systems and organs, being 

nonspecific with a large number of asymptomatic cases. The most common symptoms are 

fever and cough, significantly affecting the respiratory tract, leading to breathing difficulties, lack 

of O2, and pneumonia, which can result in death (Wu et al., 2020). Additionally, there are 

neurological symptoms such as loss of smell and taste, muscle pain, headaches, and dizziness. 

Complications of these symptoms can trigger cerebrovascular diseases (Harapan & Yoo, 2021). 

Other less common but found symptoms include diarrhea and hemoptysis. All these symptoms 

can result in a range of disease severity from mild to moderate or severe. Severity also depends 

on whether hospitalization or Intensive Care Unit (ICU) admission is required (Wu et al., 2020). 

During the early stages of the pandemic, treatment primarily involved rest, the use of pain 

relievers such as ibuprofen, antiviral therapies, respiratory support, and O2 supplementation, 

among other measures (Adedeji et al., 2021; Wu et al., 2020).  
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By that time, the disease had already spread to numerous countries, resulting in a total of 

7,042,222 deaths and 775,132,086 infections reported up to today in 2024 (WHO, 2024). 

Given the severity of the global situation, the entire scientific community dedicated itself to 

numerous studies, focusing on analyzing the virus and its genome, exploring treatments, 

developing vaccines, and creating multiple rapid and reliable diagnostic systems.  

3.2.2.2.1 Biomarkers and samples used for the diagnosis  

Due to the high contagion rate and the significant mortality caused by the virus infection, it 

became crucial to rapidly establish biomarkers that could inform us about the infection and 

prognosis, as well as identify the types of samples where these markers could be measured 

(Semiz, 2022). Biomarkers are defined as any objective measure serving as an indicator of 

a biological process, whether pathological or normal or an indicator of treatment response 

(L. Zhang & Guo, 2020). Additionally, identifying the best markers allowed for the classification of 

patients into mild, moderate, and severe categories (Kermali et al., 2020). This knowledge is vital 

as it aids in the development of new medications and vaccines (L. Zhang & Guo, 2020). 

These biomarkers can be classified based on the degree of disease involvement, their originating 

system, or clinical symptoms. Among the markers associated with COVID-19 and its severity are 

increased levels of C-Reactive Protein (CRP) and the activity of Aspartate 

AminoTransferase (AST) and Alanine AminoTransferase (ALT) enzymes (Semiz, 2022). 

Other authors also link disease severity with increased white blood cells, neutrophil counts, and 

D-dimer levels. Additionally, various interleukins (IL-6, IL-4, and IL-8) show elevated levels 

(Kermali et al., 2020). 

The markers most associated with mortality have been D-dimer, IL-6, and creatinine, which are 

elevated in these cases, as well as Ferritin (FTH1) (Semiz, 2022). In the following table, they are 

also ordered depending on the part of the body where damage is occurring and clinical 

implications (Table 8) (Battaglini et al., 2022). 

Table 8. Impaired organ function, a biomarker of that alteration, and its clinical significance 
(Battaglini et al., 2022). 

Impaired function Biomarker Clinical significance 

Pulmonary 

Amino Transferase Mortality at admission 

Ferritin Survival at extubation 

D-dimer Survival at extubation 

Cardiovascular 
Troponins 

Cardiovascular disease, 

inflammation, mortality 

D-dimer Prognosis 

Neurological C-Reactive Protein Ischemic stroke 

Kidney and liver Creatinine Acute kidney injury, mortality 

Coagulation and hemostasis Fibrinogen Hyperinflammation, severity 
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The most crucial biomarker to directly determine if the virus infection has occurred is its RNA. 

Additionally, viral proteins are also a significant alternative for diagnosing COVID-19 (L. Zhang & 

Guo, 2020). 

To detect all these markers, different types of samples have been used, such as serum or plasma, 

nasopharyngeal swabs, sputum, bronchoalveolar lavage, saliva, feces, or urine (Martinez, 2020; L. 

Zhang & Guo, 2020). 

3.2.2.2.2 Diagnostic systems against COVID-19 

The first thing to consider is that, thanks to the advancements available today, the virus could be 

characterized more rapidly. However, due to supply issues, the use of necessary diagnostic tests 

was delayed worldwide (Jayamohan et al., 2021). Initially, the strategy for developing diagnostic 

methods focused on detecting the virus's RNA, which later diversified to detect different viral 

proteins and Abs produced during the infection (Jalandra et al., 2020). 

Among the most established and used diagnostic tests are the Polymerase Chain Reaction 

(PCR), using the virus genome, and detection using the ELISA technique for different biomarkers 

(Figure 45) (Jayamohan et al., 2021). Additionally, biosensors are a powerful tool for diagnosis, 

capable of performing rapid analysis with high sensitivity, stability, and cost-effectiveness. Their 

performance has improved over the years, making them a highly valid and suitable instrument for 

diagnosis (Saylan et al., 2019). 
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Figure 45. Detection methods for SARS-CoV-2 infection. Created with BioRender.com. 
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Here is a general classification of different diagnostic techniques for SARS-CoV-2: 

❖ Molecular diagnostic tools: 

➢ Methods based on amplification of the virus's nucleic acid: the most commonly 

used technique is Real Time-PCR (RT-PCR) (Ravi et al., 2020). 

➢ Reverse Transcription Loop-Mediated Isothermal Amplification (RT-LAMP) 

(Eftekhari et al., 2021). 

➢ Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) technique 

(Jalandra et al., 2020). 

➢ Next-Generation Sequencing (NGS) (Jayamohan et al., 2021). 

➢ Nucleic acid hybridization of the virus on microarrays (Eftekhari et al., 2021). 

➢ Ag detection: typically, these are immunoassays based on the detection of viral 

proteins (Jayamohan et al., 2021). 

❖ Tools based on serological diagnosis: 

➢ Ab detection: specific Abs against the virus are detected using techniques such as 

ELISA or CLIA (Ravi et al., 2020). 

❖ Cell culture tools: 

➢ Virus cultivation from nasopharyngeal samples to study the cytopathic effect of 

the virus (Mathuria et al., 2020). 

❖ Tools based on nanotechnology and nanomaterials: 

➢ They rely on the use of very small particles for protein detection, such as Au NPs 

(Eftekhari et al., 2021; Moitra et al., 2020). 

❖ Tools based on biosensors and point-of-care devices: 

➢ Biosensors to measure inflammation markers like CRP (Boonkaew et al., 2019), 

IL-6 (M. A. Khan & Mujahid, 2020), or FTH1 (Boonkaew et al., 2020). 

➢ Biosensors to measure viral proteins like RBD (Akib et al., 2021), S protein 

(Rahmati et al., 2021), or N protein (Murugan et al., 2020). 

➢ Biosensors to measure specific Abs against SARS-CoV-2 (M. A. Ali et al., 2021; 

Kontou et al., 2020). 

➢ Biosensors to measure the virus's nucleic acid (Falasca et al., 2020; Kashefi-

Kheyrabadi et al., 2022). 

In summary, all these systems provide the necessary data to understand the progression of the 

disease and establish necessary treatments. However, each technique has its advantages and 

limitations, so clinical units continue constant research and development of new tests to address 

these limitations. 
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During the development of this thesis, a biosensor was developed as a diagnostic system capable 

of measuring both specific Abs against the virus and inflammation markers present in serum due 

to the infection. Among the advantages of this biosensor is the low amount of sample used for the 

determinations, thus allowing the screening of a greater number of markers per sample in a short 

time. It also allows customized design for use against different specific biomarkers. 
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3.3. Materials and Methods  

 Case I. I. Development of an in-vitro optical diagnostic system for the 

detection of specific Abs against SARS-CoV-2 in serum  

Here are the steps followed during this doctoral thesis for the development of an in-vitro 

diagnostic system based on a previously described optical interferometric biosensor. For this 

purpose, a multiplexed KIT was designed, in which specific Abs against SARS-CoV-2 and 

biomarkers related to the disease were measured in serum samples to establish a severity 

prediction model for the illness.  

 Production of recombinant S protein from the virus using Pichia pastoris 

The first step was to produce the virus protein through recombinant methods by Araceli Díaz 

Perales's group at the Centro de Biotecnología y Genómica de Plantas (CBGP-UPM). Isabel Solá 

from the Consejo Superior de Investigaciones Científicas-Centro Nacional de Biotecnología (CSIC-

CNB), donated the complementary DNA (cDNA) of SARS-CoV-2. The S gene's truncated region 

was then amplified using PCR. After cloning into the pPICZalpha plasmid vector, the cells of P. 

pastoris Bg11 were electro-transformed. As previously described, two fragments were produced: 

one corresponding to the larger epitope and another to the smaller one (Murillo et al., 2021).  

The SARS-CoV-2 recombinant S proteins (rS1 and rS2) were purified from yeast culture media 

supernatants and isolated through chromatography. The supernatants were then dialyzed 

against 0.1 M ammonium acetate (pH 6.8) for 8 hours at 4˚C using a Spectrum Labs Spectra/6–8 

kD Molecular Weight Cut-Off (MWCO) RC Dry dialysis membrane (Fisher Scientific, Waltham, MA, 

USA). The supernatants were then lyophilized and fractionated using size exclusion 

chromatography. The Sephacryl S-200 High Resolution system (GE Healthcare in Chicago, IL, 

USA) was used with 0.1 M ammonium acetate at a flow rate of 1 mL/min, resulting in 5 mL 

fractions (Murillo et al., 2021). 

The fractions were quantified using the Bicinchoninic Acid Test (BCA) (Thermo Scientific, 

Waltham, MA, USA). Coomassie staining and immunoassays were used to analyze the fractions 

with specific Abs against the recombinant proteins produced from SARS-CoV-2 (Invitrogen, 

Thermo Fisher, Carlsbad, CA, USA). 

The protein's quality was assessed using Matrix-Assisted Laser Desorption/Ionization Time-Of-

Flight (MALDI-TOF) mass spectrometry. The identity was confirmed using peptide mass 

fingerprinting analysis. An Ultraflex workstation (Bruker Daltonics, Bremen, Germany) equipped 

with a 337 nm nitrogen laser was used, following standard methods. Sample analysis and 

analytical method parameter control were carried out using FlexControl Software version 2.4 

(Bruker Daltonics). 
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 ELISA of recombinant protein activity assays 

To prepare the plates, 96-well plates (Costar 3590) (Corning, NY, USA) were coated with 50 μL of 

purified virus rS1 protein at a concentration of 5 μg/mL. The plates were incubated for 2 hours 

at 37˚C. Next, block the plates with 1x casein hydrolysate (Sigma-Aldrich, St. Louis, MO, USA) for 

1 hour at Room Temperature (RT). After blocking, the plates were washed three times with 

Phosphate Buffer Saline-Tween 0.05% (PBS-T) (200 μL/well) (Sigma-Aldrich). Finally, the plates 

were incubated with saliva samples at a dilution of 1:10 Overnight (ON) at 4˚C. To detect the 

presence of specific IgA (sIgA) Abs, the plates were incubated with polyclonal anti-Human-IgA 

(αHuman-IgA) secondary Ab conjugated with Horseradish Peroxidase (HRP) (αHuman-IgA-HRP) 

(Sigma-Aldrich) for 1 hour at RT. The plates were washed again, and the recognition was revealed 

using 50 μL of 3,3',5,5' Tetrametilbenzidina (TMB) (Thermo Scientific). After 30 minutes (min), 

the reaction was stopped with 50 μL of 2 N HCl, and the OD was measured at 450 nm (Figure 

46)(Murillo et al., 2021). 

 

Figure 46. Diagram followed for the detection of SARS-CoV-2 sIgA in saliva. Created with 
BioRender.com. 

 

A Negative Control (NC) was performed by coating the wells with 50 μL of 1x casein hydrolysate. 

In none of the cases, signals greater than 0.1 absorbance units were obtained. The represented 

data are the values obtained after subtracting the NC value. Measurements were performed in 

triplicates.  

 Human serum samples 

The serum samples were provided by the Biobank of the Institute of Health Research, belonging 

to the Hospital Clínico San Carlos in Madrid (B.0000725; PT17/0015/0040; ISCIII-FEDER). The 

clinical studies were approved by the local ethics committee of the Hospital Clínico San Carlos 

(20/404-E_COVID). A total of 74 samples confirmed by PCR for SARS-CoV-2 infection and 20 
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blood donors from February 2020 were provided. These samples were classified according to 

clinical diagnostic criteria as moderate, severe, or mild cases. Age, sex, radiological findings 

(alveolar infiltrates), and blood group information were also recorded following legal ethical 

regulations with the collaboration of the Instituto de Medicina de Laboratorio (IML) and the 

innovation unit of the Hospital Clínico San Carlos (Murillo et al., 2021). 

Upon receiving the serum samples, they were thawed and treated at 56°C to inactivate the 

complement and reduce potential risks from any viral residues. The presence of the virus 

infection in these patients was confirmed by PCR. 

 Immobilization of the virus proteins on the sensor surface (dose-response curves) 

The next step performed was the incubation of the virus proteins to establish the immobilization 

signal obtained. The analyzed proteins were named rS1 and rS2. These were incubated in 16-

BICELLs KITs of 200 µm at different concentrations (2.5 µL at 100, 50, and 25 µg/mL) and left for 

1 hour and 30 min at 37°C in a humid chamber. Then they were washed with an H2O MiliQ 

(H2OmQ) syringe, agitated in H2OmQ for 45 seconds (s), and dried with filtered compressed air. 

In this way, we have the dose-response curve of the two proteins. Additionally, the same test was 

also performed following the same protocol, but with an incubation period of 2 hours to see if we 

obtained a higher signal and better surface coating (Table 9). All measurements were performed 

in four replicates. 

Table 9. Conditions applied for the dose-response curve. 

Protein 
Incubation time 

(min) 

Concentration 

(µg/mL) 
Volume (µL) Temperature (°C) 

rS1 
90  100, 50, 25 2.5 37 

120 100, 50, 25 2.5 37 

rS2 
90  100, 50, 25 2.5 37 

120  100, 50, 25 2.5 37 

 

 Recognition tests in KITs using positive serum sample against rS1 and rS2 proteins 

Immobilized KITs with both viral proteins (rS1 and rS2) under two conditions (1 hour and 30 

min and 2 hours) were blocked with 1x casein hydrolysate for 1 hour with agitation. Then, they 

were washed in the same manner as described earlier for the immobilization stage, and the 

positive control (PC) serum was incubated at a 1:20 dilution (2.5 μL) on the sensor surface with 

the immobilized viral protein and on a NC protein (tau) (Sigma-Aldrich). Serum samples were 

incubated for 3 hours at 37°C in a humid chamber.  

Afterward, the KITs were washed with a 20 mL syringe of H2OmQ, agitated for 10 min with 

Phosphate Buffer Saline (PBS) (Sigma-Aldrich), and washed again with two 20 mL syringes of 

H2OmQ. They were dried with compressed filtered air, and the ΔIROP (%) recognition values 
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were read. Finally, secondary Abs were incubated against human specific IgG (sIgG) and specific 

IgM (sIgM), using anti-Human-IgG (αHuman-IgG) (1:1500) and anti-Human-IgM (αHuman-IgM) 

(1:5000) respectively (Sigma-Aldrich), incubating 2.5 μL for 1 hour at 37°C in a humid chamber. 

Finally, the KITs were washed with 40 mL of PBS-T 0.05% and 40 mL of H2OmQ, dried with 

compressed filtered air, and the recognition values for each of the secondary Abs were read 

(Table 10).  

Table 10. Conditions for the first test in KITs. 

Incubation 

step 

Incubation 

time (min) 
Dilution 

Volume 

(µL) 
Temperature (°C) 

Blocking 60 1 20000 RT 

PC serum 180 1:20 2.5 37 

αHuman-IgG 60 1:1500 2.5 37 

αHuman-IgM 60 1:5000 2.5 37 

 

In a second instance, the experiment was repeated, modifying certain conditions. The KITs were 

incubated with proteins rS1 and rS2 (2.5 μL at 100 μg/mL) for 3 hours at 37°C in a humid 

chamber. Tau protein (2.5 μL at 50 μg/mL) was used as the control protein. After immobilizing 

the protein and carrying out the washes as described earlier, the KITs were blocked with casein 

hydrolysate 1x for 1 hour with agitation. Following wash step, 2.5 μL of serum per well was 

incubated at a 1:10 dilution for 3 hours at 37°C in a humid chamber. In addition to testing the PC 

serum, a NC serum was also used (both tested via ELISA and PCR). The same washing steps were 

repeated, and the secondary Abs αHuman-IgG (1:1500), αHuman-IgM (1:5000), and αHuman-IgA 

(1:2000) were incubated under the same conditions described earlier to recognize the specific 

Igs against the viral protein. Afterward, the same wash with PBS-T 0.05% and H2OmQ was 

performed, the KITs were dried, and the ΔIROP (%) signal was measured (Table 11). 

Table 11. Conditions used in the second experiment. 

Incubation 

step 

Incubation 

time (min) 

Concentration (µg/mL) 

and Dilution 

Volume 

(µL) 
Temperature (°C) 

rS1 and rS2 180 100 2.5 37 

Blocking 60 1 20000 RT 

PC serum 180 1:10 2.5 37 

NC serum 180 1:10 2.5 37 

αHuman-IgG 60  1:1500 2.5 37 

αHuman-IgM 60  1:5000 2.5 37 

αHuman-IgA 60  1:2000 2.5 37 
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For the subsequent tests involving changes in washing and increased concentration of secondary 

Abs, KITs with 16-BICELLs of 200 μm were immobilized with protein rS1 at 100 μg/mL (2.5 μL) 

for 3 hours at 37°C in a humid chamber. They were washed following the same procedure 

described earlier for the immobilization stage. As a NC, tau protein (2.5 μL at 50 μg/mL) was 

incubated in the same KITs. Then, they were blocked with 1x casein hydrolysate for 1 hour at RT 

with agitation. The washing and drying process remained the same as previously mentioned. 

Next, in the recognition stage, two PC sera called Positive Control 1 (PC1) and Positive Control 2 

(PC2), as well as a NC serum, were incubated. The same dilution and incubation time procedure 

was followed, and then they were washed with a 20 mL syringe of H2OmQ, soaked in PBS for 10 

min with agitation, and rinsed with 40 mL of H2OmQ. Finally, they were dried with filtered 

compressed air. 

Finally, in the development step, the secondary Abs against sIgG and sIgM were incubated, 

increasing their concentration (αHuman-IgG at 1:250, αHuman-IgM at 1:500), maintaining the 

volume but changing the incubation time to 2 hours under the same conditions as the previous 

assays. Similarly, they were washed and dried as described earlier. After each immobilization, 

recognition, and development stage, the ΔIROP (%) signals were read (Table 12). All 

measurements were performed in four replicates. 

Table 12. Conditions used in the third experiment. 

Incubation 

step 

Incubation 

time (min) 

Concentration (µg/mL) 

and Dilution 

Volume 

(µL) 
Temperature (°C) 

rS1 and rS2 180 100 2.5 37 

Blocking 60 1 20000 RT 

PC1 serum 180 1:10 2.5 37 

PC2 serum 180 1:10 2.5 37 

NC serum 180 1:10 2.5 37 

αHuman-IgG 120  1:250 2.5 37 

αHuman-IgM 120  1:500 2.5 37 

 

In Table 13, a summary of the wash selected for each step of the experiment is shown. 
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Table 13. Summary of selected washes in each incubation step. 

Incubation step Rinsing Washing Rinsing Drying 

Immobilization 20 mL H2OmQ 
45 s in H2OmQ 

agitation 
- 

Compressed 

air 

Blocking 20 mL H2OmQ 
45 s in H2OmQ 

agitation 
- 

Compressed 

air 

Serum 20 mL H2OmQ 
10 min in PBS 

agitation 
40 mL H2OmQ 

Compressed 

air 

Secondary Abs 40 mL PBS-T - 40 mL H2OmQ 
Compressed 

air 

 

To automate the process, tests were started using the automated liquid dispensing platform, 

BioDot AD1520TM. Different immobilization concentrations (100, 50, and 25 µg/mL) and 

volumes (2.5-1.5-1 µL) were tested. Once the drops were dispensed using the platform, the KITs 

were left to incubate for 3 hours at 37°C in a humid chamber. The washing and drying procedure 

for the KITs is the same as described earlier for immobilization. Later on, experiments were 

conducted by reducing the incubation volume to 1 µL at concentrations of 300-200-100 and 50 

µg/mL. All measurements were performed in five replicates. 

 Recognition tests in KITs using positive and negative serum samples against rRBD 

To establish the immobilization concentration of the recombinant RBD protein (rRBD) (provided 

by the company BiOD S.L.), a dose-response curve was performed by fixing the incubation volume 

at 2.5 μL and varying the protein concentration (100-50-25 and 12.5 μg/mL). The incubation was 

carried out at 37°C for 3 hours in a humid chamber.  

After the washing step established for immobilization, the ΔIROP (%) values were read.  

Following, the KITs were incubated with the rRBD protein at a concentration of 50 μg/mL (2.5 

μL) for 3 hours at 37°C. Subsequently, they were blocked for 1 hour at RT with 1x casein 

hydrolysate under agitation. After washing, 2.5 μL of serum samples were incubated at a 1:10 

dilution for 3 hours at 37°C in a humid chamber. After the incubation period, the KITs were 

washed with H2OmQ using a syringe, followed by a 10 min agitation in PBS, and then rinsed with 

2 syringes of H2OmQ. Finally, the ΔIROP (%) values were read after drying the KITs with filtered 

compressed air. 

As a NC, BSA (Sigma-Aldrich) was incubated at 50 μg/mL under the same conditions as described 

for the rRBD protein. Lastly, the secondary Ab against αHuman-IgG was incubated at a 

concentration of 1:125 for 2 hours at 37°C in a humid chamber. The KITs were washed and dried 

following the same procedure as described previously for the secondary Ab recognition step. All 

measurements were performed in four replicates. 
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 Study of different proteins as NCs 

The KITs were immobilized with both proteins (tau and BSA) (2.5 μL at 50 μg/mL) for 3 hours at 

37°C in a humid chamber. Then, the KITs were washed according to the established procedure 

for the immobilization step, and the PC and NC sera (2.5 μL at a 1:10 dilution) were incubated for 

3 hours at 37°C in a humid chamber. All measurements were performed in four replicates. 

 Measurements of two biomarkers related to SARS-CoV-2 infection: FTH1 and CRP 

KITs with 16-BICELLs of 200 μm were immobilized with 1.5 μL of different concentrations of anti-

Human-FTH1 (αHuman-FTH1) and anti-CRP (αHuman-CRP) Abs (Sigma-Aldrich) (100-50-20 

and 10 μg/mL) for 1 hour and 30 min and 3 hours at 37˚C in a humid chamber. After that, the KITs 

were washed and dried using the same procedure described previously for immobilizations. 

Finally, the ΔIROP (%) values were read. 

To measure the protein levels, 1.5 μL of PC and NC serum at a 1:10 dilution was incubated for 3 

hours in a humid chamber at 37˚C, and the same washing procedure as described for the 

recognition step of specific Abs against the virus protein was performed. Once washed and dried, 

the ΔIROP (%) of the KITs was read. All measurements were performed in four replicates. 

 Correlation between ELISA technique and IODM 

ELISA plates were coated with 50 μL/well of rS1 protein at 5 μg/mL for 2 hours at 37˚C. After 

that, plates were washed 4 times with PBS-T 0.05% (200 μL/well) and blocked with 1x casein 

hydrolysate for 1 hour at RT. Following the blocking step, the plates were washed again, and the 

sera (50 μL/well) were incubated at a 1:40 dilution in blocking buffer: PBS at a 1:4 dilution and 

left ON at 4 ˚C. 

After repeating the washes, secondary Abs were incubated to detect sIgG, sIgM, and sIgA. In this 

case, polyclonal Abs labeled with HRP were used at different dilutions (αHuman-IgG-HRP, 

1:25000; αHuman-IgM-HRP, 1:20000; αHuman-IgA-HRP, 1:10000) (Sigma-Aldrich) in blocking 

buffer: PBS at a 1:4 dilution with 50 μL/well for 1 hour at RT. Four washes were performed with 

PBS-T 0.05%, and then the reaction was revealed with the peroxidase substrate TMB. The 

reaction was stopped with 50 μL of 2 N HCl, and the OD was measured at 450 nm. PBS with 1% 

BSA was coated on the surface as a NC. All assay measurements were taken in triplicates. 

KITs were immobilized with 1 µL of rS1 (300 µL/mL) and BSA as a NC protein (50 µg/mL) for 3 

hours at 37°C in a humid chamber. Subsequently, a wash was performed with 20 mL of H2OmQ, 

45 s of agitation with H2OmQ, and drying with compressed filtered air. For the recognition stage, 

serum samples were incubated (1.5 µL at a 1:10 dilution) for 3 hours at 37°C in a humid chamber. 

After washing with 20 mL of H2OmQ, 10 min of agitation in PBS, and 40 mL of H2OmQ for rinsing, 

1.5 µL of secondary Abs αHuman-IgG (1:125), αHuman-IgM (1:250), and αHuman-IgA (1:250) 

were incubated for 3 hours at 37°C. The final wash was performed, and the ΔIROP signal (%) was 

read, as well as after each incubation stage. Each measurement was carried out in five replicates 

(Figure 47). 
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Figure 47. Correlation between ELISA and IODM. A schematic of the ELISA assay is shown above, and 
the steps followed for the IODM are shown below. Created with BioRender.com. 

 

 

 



Case I. Development of an in-vitro optical diagnostic system for the detection of specific Abs 
against SARS-CoV-2 

91 

 

 Evaluation of COVID-19 biomarkers in serum 

65-BICELLs KITs were biofunctionalized using O2 plasma to covalently attach specific 

bioreceptors, rS1, αHuman-FTH1, and αHuman-CRP. For this purpose, 1 µL of rS1 at 300 µg/mL, 

1 µL of αHuman-FTH1 at 100 µg/mL, and 1 µL of αHuman-CRP at 100 µg/mL were incubated 

using the BioDot AD1520TM automatic dispensing platform. As a NC, BSA (1 µL at 50 µg/mL) was 

incubated. The proteins were incubated at 37°C in a humid chamber. 

Afterward, the KITs were washed with H2OmQ and dried with filtered compressed air. They were 

then blocked for 1 hour at RT with 1x casein hydrolysate under agitation to prevent nonspecific 

binding. 

Once blocked, specific Abs against SARS-CoV-2 were measured. Serum samples were incubated 

at a 1:10 dilution to measure Total Specific Immunoglobulins (sIgT), FTH1, and CRP directly in a 

single step. Igs and markers (FTH1 and CRP) measurements were taken for two patients, along 

with their PC (confirmed by PCR), on each KIT. After the washing step, measurements of FTH1, 

CRP, and sIgT were obtained directly. 

The titers of sIgs (IgG, IgM, and IgA) were determined by incubating secondary Abs (αHuman-IgG 

at 1:250, αHuman-IgM at 1:20, and αHuman-IgA at 1:10) for 3 hours at 37°C in a humid chamber. 

After washing the KITs, the values for each of the sIgs were obtained (Figures 48 and 49) (Murillo 

et al., 2022). 

After each incubation step, the ΔIROP (%) values were read. All measurements were performed 

in four replicates. 
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Figure 48. Depiction of the assay carried out for the detection of specific Abs against SARS-CoV-2. In 
the first step (0) there is the immobilization, then the recognition of sIgT together with the markers FTH1 
and CRP(1), and finally (2) with the incubation of the secondary Abs, the recognition of the different 
isotypes of specific Abs against SARS-CoV-2 (sIgG, sIgM, and sIgA) (Murillo et al., 2022). 
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Figure 49. Organization of the 65-BICELL KITs. The figure represents by colors the organization of the 
KIT used in the different incubation stages (immobilization, first recognition (S1 and S2 are two different 
patient samples), and second recognition). 

 Severity model 

The study aimed to analyze whether the severity level (categorized as severe, moderate, and mild 

according to the hospital's classification) was a significant factor for the response variable sIgT 

(the total concentration of sIgs against SARS-CoV-2). A Multiple Linear Regression Model (MLRM) 

was employed to assess the titers of sIgG, sIgM, and sIgA, as well as FTH1 and CRP, and how they 

correlated with sIgT. 

Firstly, the correlation matrix between all quantitative variables (sIgT, sIgG, sIgM, sIgA, FTH1, and 

CRP) was obtained. Secondly, simple regression models of sIgT against sIgG, sIgM, sIgA, FTH1, 

and CRP were computed to verify the significance of the variables (see Table 14). Ultimately, all 

variables were evaluated in the model, and it was observed that the CRP variable was not 

significant, with a p-value of 0.472, which was much higher than the statistically significant 

threshold of 0.05. Consequently, the CRP variable was removed from the MLRM, resulting in a 

goodness of fit of 70.29% (Adjusted R-squared) (Murillo et al., 2022). Subsequently, the 

qualitative variable of severity (severe, moderate, and mild) was included in the MLRM, leading 

to a goodness of fit of 73.01% (Adjusted R-squared). All models exhibited satisfactory statistical 

diagnostics. 

Table 14. Significance levels of the model variables (Murillo et al., 2022). 

 sIgG sIgM sIgA FTH1 CRP 

sIgT 1.59 x 10-6 1.22 x 10-4 3.62 x 10-3 1.17 x 10-6 3.62 x 10-3 
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 Case I. II. Development of an in-vitro optical diagnostic system for the 

detection of specific Abs against SARS-CoV-2 in saliva 

This section summarizes the points followed during the work of this doctoral thesis in order to 

develop an in-vitro system for the detection of SARS-CoV-2 sIgA in saliva samples based on 

interferometric optical biosensors. In this case, the measurement of a single marker (plus 

experimental controls) was carried out for a larger number of samples compared to serum 

markers.  

 Recognition assay of sIgA in saliva samples 

The 16-BICELLs KITs, each with a size of 200 µm, were immobilized with the virus protein rS1 at 

a concentration of 300 µg/mL (1 µL using the BioDot AD1520TM automatic dispensing platform) 

and incubated for 3 hours at 37˚C. They were washed with 20 mL of H2OmQ and agitated for 45 s 

in H2OmQ. Next, they were blocked with 1x casein hydrolysate for 1 hour at RT with agitation. 

Saliva samples (2.5 µL) were then incubated at a 1:5 dilution in 0.1 % casein hydrolysate for 2 

hours and 30 min at 37˚C in a humid chamber. Afterward, the KITs were washed with 20 mL of 

H2OmQ, agitated for 10 min in PBS, rinsed with 20 mL of H2OmQ, and dried with compressed 

filtered air. 

In the recognition stage, the αHuman-IgA Ab (2.5 µL at 1:250 dilution) was incubated for 2 hours 

at 37˚C in a humid chamber. The KITs were washed with 20 mL of H2OmQ and agitated for 2 min 

in H2OmQ. The ΔIROP (%) signal was read after each washing and drying step. For these assays, 3 

PC saliva samples were used (Positive Control 1 (PC1), Positive Control 2 (PC2) and Positive 

Control 3 (PC3) (Table 15). All measurements were performed in four replicates. 

Table 15. Conditions of the first test in KITs. 

Incubation 

step 

Incubation 

time (min) 

Concentration (µg/mL) 

and Dilution 

Volume 

(µL) 
Temperature (°C) 

rS1  180 300 1 37 

Blocking 60 1 20000 RT 

PC1 saliva 150 1:5 2.5 37 

PC2 saliva 150 1:5 2.5 37 

PC3 saliva 150  1:5 2.5 37 

αHuman-IgA 120  1:250 2.5 37 

 

Next, the 16-BICELLs KITs with a size of 200 µm are immobilized with the virus protein using the 

same conditions described earlier, including the washes, and blocking step. In the recognition 

stage, saliva samples (2.5µL) were incubated both at a 1:5 dilution in 0.01% casein hydrolysate 

and undiluted. This step was carried out at 4˚C in a humid chamber ON. Subsequent steps of 

washing and secondary Ab incubation were performed in the same manner as defined in the 
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previous assay. This same assay was also conducted on the protein rRBD and the BSA protein as 

a NC, to compare the ΔIROP (%) signals among proteins (Table 16). All measurements were 

performed in four replicates. The same experiment with the same steps were followed, but two 

different detection Abs against sIgA (Sigma-Aldrich) were used.  

Table 16. Second experiment conditions. 

Incubation 

step 

Incubation 

time (min) 

Concentration (µg/mL) 

and Dilution 

Volume 

(µL) 
Temperature (°C) 

rS1  180 300 1 37 

Blocking 60 1 20000 RT 

PC1 saliva ON 1 / 1:5 2.5 4 

PC2 saliva ON 1 / 1:5 2.5 4 

PC3 saliva ON  1 / 1:5 2.5 4 

αHuman-IgA 120  1:250 2.5 37 

 

 Study of different incubation times of saliva samples 

KITs were incubated with the rS1 protein and BSA as a NC as previously described. After the 

washing step, undiluted saliva (2 µL) was incubated for different times at 37˚C in a humid chamber 

(1, 3, and 6 hours), and as a control, it was also left ON at 4˚C. Finally, after the washes, the 

αHuman-IgA Ab (2 µL at 1:10 dilution) was incubated for 3 hours at 37˚C in a humid chamber. The 

KITs were washed and dried, and the ΔIROP (%) signals were measured (Table 17). All 

measurements were performed in four replicates. 

Table 17. Conditions of the study of the incubation time of saliva samples. 

Incubation 

step 

Incubation 

time (min) 

Concentration (µg/mL) 

and Dilution 

Volume 

(µL) 
Temperature (°C) 

rS1  180 300 1 37 

Blocking 60 1 20000 RT 

PC1 saliva 
60, 180, 360, 

and ON 
1  2 37 / 4 

PC2 saliva 
60, 180, 360, 

and ON 
1  2 37 / 4 

PC3 saliva 
60, 180, 360, 

and ON 
 1  2 37 / 4 

αHuman-IgA 180  1:10 2 37 
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 Study of different protein concentrations for immobilization 

16-BICELLs KITs with different rS1 protein concentrations (100-250 and 500 µg/mL) were 

incubated, with 1.5 µL per cell, for 3 hours at 37˚C in a humid chamber. After washing and blocking 

for 1hour, undiluted PC3 (2 µL) was incubated ON at 4˚C. The KITs were washed and the αHuman-

IgA (2 µL at 1:10 dilution) was incubated for 3 hours at 37˚C in a humid chamber. Finally, the KITs 

were washed and dried with compressed filtered air, and the ΔIROP (%) signals were measured. 

All measurements were performed in four replicates. 

 Recognition against the rN protein 

A dose-response curve was performed to determine the immobilization concentration required 

to coat the sensor surface. For this purpose, 1.5 µL of the recombinant N protein (rN) (Agrenvec, 

Madrid, Spain) was incubated at different concentrations (25-50 and 100 µg/mL) for 3 hours at 

37˚C in a humid chamber. After washing with H2OmQ, they were blocked with 1x casein 

hydrolysate for 1 hour at RT with agitation. The same washing process was repeated, and then 

PC3 was incubated under the same conditions as described above, on the immobilized rN protein, 

rRBD, and also on the rS1 and proteins as PC for the experiment, and on the BSA protein as a NC. 

In this case, a NC saliva was also incubated. The αHuman-IgA secondary Ab was incubated after 

washing the KITs following the same protocol as before. Finally, they were washed with H2OmQ 

and PBS and dried with compressed filtered air. The ΔIROP (%) signals were read after each step 

of the protocol. All measurements were performed in four replicates. 

 ELISA assays of the PC and NC samples 

The ELISA plates were coated with the virus protein rS1 at 5 µg/mL (50 µL/well) for 2 hours at 

37˚C. Three washes were performed with PBS-T 0.05%, and then they were blocked with 1x casein 

hydrolysate for 1 hour at RT. After three washes with PBS-T 0.05% (200 µL/well), the saliva 

samples (positive and negative controls) were incubated at a 1:5 dilution in blocking buffer: PBS 

(1:4) ON at 4˚C. The plates were washed 5 times with PBS-T 0.05%, and the αHuman-IgA-HRP 

secondary Ab was incubated at 1:10000 dilution for 1 hour at RT. After 5 washes as described 

above, 50 µL of the peroxidase substrate TMB was added, and the plates were left in the dark and 

uncovered. The reaction was stopped with 50 µL/well of 2 N HCl, and the OD was read at 450nm. 

As a NC, PBS with 1% BSA was used. The measurements were performed in triplicates. 

 Human saliva samples 

The saliva samples were collected in the Área Clínica of the Centro de Tecnologia Biomédica (CTB) 

during a voluntary and experimental pilot study with the aim of studying early detection, 

surveillance, and control of the disease caused by SARS-CoV-2 infection. 

The saliva samples of the 196 volunteers were collected every 12 days, a total of 6 times (a total 

of 855 measurements), with the objective of studying the variation and evolution of sIgA against 

the virus over three months. 
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This collection was carried out following the procedure described in Annex I. The volunteers were 

provided with a test tube in which they deposited the saliva sample (1mL). Once collected, the 

samples were centrifuged at 15000 revolutions per minute (rpm) for 10 min, and the 

supernatants were collected and stored at -20˚C. 

 ELISA assays of the saliva samples and their correlation with IODM 

The ELISA plates were coated with 5 µg/mL of the rS1 protein (50 µL/well) for 2 hours at 37˚C. 

After blocking with 1x casein hydrolysate for 1 hour at RT, three washes were performed with 

PBS-T 0.05%. Positive and negative saliva samples were then incubated at a 1:10 dilution in 

blocking buffer: PBS 1:4 ON at 4˚C. The washes were repeated five times, and the secondary Ab 

αHuman-IgA-HRP was incubated at a 1:2000 dilution in blocking buffer: PBS 1:4 (50 µL/well) for 

1 hour at RT. After washing the Ab, it was developed with the peroxidase substrate TMB (50 

µL/well), and the reaction was stopped after 10 minutes. The absorbance was measured at 450nm 

(Murillo et al., 2021). 

As a NC, wells were coated with the blocking buffer instead of the protein. The obtained signals 

represent the average of triplicates, minus the signal obtained from the blank. 

To measure sIgA in the KITs, the protocol described in the following section was followed 

(3.3.2.8). 

 Measurements of sIgA against SARS-CoV-2 in the saliva pilot study 

The KITs were coated with 300 µg/mL (1 µL) of the rS1 protein and 50 µg/mL of BSA as a NC 

using an automated liquid dispensing platform, the Biodot AD1520TM. The KITs were washed for 

45 s in agitated H2OmQ and then blocked with 1x casein hydrolysate at RT for 1 hour with 

agitation. After washing, 2 µL of saliva samples from the volunteers (7 volunteers per KIT), along 

with PC and NC saliva samples (confirmed by PCR and ELISA), were incubated ON at 4˚C. They 

were then washed with 20 mL of H2OmQ and agitated for 45 s in H2OmQ to obtain the signal of 

sIgT. 

Next, the αHuman-IgA Ab was incubated at a 1:10 dilution (2 µL) for 3 hours at 37˚C in a humid 

chamber. The KITs were washed with 30 mL of H2OmQ and agitated for 2 min in H2OmQ. The 

ΔIROP (%) signal was measured after drying them with compressed air (Figure 50). 
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Figure 50. Schematic of the 65-BICELL KIT for determination of SARS-CoV-2 sIgA in saliva. Color 
description of the different stages of incubation. First the immobilization, then the incubation of the saliva 

samples (7 per KIT), and finally the development of the sIgA. 

 

 

 

 

 

 

 

 

 

 



Case I. Development of an in-vitro optical diagnostic system for the detection of specific Abs 
against SARS-CoV-2 

99 

 

3.4. Results 

 Case I. I. Development of an in-vitro optical diagnostic system for the 

detection of specific Abs against SARS-CoV-2 in serum  

 Production of recombinant S protein from the virus using Pichia pastoris 

The S protein domain of SARS-CoV-2 (rS1) was expressed as a recombinant protein and purified 

from the culture media using size exclusion chromatography on a Sephacryl S-200 High 

Resolution system. Subsequently, it was analyzed using sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (5 µg of purified protein extract) (Figure 51A-C). To assess the purity and 

identity of the protein, two different mass spectrometry analyses were conducted. MALDI-TOF 

analysis of the protein's molecular weight revealed a single peak representing a mass of 

14.322 kDa (Figure 51D), while the mass peptide fingerprint verified the protein's identity 

(Figure 51E). 

 ELISA of recombinant protein activity assays 

After confirming the purity and nature of the protein, its activity was evaluated using saliva 

samples obtained from volunteers who tested positive in PCR (Figure 51F). The specificity of 

recognition was assessed using ELISA. The results showed that sIgA Abs against the virus protein 

was only present in patients who tested positive for SARS-CoV-2 in PCR (Group 2), capable of 

recognizing the rS1 protein. 

In the study of recombinant protein activity, 98% of patients (n = 54) who tested positive for 

SARS-CoV-2 in PCR between March and June 2020 exhibited positive titers. Conversely, the 

test results for patients (n = 14) who had not been in contact with the virus were negative. 

Although the percentage similarity between the activity of the natural protein and the 

recombinant fragment remains unknown, the results confirm that the recombinant protein is a 

reliable bioreceptor for detecting anti-SARS-CoV-2 (αSARS-CoV-2) Abs. 

 Human serum samples 

Once the serum samples were received, they were heated at 56˚C for 30 min to inactivate the 

complement. Afterward, all the samples were aliquoted and stored at -80˚C.  

All the samples were assigned an internal code, and a database list was designed, including the 

hospital code, patient number, internal code, severity level, and the markers measured in each 

sample. 
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Figure 51. Description of the production process of the recombinant virus protein. A. Protocol 
conducted for the expression and purification of the recombinant protein rS1. B. Protein extract 
fractionation detected at 280 nm. C. Analysis by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
and Coomassie staining of the purified protein extract. D. Molecular weight determination by MALDI-TOF. 
Measurements were performed in the linear positive mode, operating in the range of m/z = 4000–60000. 
E. Peptide mass fingerprinting spectrum and Mascot scores (p < 0.05) of the purified viral protein. F. Activity 
assay to analyze the binding of the viral protein with sIgA in the volunteer's saliva samples. Group 1: 
volunteers who tested negative for SARS-CoV-2 by PCR and serological tests. Group 2: volunteers who 
tested positive for SARS-CoV-2 by PCR and serological tests. Statistical significance (**p < 0.01) determined 
by the Mann-Whitney test for unpaired samples (n = 6) (Murillo et al., 2022).  
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 Immobilization of the virus proteins on the sensor surface (dose-response curves) 

Based on the results we obtained, it was observed that protein rS1 showed a higher ΔIROP (%) 

signal than protein rS2 under both incubation conditions (1 hour and 30 min (Figure 52A) and 2 

hours (Figure 52B)). Although one protein yielded a higher signal than the other, we continued 

conducting experiments with both proteins because even if the immobilization values were lower, 

we were looking for the protein that the Abs in the serum recognized better. The immobilization 

concentration of both proteins was established at 100 µg/mL. Additionally, it is observed that 

increasing the incubation time resulted in an increase in the signals of both proteins for all 

concentrations, so an incubation time of 2 hours was established for further experiments.  

 

Figure 52. Dose-response curve of rS1 and rS2 proteins. A. Representation of the ΔIROP (%) signal 
based on the concentration of rS1 and rS2 proteins after 1 hour and 30 min of incubation. B. ΔIROP (%) 
signal curve based on the concentration of rS1 and rS2 proteins after 2 hours of incubation. 

 

 Recognition tests in KITs using positive serum sample against rS1 and rS2 proteins 

Thanks to the ELISAs carried out in the activity assays, we know that specific Abs against SARS-

CoV-2 are capable of recognizing the viral protein, but we have to investigate if this same 

recognition is happening in our system.. For this purpose, immobilized KITs with two proteins 

(rS1 and rS2) under two conditions (1 hour and 30 min and 2 hours) were used to incubate the 

serum from a PC and see if we obtained a signal from the binding of Abs to the immobilized protein 

on the biosensor. 

As seen in Figure 53A, in the case of protein rS1 incubated for 1 hour and 30 min, we can observe 

that the serum produces a ΔIROP (%) signal that cannot be distinguished between the 

immobilized surface with the specific protein and the NC. Additionally, the obtained uncertainties 

are very high. On the other hand, the signals generated by the secondary Abs for sIgG and sIgM 

against the viral protein were very low, and even in the NC, we obtained a signal. If we compare 

these results with those obtained on the protein immobilized for 2 hours (Figure 53B), we can see 

that the signals are very different. Firstly, the signal from the serum on the NC protein is much 

lower than in the previous case, and the uncertainties are also lower. Secondly, the ΔIROP (%) of 
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the Abs is higher, which would make sense since in this case, there is more protein available on 

the sensor surface for the Abs to bind to. However, the signals obtained on the NC need to be 

improved in order to better distinguish between the levels of Igs in the serum.  

For the case of protein rS2 (Figures 53C and 53D), we observe the same phenomenon as in the 

case of protein rS1, obtaining better signals in the KITs where the protein was incubated for 2 

hours. 

 

Figure 53. ΔIROP (%) signals obtained after incubation of PC serum on rS1 and rS2 proteins. A. PC 
serum incubated on immobilized rS1 protein for 1 hour and 30 min. B. PC serum incubated on immobilized 
rS1 protein for 2 hours. C. PC serum incubated on immobilized rS2 protein for 1 hour and 30 min. D. PC 
serum incubated on immobilized rS2 protein for 2 hours. 

 

Therefore, further improvements in the experiments are necessary in order to reduce the 

background signal from the serum. To achieve this, the next step was to dilute the serum at a 

1:10 dilution instead of 1:20 in addition to incubating the virus protein for 3 hours. 

Once the PC and NC sera were incubated, it was observed that higher signals were obtained when 

we incubated the less diluted serum over the protein that had been immobilized for 3 hours. It 

can be observed that the highest signal is obtained for protein rS1 in comparison with rS2 

(Figures 54A and 54C), although we also obtain a signal for protein rS2, and the least signal is 

observed for the NC protein (tau) (Figures 54E and 54F), as expected. On the other hand, although 

we have a signal from the positive serum for both tested proteins, we only obtained an IgG signal 
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for protein rS1, while there was no signal for IgM and IgA for either of the proteins. Additionally, 

there is no signal from any of the specific Abs for SARS-CoV-2 on tau. 

In comparison, the NC serum gave much lower signals in the case of the two viral proteins (Figure 

54B y 54D). If we look at protein rS1, we can see that the NC serum gave a lower signal for IgG 

compared to the PC serum. However, it did show a signal for IgM and a slight signal for IgA. For 

protein rS2, a similar situation occurred, as we obtained a low signal for IgG and IgA, while the PC 

serum did not show any signal. The same pattern is observed for tau, but with lower signals. 

However, it is important to note that these signals from the NC should be considered very low, 

and they cannot be considered positive as they would correspond to non-specific binding and 

serum matrix effects. The next step was to increase the concentration of the secondary Abs 

because, although we were able to see the signal from the serum and differentiate it from the NC, 

we did not observe a significant signal from the specific Abs. Additionally, the incubation time 

was increased, and the serum washing step was changed. 

Based on the latest experiments, all subsequent assays were conducted only with protein rS1, 

as it yielded better immobilization and recognition signals. Moreover, this approach helped 

reduce the expense of using both proteins for all tests. 
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Figure 54. ΔIROP (%) signals obtained after incubation of PC and NC serum on rS1, rS2, and tau 
proteins and development of αHuman-IgG, αHuman-IgM, and αHuman-IgA secondary Abs. A. ΔIROP 
(%) signal of PC serum on rS1 protein and sIgG, sIgM and sIgA Abs. B. ΔIROP (%) signal of NC serum and 
sIgG, sIgM, and sIgA Abs after incubation on rS1 protein. C. ΔIROP (%) signal of PC serum and sIgG, sIgM, 
and sIgA Abs upon incubation on rS2 protein. D. ΔIROP (%) signal of NC serum on rS2 protein and sIgG, 
sIgM and sIgA Abs. E. ΔIROP (%) values obtained for PC serum and secondary Abs on NC protein. F. ΔIROP 
(%) values obtained for the NC serum and the secondary Abs when incubated on the NC protein. 
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As shown in Figure 55A, a serum signal was obtained for both PC that was comparable and 

distinguishable from the NC. Additionally, longer incubation and higher concentration of 

secondary Abs provided sIgG and sIgM signals for the PC while there was no signal for the NC. On 

the other hand, as seen in Figure 55B, the incubated serum (positive and negative) on tau protein 

yielded the same ΔIROP (%) signal corresponding to the background of the sample. In this case, 

as well, the secondary Abs did not detect sIgG and sIgM.  

However, the signals obtained for the specific Abs against the viral protein are somewhat low. 

Therefore, the next step in adjusting the protocol is to increase the concentration of the 

secondary Abs once again while maintaining all the other protocol conditions described earlier. 

To verify this, a PC serum and a NC serum are incubated on the immobilized rS1 protein in the 

KITs, and finally, the secondary Abs (αHuman-IgG at 1:125, αHuman-IgM at 1:250) are incubated. 

 

Figure 55. ΔIROP (%) values obtained after incubation of PC1, PC2, and NC sera on rS1 and tau 
proteins. A.  ΔIROP (%) signal of PC and NC sera and their corresponding Abs after modification of 
incubation conditions. B. ΔIROP (%) signal on the NC protein of the incubated PC and NC sera and sIgG and 
sIgM Abs after changing conditions in the experiment. 

 

When repeating these experiments but increasing the concentration of the secondary Abs, it was 

observed in Figure 56A, that the positive serum yields a higher signal than the NC serum, as 

in previous assays. However, thanks to the increased concentration of the secondary Abs, we can 

appreciate a greater difference between the levels of sIgs against the viral protein by comparing 

the ΔIROP (%) signals of the two control sera. Furthermore, this difference is also appreciated 

when comparing the PC serum incubated with the virus protein and with the tau protein (Figure 

56B).  
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Figure 56. ΔIROP (%) values obtained after incubation of PC and NC sera on rS1 and tau proteins. A. 
ΔIROP (%) values obtained for PC and NC sera and virus-specific Abs with increasing concentration of 
secondary Abs. B. ΔIROP (%) signal of PC and NC sera on the NC protein and Abs revealed after increasing 
the concentration of secondary Abs in the assay. 

 

 

 

 

 

 

Considering that the objective of all these experiments is to develop a diagnostic system to detect 

specific Abs against SARS-CoV-2, it is necessary to find a way to automate most of the process and 

reduce protein consumption in order to immobilize a larger number of KITs. Hence, assays were 

conducted to automate the dispensing step of the virus protein for immobilization, allowing for 

the efficient coating of more KITs in the shortest possible time. 

The immobilization step began to be performed using the automated liquid dispensing platform, 

BioDot AD1520TM. Firstly, various concentrations at different volumes were tested (Figure 57), 

and it was observed that there were no significant differences in the ΔIROP (%) values within 

those volume and concentration variations. Consequently, the same experiment was repeated, 

fixing the volume at 1 µL and testing different concentrations (Figure 58).  

After the incubation and washing of the KITs, the ΔIROP (%) values obtained are shown in Figure 

58. Based on this data, the concentration of the virus protein rS1 was established as 300 µg/mL 

for the immobilization of the KITs. Similarly, after each induction and purification of the protein, 

dose-response curves were performed to ensure that the correct immobilization values were 

achieved based on the concentration. 

In summary, rS1 protein was selected for experimental progression at the 

concentration of 100 µg/mL with a 3 hour incubation. The dilution of the serum 

samples was stipulated at 1:10 with an incubation time of 3 hours. Finally, the 

secondary Abs were set at a 2 hour incubation time at 1:125 for αHuman-IgG and 

1:250 for αHuman-IgM. 
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Figure 57. Dose-response curve of rS1 protein using the automated liquid dispensing platform, 
BioDot AD1520TM. The signal is plotted for each concentration depending on the volume selected for 
immobilization. 

 

Figure 58. Dose-response curve of the rS1 protein by setting the volume with the automated liquid 
dispensing platform, BioDot AD1520TM. In this case, the volume was set to 1µL and the rS1 protein was 
incubated at different concentrations. 

 

 

 

 Recognition tests in KITs using positive and negative serum samples against rRBD 

In addition to using the virus protein (rS1) corresponding to the spike of SARS-CoV-2, another 

protein corresponding to the RBD domain of the virus, named rRBD, was employed. This allowed 

the development of a multiplexed KIT to diagnose Abs against different virus proteins. The first 

step was performing a dose-response curve of the rRBD protein to select the concentration that 

yielded the best immobilization signal.  

An automated immobilization protocol was established with the liquid dispensing 

platform, BioDot AD1520TM. Thus, KITs were immobilized with 1 µL at the 

concentration of 300 µg/mL for rS1 protein. 
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For the rRBD protein, a concentration of 50 µg/mL was established for immobilization, as 

shown in Figure 59. At this concentration, the sensor surface reaches saturation, and the signal 

plateaus. Even when doubling the concentration (100 µg/mL), no significant increase in signal is 

observed. Therefore, 50 µg/mL was deemed the optimal concentration for immobilization, 

providing the most effective signal response. 

 

Figure 59. Dose-response curve of rRBD protein. The ΔIROP (%) signal is represented as a function of 

concentration. The sigmoidal fit of dose-response curves is depicted. 

 

Once the concentration for immobilizing the KITs was determined, the next step involved 

incubating the PC and NC sera on the surface that had been immobilized with the rRBD protein. 

As represented in Figure 60A, we observe a higher signal from the PC serum on the biosensor 

surface coated with the virus protein compared to the surface coated with BSA. Additionally, this 

signal is also greater compared to the signal obtained with the NC serum on the virus protein 

(Figure 60B). Regarding the αIgG signal, there is also a difference in signal from the PC serum 

when incubated on rRBD or BSA, with a higher signal observed on the virus protein. On the other 

hand, the NC serum does not produce any signal on either of the two coated sensor surfaces. 
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Figure 60. Incubation of PC and NC sera on rRBD protein and BSA. A. ΔIROP (%) value obtained after 
incubation of PC serum on rRBD and BSA proteins and development with αIgG Ab. B. ΔIROP (%) signal of 
NC serum on rRBD and BSA NC protein and revealed with the secondary Ab. 

 

 

 

  

 Study of different proteins as NCs 

It's essential to consider that the purpose of all these experiments is to develop a diagnostic 

system to detect specific Abs against SARS-CoV-2, which involves numerous parameters and 

details to consider. Scalability and cost of reagents are among the factors to consider. Up until 

this point, all assays were being conducted using the tau protein as the NC to incubate the serum 

and compare to obtain the signal's specificity. However, tau protein is highly specialized for 

another application and comes with a high cost. Therefore, there was a need to establish a more 

affordable NC protein that is less focused on a specific application. To address this, experiments 

were carried out using BSA as an alternative to the tau protein, and a comparison was made 

between the two to determine their suitability as NC proteins.  

After incubating the 1:10 serum on the surfaces coated with both proteins (tau and BSA), Figure 

61 represents the ΔIROP (%) of both control sera (positive and negative). In both cases, there are 

no significant differences in the signal, as the same signals are obtained for both proteins. 

Consequently, for all subsequent assays conducted from this point onward, BSA was used as the 

NC protein at a concentration of 50 µg/mL for coating the sensor surface. 

 

The rRBD protein immobilization concentration was set at 50 µg/mL and an 

incubation time of 3 hours. After incubation of the serum samples, specific Ab (sIgG) 

against the rRBD virus protein were detected. 
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Figure 61. Study of tau proteins and BSA as a NC. The signal of the PC and NC sera on the two negative 
surfaces is represented. 

 

 

 

 Measurements of two biomarkers related to SARS-CoV-2 infection: FTH1 and CRP 

The purpose of all these experiments is to develop a diagnostic system for SARS-CoV-2 and 

measure the Abs generated by the immune system in individuals who have had the disease. 

Additionally, the employed technology allows for the measurement of multiple biomarkers, 

as the KIT can be multiplexed. This enables the measurement of sIgs (sIgG, sIgM, and sIgA) against 

the virus protein and other markers that may be altered during the progression of the disease. In 

this case, we selected two additional markers, FTH1 and CRP, which are known to increase 

during SARS-CoV-2 infection. 

To measure these biomarkers, we had to immobilize the specific Abs against them, αHuman-

FTH1, and αHuman-CRP, respectively, to determine their presence or absence. The first step was 

to determine the immobilization concentration of the Abs on the sensor surface through a dose-

response curve. 

Once the Abs were immobilized at different concentrations on the sensor surface, we can observe 

in Figures 62A and B that there is minimal difference in the signals obtained between the 1 hour 

and 30 min of incubation and the 3 hours incubation for both Abs. Thus, such an extended 

incubation time is not necessary for these specific Abs. Additionally, the chosen concentration 

for coating the sensor was 100 µg/mL in both cases. 

BSA protein was established as a NC protein to coat the sensor surface at the 

concentration of 50 µg/mL. 
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Next, the PC and NC sera were measured on the KITs immobilized with the Abs to study whether 

we could observe differences between these controls for the two proteins of interest. 

After immobilizing the Abs against FTH1 and CRP proteins and incubating the control sera, it was 

determined that measurable signals were obtained for both markers in the PC, while the 

signal obtained in the NC was very low (Figure 63). Therefore, through this experiment, we were 

able to successfully measure both proteins and distinguish between the PC and NC.  

 

 

Figure 63. Analysis of FTH1 and CRP. Signals were obtained for both markers after incubation of PC and 
NC sera. 

 

 

 

Figure 62. Dose-response curve of αHuman-FTH1 and αHuman-CRP Abs.  Both Abs were incubated at 
different concentrations for 1 hour 30 min and for 2 hours. 

An incubation concentration of 100 µg/mL was established for the αFTH1 and αCRP Abs 

for 1 hour and 30 min. In addition, FTH1 and CRP proteins were measured in serum 

samples. 
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Once all the markers to be included in the multiplexed diagnostic KIT were measured, a summary 

of the PC and NC was presented. Figure 64A shows the measurement of sIgT against the virus 

proteins (rS1 and rRBD) and the NC protein (BSA). Figures 64B and 64C represent the values of 

these sIgs (sIgG, sIgM, and sIgA) for both control sera (positive and negative). Lastly, Figure 64D 

displays the selected biomarkers (FTH1 and CRP) for both cases as well. After conducting these 

experiments, it was decided to discard the measurement of Abs in serum against the rRBD protein. 

Multiple repetitions comparing the signals against rS1 showed that the signals were lower for the 

Abs against rRBD, and the background signal for the NC was higher, leading to less reproducible 

measurements overall. 

 

Figure 64. Results overview. A. Value of ΔIROP (%) for PC and NC sera on rS1, rRBD, and BSA proteins. B. 
Revealed sIgG, sIgM, and sIgA Abs on the three proteins for serum PC. C. NC values for sIgG, sIgM, and sIgA 
Abs after incubation on the three proteins. D. Results obtained for FTH1 and CRP markers in PC and NC 
sera. 

 

 Correlation between ELISA technique and IODM 

After selecting the markers, establishing the protocols to measure them, and having the PC and 

NC samples, ELISA tests were performed to correlate and validate the results obtained through 

the IODM technology. Multiple patient samples (severe and moderate cases) were chosen along 

with the control sera for this purpose. 
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To correlate the two employed techniques (ELISA and IODM), detection assays were conducted 

for specific Abs against the virus protein rS1 (sIgG, sIgM, and sIgA) using both systems. Abs from 

3 severe patients, 3 moderate patients, 1 PC, and 1 NC were detected. The titers of these Abs for 

severe cases (Figure 65A-C) and moderate cases (Figure 65D-F) were similar for all 

measurements in both techniques. 

 

 

Figure 65. Correlation between ELISA and IODM. A-C. ΔIROP (%) and absorbance values at 450nm for 
sIgG, sIgM, and sIgA from three severe patients. D-F. Signals obtained by both techniques for sIgG, sIgM, and 
sIgA Abs from moderate cases (figure adapted from  Murillo et al., 2021). 
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Similarly, for the PC (Figure 66A) and the NC (Figure 66B), the same results were observed. 

Finally, a linear fit was performed with the results obtained, correlating the measurements 

obtained from the IODM-based BICELLs with the ELISA technique. As shown in Figure 67, a good 

correlation between the measurements was observed.  

 

Figure 66. Correlation between ELISA and IODM. A. Values obtained in both techniques for PC serum. B. 
NC signals in ELISA and IODM on virus protein (figure adapted from Murillo et al., 2021). 

 

Figure 67. Linear fit between the ELISA technique and the IODM. Linear fit between the ΔIROP (%) 
signal obtained and the absorbance measured at 450 nm for the detected Igs (Murillo et al., 2021). 

 

 

 

 

 

 

A correlation between the ELISA technique and the IODM was performed, obtaining a 

linear fit of the SARS-CoV-2 specific Abs (sIgG, sIgM and sIgA). 
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 Evaluation of COVID-19 biomarkers in serum.  

To evaluate the different biomarkers, four different bioreceptors (αHuman-FTH1, αHuman-CRP, 

rS1), as well as BSA as a NC protein, were immobilized in the KITs. After incubating the samples 

and performing the washes, the levels of sIgT, FTH1, and CRP were determined in a first step. After 

subsequent incubation with secondary Abs, the signal of SARS-CoV-2 specific IgG, IgM, and IgA 

Abs was determined. These levels of the different biomarkers measured were analyzed for each 

Level of Severity of COVID-19 (LSC). 

To obtain the specific signal of each of the biomarkers, the difference between the signal of the 

serum sample of each patient on the BSA protein and the signal on the specific biomarker was 

calculated. In this way, the background signal of the nonspecific binding that could occur in each 

sample was eliminated. The levels for each biomarker of the NC were established by subtracting 

the signal of a clinically healthy patient sample tested on BSA from the signal obtained on each 

biomarker, and adding the standard deviation. This procedure was carried out in the same way to 

establish the PC with a sample from a clinically diagnosed patient. Both signals were used as 

quality control of the measurements during the experiments. 

The results obtained for sIgT and for each type of Ab (sIgG, sIgM, and sIgA) in the serum samples 

of all patients were classified based on severity into severe (Figure 68), moderate (Figure 69), and 

mild (Figure 70) cases. Similarly, the results obtained for FTH1 and CRP were also represented 

divided into severe (Figure 71), moderate (Figure 72), and mild cases (Figure 73). 
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Figure 68. Detection of specific Abs against SARS-CoV-2 for severe patients. A dashed line represents 
the cut-off for each biomarker. A. sIgT signal. B. sIgG signal. C. sIgM signal. D. sIgA signal (figure adapted 
from Murillo et al., 2022). 
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Figure 69. Detection of specific Abs against SARS-CoV-2 for moderate patients. A dashed line 
represents the cut-off for each biomarker. A. sIgT signal. B. sIgG signal. C. sIgM signal. D. sIgA signal (figure 
adapted from Murillo et al., 2022). 
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Figure 70. Detection of specific Abs against SARS-CoV-2 for mild patients. A dashed line represents the 
cut-off for each biomarker. A. sIgT signal. B. sIgG signal. C. sIgM signal. D. sIgA signal (figure adapted from 
Murillo et al., 2022). 
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Figure 71. Detection of FTH1 and CRP markers for severe patients. A dashed line represents the cut-
off for each biomarker. A. FTH1 signal. B. CRP signal (figure adapted from Murillo et al., 2022). 

 

Figure 72. Detection of FTH1 and CRP markers for moderate patients. A dashed line represents the 
cut-off for each biomarker. A. FTH1 signal. B. CRP signal (figure adapted from Murillo et al., 2022). 
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Figure 73. Detection of FTH1 and CRP markers for mild patients. A dashed line represents the cut-off 
for each biomarker. A. FTH1 signal. B. CRP signal (figure adapted from Murillo et al., 2022). 

 

The results presented in Figures 74 and 75 compare the percentage of patients positive for each 

LSC considering the six biomarkers measured (sIgT, sIgG, sIgM, sIgA, FTH1 and CRP). 

Comparing the three levels of severity, it was observed that 96% of severe patients were 

positive for sIgT signal, while moderate patients showed only 77% positive and 65% in the case 

of mild patients. Within sIgT, for each of the measured Abs, it could be observed that severe 

patients had a higher percentage of positives for sIgG (with more than 72%) in addition to 

a high percentage of sIgM (with more than 48%), compared to moderate and mild patients.  

In the case of sIgA, a higher percentage of positives was observed in mild patients at 57% 

compared to severe (44%) and moderate (38%) patients. 

Performing this same comparison with the two biomarkers of inflammation measured, more 

than 60% of severe patients presented positive levels for FTH1 compared to moderate 

patients (58%) and mild patients (43%). However, for the other measured marker, CRP, no 

differences were observed between the three LSC categories. 

Considering this comparison between the different categories, it was observed that the positivity 

for each of the biomarkers was dependent on the severity of the disease, producing higher 

levels of Ab titers in the case of severe patients, especially in sIgT and sIgG, while sIgA titers were 

lower. Similarly, the percentage of patients positive for FTH1 is higher in severe patients, while 

these differences were not observable for CRP. 
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Figure 74. Percentage of positive patients for each biomarker based on LSC. A. Percentages for each 
biomarker in severe patients. B. Percentages for each biomarker of moderate patients. C. Percentages for 
each biomarker of mild patients (figure adapted from Murillo et al., 2022). 
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Figure 75. Percentage of patients positive for each biomarker according to LSC. A. % sIgT-positive 
patients. B. % sIgG-positive patients. C. % sIgM-positive patients. D. % sIgA-positive patients. E. % FTH1 
positive patients. F. % CRP positive patients (figure adapted from Murillo et al., 2022). 

 

 

 

 

 

In these experiments, 20 samples of blood donors from the end of February 2020 from the 

Hospital Clínico San Carlos were analyzed in order to study cases that could have been 

asymptomatic. Once all markers were determined, it was observed that some blood donors 

had high titers for SARS-CoV-2 specific Abs (Figure 76) and high values of FTH1 and CRP 

(Figure 77).  

 

In summary, it was observed that the positivity of the biomarkers measured was 

dependent on the degree of disease severity. Patients with severe LSC showed a higher 

level of sIgT, sIgG and FTH1 compared to moderate and mild patients. For the 

biomarker CRP no differences were observed between the LSC groups. 
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Figure 76. Detection of specific Abs to SARS-CoV-2 for blood donors. A dashed line represents the cut-
off for each biomarker. A. sIgT signal. B. sIgG signal. C. sIgM signal. D. sIgA signal (figure adapted from 
Murillo et al., 2022). 
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Figure 77. Detection of FTH1 and CRP markers for blood donors. A dashed line represents the cut-off 
for each biomarker. A. FTH1 signal. B. CRP signal (figure adapted from Murillo et al., 2022).  

 Severity model 

Finally, for each of the biomarkers measured, the degree of correlation of each biomarker was 

analyzed against the total amount of SARS-CoV-2 specific Abs (sIgT) (Figure 78). In this model, it 

was observed that the most significant biomarkers were sIgG, sIgM, and FTH1, compared to 

sIgA and CRP. Based on this, it could be assumed that sIgA would not provide more information 

than that already obtained by sIgG and sIgM. On the other hand, CRP might not be significant in 

the model as it is a nonspecific marker of inflammation (Hirsch et al., 2017).  
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Figure 78. Correlation matrix. The size and color of the circles refer to the level of correlation represented 
in the bar on the right (Murillo et al., 2022). 

 

Once the individual correlation was analyzed for each biomarker, a MLRM was designed to 

correlate the value of sIgT with all the biomarkers measured sIgG, sIgM, sIgA, FTH1 and CRP, with 

the p-values for each biomarker being represented in Table 14.  

Using the model, CRP was found to be a non-significant variable, confirming the results 

obtained in the previous analysis. In fact, the p-value obtained (0.47) is far from the level 

considered statistically significant (0.05). Therefore, the exclusion of this variable in the model 

does not modify the results. 

Eliminating CRP from the multiple regression model, it was observed that the variables sIgG 

(p-value = 1.5 × 10-10), sIgM (p-value = 6.08 × 10-8), sIgA (p-value = 7.09 × 10-8), and FTH1 

(p-value = 1.7 × 10-4) were highly significant. Therefore, considering these variables, the 

coefficients of each of them were calculated to explain sIgT. The model obtained is represented by 

the following Eq. 15 (Murillo et al., 2022):  

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝐼𝑔𝑇̂ = ⁡−0.20 + 0.76⁡[𝐼𝑔𝐺] + 1.02⁡[𝐼𝑔𝑀] + 1.91⁡[𝐼𝑔𝐴] + 0.43⁡[𝐹𝑇𝐻1]                  Eq. 15 

The model indicates that the level of sIgT increases with increasing sIgG, sIgM, sIgA, and FTH1 

with a goodness of fit of 70.29% (Adjusted R-squared) for the model. 

Finally, we considered studying the relationship of the qualitative variable of severity (severe, 

moderate and mild) in the multiple regression model.  
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This model is represented in Eq. 16 and explains sIgT versus SARS-CoV-2 with a goodness of 

fit of 73.01% (Adjusted R-squared) (Murillo et al., 2022).  

                                𝐼𝑔𝑇̂ = 22.72 + 0.78⁡[𝐼𝑔𝐺] + 1.05⁡[𝐼𝑔𝑀] + 0.88⁡[𝐼𝑔𝐴] + 0.41⁡[𝐹𝑇𝐻1]                  Eq. 16 

−58.92⁡[𝑀𝑖𝑙𝑑] − 14.78⁡[𝑀𝑜𝑑𝑒𝑟𝑎𝑡𝑒] 

In this model, with a coefficient of 22.72, it corresponds to the intercept. Furthermore, it shows 

that moderate and mild patients have lower sIgT levels than severe patients, suggesting also that 

the severity of COVID-19 is related to sIgT (sIgG, sIgM, and sIgA) and FTH1 values.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Finally, after the measurements of all biomarkers in all serum samples, a severity 

model was performed. In this model, first, the significance of each of the variables was 

analyzed against sIgT and then LSC was added improving the model fit to 73.01%. This 

suggested that COVID-19 severity is related to sIgT and FTH1 levels. 
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 Case I. II. Development of an in-vitro optical diagnostic system for the 

detection of specific Abs against SARS-CoV-2 in saliva 

On the other hand, due to the high incidence and prevalence of the disease caused by the SARS-

CoV-2 virus in the population, it was necessary to have a diagnostic system to monitor and conduct 

a study on the population's immunity. To facilitate a much simpler monitoring of this acquired 

immunity, a much less invasive and easier-to-obtain sample for all age groups, such as 

saliva, was used. 

Therefore, it was necessary to develop an in-vitro diagnostic system for specific Abs against SARS-

CoV-2 in saliva, specifically for the detection of sIgA. 

 Recognition assay of sIgA in saliva samples 

The first step was the immobilization of the virus protein used for detecting Abs in serum, rS1, 

under the same conditions as described for the serum diagnostic KIT. The washing step after the 

coating process of the KITs remained the same as described before. 

After incubating the PC saliva on the surface coated with the virus protein rS1 and the BSA protein, 

it can be observed in Figure 79A that there is a difference in signal between the specific 

surface and the NC surface, although it is not very high. Once the KITs were developed with the 

secondary Ab for determining saliva sIgA, we only obtained a signal in one of the saliva 

samples on the virus protein surface (Figure 79B). Similarly, we observed that there was no 

signal on the surface coated with the NC protein. Based on these results, different steps of the 

protocol were modified, such as the incubation time of the saliva and its dilution in the recognition 

step. 

 

 

Figure 79. SARS-CoV-2 positive saliva on rS1 and BSA and sIgA Ab development. A. ΔIROP (%) values 
on rS1 and BSA of the three incubated PC saliva. B. Revealing αHuman-IgA Ab in the three samples on rS1 
and BSA. 
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After incubating the PC saliva ON, both diluted 1:5 and undiluted, on the rS1 protein surface, it 

was observed that a higher signal was obtained when the saliva was directly incubated 

undiluted (Figure 80A) compared to the diluted saliva. Additionally, in this case, no signal was 

obtained for the diluted saliva samples, contrary to the results obtained in the previous assay. As 

seen in Figure 80C, for the rRBD domain, only one of the PC saliva samples showed a signal, 

while the others did not exhibit any recognition. Finally, in Figure 80E, the signal obtained on the 

surface coated with the NC protein, BSA, is represented. When comparing the signal from the 

diluted and undiluted saliva, it was noticed that undiluted saliva may lead to more background 

and non-specific signals compared to diluted saliva. Additionally, when comparing this signal with 

the signal represented in Figure 80A, it was lower in the latter case. 

After obtaining the recognition signals of the saliva on the two virus proteins and the NC protein, 

the secondary Ab was incubated for the revelation of the sIgA bound. For the rS1 protein, although 

the saliva samples showed signals on the virus protein surface in contrast to the negative surface, 

there was no sIgA signal in the development step (Figure 80B). On the other hand, for the 

rRBD domain, a small signal was obtained for the PC saliva 1 (Figure 80D). However, this 

signal was very low, and in this case, no signal had been obtained during the recognition for the 

rRBD protein, indicating non-specificity. Finally, when revealing the recognition of the saliva on 

the BSA protein surface, no signal was obtained for any of the samples (Figure 80F). 
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Figure 80. Positive saliva samples on rS1, rRBD and BSA. A. Incubation of 1:5 diluted and undiluted ON 
saliva on rS1 protein. B. Revealed sIgA Ab in the three diluted and undiluted positive samples incubated on 
rS1. C. Incubation on rRBD protein of the 1:5 diluted and undiluted PC saliva. D. sIgA Ab development on 
the positive samples incubated on rRBD. E. Incubation of PC saliva on NC BSA protein at 1:5 dilution and 
undiluted. F. sIgA Ab development of positive saliva incubated on BSA.  

 

Considering the results obtained, it was thought that the issue could be related to the secondary 

Ab. Therefore, another αHuman-IgA Ab was purchased, and both Abs were tested following the 

latest protocol described. The undiluted saliva samples were incubated ON using the two different 

Abs. In this case, the PC saliva samples were also incubated on the rRBD protein and the BSA 

protein as a NC. 
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Upon incubating the saliva samples on the two virus proteins and the negative surface, it can be 

observed in Figure 81A that all three PC saliva samples show a signal for both viral proteins, while 

there is no signal for the BSA, confirming the specific recognition of the Abs present in the sample. 

Additionally, it can be noticed that there are more Abs against the rS1 protein compared to the 

rRBD protein. 

In the second step of the experiment, when incubating the two αHuman-IgA Abs (the one initially 

used and the newly purchased one), it is clearly demonstrated in Figure 80B that the first Ab being 

used was not functioning properly or might have undergone some degradation, as it does not 

provide any signal. However, with the newly purchased Ab, we obtain a signal for all three PC 

samples when they have been incubated on the rS1 protein. Furthermore, signals were also 

observed with this second Ab in cells where the rRBD protein was being recognized, 

although these signals were much weaker, consistent with the signals obtained from the saliva 

(Figure 81C). The signals were lower for this protein compared to rS1. 

Lastly, the signals obtained by incubating the secondary Ab on the samples against BSA were very 

low, corresponding to some non-specific bindings (Figure 81D). 

 

 

Figure 81. Comparison between the two αIgA Abs used. A. Signals obtained from ΔIROP (%) upon 
incubation of PC saliva on rS1, rRBD and BSA. B. Development of the sIgA Ab with two different αHuman-
IgA Abs on the positive saliva samples incubated on rS1. C. Disclosed sIgA Ab with two different αHuman-
IgA Abs on the positive saliva samples incubated on rRBD. D. sIgA Ab developed with two different αHuman-
IgA Abs on the positive saliva samples incubated on BSA. 
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Due to the problems arising during the pandemic, the αHuman-IgA Ab that was purchased and 

used for the last experiments went out of stock. Consequently, another Ab had to be purchased, 

and the experiments were repeated using this new Ab. The concentration of use for the new Ab 

was fixed at 1:10, which was used for all subsequent experiments. 

In order to obtain results more rapidly, incubation tests of the saliva samples were conducted at 

different times. This likely involved testing different incubation durations to optimize the 

detection of sIgA in the samples. 

These adjustments were necessary to ensure the continuity of the research despite the challenges 

posed by the changing availability of reagents during the pandemic. The researchers adapted their 

methods to continue their investigation on the detection and recognition of sIgA in the saliva 

samples for studying the immune response against SARS-CoV-2. 

 Study of different incubation times of saliva samples 

After incubating the saliva samples at different times to test if the incubation time could be 

shortened, the results in Figure 82A show that as the incubation time increases, the signal 

obtained also increases, with the highest signal observed when the samples are incubated 

ON. Additionally, it is in this case that fewer specific bindings are observed, which may be 

attributed to the temperature. 

The secondary Ab was incubated on these samples to determine the levels of sIgA, and similarly, 

more signal was obtained in samples that had been incubated for a longer time (Figure 82B), 

corresponding to the previous averages of the saliva. 

Based on these results, it was decided to continue incubating the saliva samples ON at 4˚C. 

The decision to continue with ON incubation at 4˚C was likely made to ensure the most robust and 

reliable results, as longer incubation times appeared to yield higher signals and potentially reduce 

non-specific bindings that might occur at higher temperatures. This optimized incubation 

protocol allowed for better detection and quantification of sIgA in the saliva samples for studying 

the immune response against SARS-CoV-2. 

 

After the experiments, saliva samples were established to incubate undiluted ON and 

after the Ab change, sIgA signals were obtained for all samples on rS1 and rRDB virus 

proteins. 
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Figure 82. Incubation time study of the saliva sample. A. Representation of the signal collected from PC3 
saliva incubated at different times on rS1 and BSA. B. Revealed sIgA Ab over all conditions. 

 

 Study of different protein concentration for immobilization 

In an attempt to lower the concentration of the rS1 protein used for coating the KITs, they were 

incubated with different concentrations of the rS1 protein. These coated KITs were then 

recognized using the PC3 saliva, and the results are represented in Figure 83. It can be observed 

that as the concentration of immobilized rS1 protein on the sensor surface increases, the signal 

obtained upon incubating the sample also increases. However, when revealing with the 

secondary Ab, the difference in signal is not as significant, indicating that KITs can be 

immobilized with a concentration of 100 µg/mL. 

On the other hand, on the NC protein surface, no signal was obtained in both the recognition and 

the revelation steps. This confirms the specificity of the assay, as the NC surface did not show 

any non-specific binding or signal, supporting the validity of the experimental results. 

 

Figure 83. Test of rS1 protein concentration in the immobilization step. 
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 Recognition against the rN protein  

Later on, specific Abs against another recombinant viral protein corresponding to the 

nucleocapsid, called rN, were also tested. The rN protein was immobilized on the sensor surface 

at different concentrations (Figure 84), and the concentration of 100 µg/mL was selected to 

coat the biosensor cells. 

In the KITs coated with the rN protein at this concentration, the PC and NC saliva samples were 

incubated, along with KITs coated with the rS1, rRBD, and BSA proteins. This assay confirmed 

the specific recognition in the positive saliva sample, as indicated by the difference in 

signal compared to the NC saliva for all the viral proteins, with the most significant 

difference observed for the rS1 protein (Figure 85A). This was further confirmed with the 

incubation of the secondary Ab for the development step. It was found that the signal was only 

obtained with the secondary Ab when incubated with the PC saliva. Furthermore, it was observed 

that, for the same positive sample, the quantity of Abs against the different viral proteins 

varied, with the majority of Abs being specific to the rS1 protein (Figure 85B). 

These results demonstrate that the assay was able to successfully detect specific Abs against the 

rN protein as well, further validating its ability to identify immune responses to different 

components of the SARS-CoV-2 virus. Additionally, the findings showed that the level of Abs 

against different viral proteins varied, with a higher Ab titer against the rS1 protein. 

 

Figure 84. rN protein dose-response curve. The sigmoidal fit of dose-response curves is depicted. 

 

In summary, the concentration of rS1 virus protein was set at 100 µg/mL. The saliva 

was further incubated undiluted ON at 4°C and the αHuman IgA development was 

determined at a 1:10 dilution. 
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Figure 85. Ab detection against rS1, rRBD, rN, and BSA. A. Representation of PC and NC saliva signals on 
the three virus proteins (rS1, rN and rRBD) and the NC protein BSA. B. Revealed sIgA Ab for each of the 
proteins tested. 

 

 

  

 ELISA assays of the PC and NC samples  

To validate the established protocol for determining sIgA in saliva samples, ELISAs were 

conducted against the rS1 protein of both the negative and PC saliva samples. In order to validate 

the assays being performed and the employed method, confirmation ELISAs were conducted by 

incubating the control saliva samples on the surface of a plate coated with the virus protein, and 

on a NC surface. 

The levels of sIgA against SARS-CoV-2 were measured, and the Ab titers were found to be 

significantly different between the two samples, confirming the results obtained previously 

using the IODM method (Figure 86). To reduce the background signal from the NC, subsequent 

ELISAs were conducted by varying the sample concentration to be incubated. 

By performing these validation assays, the researchers ensured the reliability and accuracy of the 

ELISA method for detecting sIgA in saliva samples. The significant difference in Ab titers between 

the negative and PC samples further confirmed the specificity of the assay in identifying the 

presence of SARS-CoV-2 specific Abs in the PC sample. The adjustments made to reduce the 

background signal from the NC contributed to improving the accuracy of the ELISA results. 

Finally, specific Abs (sIgA) against different virus proteins (rS1, rRBD, rN) were 

detected in saliva. Differences in Abs levels against the different proteins were 

observed. 
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Figure 86. ELISA of saliva samples PC3 and NC. 

 

 Human saliva samples 

Saliva samples used for the experiments came from SARS-CoV-2 positive and negative volunteers. 

Samples once collected were centrifuged for 10 min at 15000 rpm. The supernatants were then 

collected and stored at -20°C.  

 ELISA assays of the saliva samples and their correlation with IODM 

ELISAs were performed on the samples obtained from the different volunteers to correlate the 

measurements being performed by IODM.  

Figure 87A shows the results of three sIgA-positive volunteers against SARS-CoV-2, while Figure 

87B shows the results of the negative volunteers. As can be seen in the two figures, there is a 

correlation between the absorbance values obtained by ELISA and the ΔIROP (%) values 

measured by IODM. The experiments carried out with both techniques were performed with a 

positive and NC saliva tested by PCR.  

This correlation was then analyzed with 50 volunteer samples, performing a linear fit between 

the ΔIROP (%) value represented in % of the sIgT measurement and the absorbance obtained by 

ELISA (Figure 87C), while on the other hand the ΔIROP (%) signal represented in % of the sIgA 

measurement was plotted against the absorbance at 450nm (Figure 87D). In both cases a good 

linear fit between both techniques was observed. 
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Figure 87. Correlation between ELISA and IODM. A. ΔIROP (%) signals and absorbance at 450nm for 
saliva samples from volunteers and positive and NC. B. Signals from both techniques for negative volunteers 
as well as controls are plotted. C. Correlation between ΔIROP (%) and absorbance at 450 nm of sIgT from 
50 volunteers. D. Correlation between ΔIROP (%) and absorbance at 450 nm of the sIgA measurement of 
the 50 volunteers (figure adapted from A. M.M. Murillo et al., 2021). 

  

 Measurements of sIgA against SARS-CoV-2 in the saliva pilot study 

The sIgA measurements against SARS-CoV-2 were carried out on 196 volunteers every 12 days, 

with a total of 6 samples per volunteer, followed up for more than two months. In this way it was 

possible to analyze those volunteers who remained negative during the entire analysis, those who 

were always positive or those who varied from negative to positive and vice versa. These results 

were summarized at the end of the pilot study in individual documents that were sent to each of 

the participants (Annex II), in which it is noted for each sample collected whether it is positive or 

not in sIgA against SARS-CoV-2 or if it has not been possible to determine whether it is positive or 

not.  

 

 

 

 

A validation was performed by measuring sIgA in 50 saliva samples by ELISA and 

IODM, obtaining a linear fit. This validated the established protocol used in the pilot 

study carried out at the UPM in which the progression of sIgA in 196 volunteers was 

analyzed for more than two months. 
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3.5. Conclusions 

 Case I. I. Development of an in-vitro optical diagnostic system for the 

detection of specific Abs against SARS-CoV-2 in serum  

The most important conclusions obtained during the “Case I. I Development of an in-vitro optical 

diagnostic system for the detection of specific Abs against SARS-CoV-2 in serum” experiments are 

summarized below: 

❖ It was possible to produce recombinant SARS-CoV-2 proteins called rS1 and rS2. Both, 

once tested, were shown by ELISA to be valid for determining specific Abs against the virus 

since 98% of the PCR-positive samples tested by ELISA were positive. 

❖ All the parameters necessary to establish a protocol for the determination of different 

biomarkers for the diagnosis of COVID-19 were evaluated. This protocol is summarized in 

Table 18: 

Table 18. Protocol followed for the detection of sIgT, sIgG, sIgM, sIgA, FTH1 and CRP in serum 
samples. 

Incubation 

step 

Protein 

name 

Incubation 

time (min) 

Concentration 

(µg/mL) and 

Dilution 

Volume 

(µL) 

Temperature 

(°C) 

Immobilization 

rS1 180 300 1 37 

αHuman-

FTH1 
180 100 1 37 

αHuman-

CRP 
180 100 1 37 

BSA 180 50 1 37 

Blocking 
Casein 

hydrolysate 
60 1x 20000 RT 

Recognition 
Serum 

samples 
180 1:10 2.5 37 

Development 

αHuman-

IgG 
120 1:250 2.5 37 

αHuman-

IgM 
120 1:20 2.5 37 

αHuman-

IgA 
120 1:10 2.5 37 
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❖ A washing protocol was established after each of the incubation steps and is summarized 

in Table 19: 

Table 19. Washing protocol. 

Incubation step Rinsing Washing Rinsing Drying 

Immobilization 20 mL H2OmQ 
45 s in H2OmQ 

agitation 
- 

Compressed 

air 

Blocking 20 mL H2OmQ 
45 s in H2OmQ 

agitation 
- 

Compressed 

air 

Recognition 20 mL H2OmQ 
10 min in PBS 

agitation 
40 mL H2OmQ 

Compressed 

air 

Development 40 mL PBS-T - 40 mL H2OmQ 
Compressed 

air 

 

❖ The correlation of the IODM with the ELISA technique was carried out, obtaining a high 

correlation between both techniques for the samples measured, in addition to the negative 

and PC for the sIgG, sIgM, and sIgA markers. 

❖ In vitro detection of sIgT against SARS-CoV-2 was carried out directly without any type of 

developer, in addition to the markers FTH1 and CRP. 

❖ In a second recognition step, the different types of sIg (sIgG, sIgM, and sIgA) were 

determined using a secondary Ab. 

❖ It was observed that the signals obtained for sIgT were higher in severe patients compared 

to moderate and mild patients, as well as sIgG also followed the same behavior. This 

occurred similarly for sIgM, but however, sIgA was higher in mild patients. 

❖ In the case of inflammatory markers, FTH1 was also higher in severe patients, while for 

CRP no differences were observed. 

❖ In addition, it is interesting to mention, that at the end of February 2020, there were blood 

donors who had already been in contact with the virus. 

❖ A MLRM was performed to analyze the influence of the markers measured. In conclusion, 

the model explained the influence of the markers sIgG, sIgM, sIgA, and FTH1 on sIgT with 

a goodness of fit of 73.01%, with the level of sIgT increasing with the increase of these 

markers. It is also relevant to note that CRP was a variable that did not influence the model, 

which could be related to the fact that it is a nonspecific marker of inflammation. 
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❖ Finally, it is also important to highlight that when the degree of severity of the disease was 

introduced in the model, the severe degree of the patients corresponded with the high 

levels of sIgT, suggesting that the severity of COVID-19 is related to the amount of sIgT 

and FTH1.  

Therefore, this in vitro detection system is a promising alternative to detect SARS-CoV-2 

infection, being a low-cost screening possibility. Moreover, it is a system that allows the 

determination of different biomarkers at the same time, being a fast, cost-effective, 

affordable, and reliable multiplexed diagnostic method.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ana María Martín Murillo  

140 

 

 Case I. II. Development of an in-vitro optical diagnostic system for the 

detection of specific Abs against SARS-CoV-2 in saliva 

The most important conclusions obtained during the “Case I. II. Development of an in-vitro optical 

diagnostic system for the detection of specific Abs against SARS-CoV-2 in saliva” experiments are 

summarized below: 

❖ It was possible to establish a protocol to determine sIgA in saliva samples against SARS-

CoV-2 by means of an in vitro optical detection system (Table 20). 

Table 20. Summary of the protocol followed to detect sIgA in saliva samples. 

Incubation 

step 

Protein 

name 

Incubation 

time (min) 

Concentration 

(µg/mL) and 

Dilution 

Volume 

(µL) 

Temperature 

(°C) 

Immobilization 
rS1 180 300 1 37 

BSA 180 50 1 37 

Blocking 
Casein 

hydrolysate 
60 1x 20000 RT 

Recognition 
Saliva 

samples 
ON 1 2 4 

Development 
αHuman-

IgA 
180 1:10 2 37 

 

❖ In addition, sIgA was also detected in saliva against other viral proteins such as rRBD and 

rN, although in lower amounts than against rS1.  

❖ ELISA and IODM techniques were correlated using positive and negative saliva samples 

tested by PCR and corroborated with the samples collected from the volunteers for the 

pilot study. 

From this study, data on the prevalence of sIgA against SARS-CoV-2 were obtained from 

measurements that were carried out for more than two months. This demonstrates the 

validity of this technique for screening populations, as the sample to be analyzed is much 

less invasive and can be obtained more often and more easily.  
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4. Case II. Development of an in-vitro optical 

diagnostic system for neurodegenerative 

diseases 

4.1. Introduction 

Neurodegenerative diseases (NDD) are a diverse group of neurological disorders that cause a 

gradual loss of neurons in the central or peripheral nervous system. This loss of neurons affects 

the functionality of the networks they form, resulting in cognitive and memory impairment, 

changes in behavior, and sensory and/or motor deficits (Wilson et al., 2023). 

Millions of people worldwide are affected by NDDs, with Alzheimer's Disease (AD) and 

Parkinson's disease being the most common. These disorders are heavily influenced by age 

and genetics, as well as other environmental factors. NDDs typically progress without remission, 

and treatments aim to slow the process or alleviate symptoms (Lamptey et al., 2022).  

Common features of NDDs include (Wilson et al., 2023)(Figure 88): 

➢ Dysfunction of neuronal and synaptic networks. 

➢ Pathological protein aggregation. 

➢ Cytoskeletal abnormalities. 

➢ RNA and DNA defects. 

➢ Neuronal death. 

➢ Inflammation. 

➢ Alterations in homeostasis. 

➢ Dysregulation of the proteome. 
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Figure 88. Hallmarks of NDD. Created with BioRender.com. 

 

Among the NDDs are the tauopathies, also a heterogeneous group of diseases characterized by 

deposits of tau protein in the brain and clinically associated with dementia (Kovacs, 2018). AD 

is one of them.  

Research for effective treatment of NDD is one of the major problems. Many of these diseases were 

described more than a hundred years ago, and there is still no cure. This is because the triggers 

and the process by which neurodegeneration progresses are unknown (Prince et al., 2013).  

4.2. Alzheimer’s Disease  

AD is a neurodegenerative disorder named after it was described by Alois Alzheimer in 1907 

(Stelzmann et al., 1995). It is a progressive disease and the most common form of dementia, 

accounting for 60% to 80% of cases. AD is one of the diseases that causes more deaths every 

day, and it is estimated that the number of people affected will increase from 25 million to 107 

million by 2050 (Prince et al., 2013).  

Characteristically, histologically there are two main structures associated with AD, on the one 

hand we have the Senile Plaques (SPs) formed by extracellular deposition of Amyloid-beta 

(Aβ) peptide and on the other hand the Neurofibrillary Tangles (NFTs) due to intracellular 
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accumulation of hyperphosphorylated tau protein (Stelzmann et al., 1995). 

AD mainly affects older people (over 65 years of age), but there are cases that develop earlier. The 

form that affects people over 65 is called late-onset and is the most common form, while the 

form that affects younger people (aged 30-65 years) is called early-onset or familial and has a 

genetic component, as mutations occur in the genes encoding Amyloid Precursor Protein (APP) 

and components of gamma secretase (involved in APP processing) (Abeysinghe et al., 2020).  

In the case of the late-onset form, the causes are completely unknown, but several risk factors, 

such as age, sex, hypertension, and the presence of the Apolipoprotein E4 (APOE4) gene allele, 

have been described that may increase the risk of developing the disease (Abeysinghe et al., 2020). 

There are also other risk factors related to metabolism, such as obesity or diabetes mellitus 

(Knopman et al., 2021) (Figure 89).  

 

Figure 89. Risk factors of AD. Created with BioRender.com. 

 

Polymorphism in the APOE gene is one of the most important determinants of risk factors. 

Among the allelic variants of the gene (E2, E3 and E4), the variant most associated with AD is 

APOE4, while the E2 allele is associated with a lower risk. This is a glycoprotein that is expressed 

in the brain and plays an essential role in the distribution of cholesterol and lipids to neurons. It 

is strongly associated with increased Aβ peptide deposition (Yamazaki et al., 2019) (Figure 90). 
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Figure 90. Role of APOE in AD pathophysiology.  Created with BioRender.com. 

  

In addition to the APOE gene, other risk factor genes related to the immune response and 

microglia have been implicated. Neuroinflammation is an innate immune response that occurs in 

the Central Nervous System (CNS) when astrocytes and microglia are activated by protein 

accumulation in the brain (Griciuc & Tanzi, 2021).  

Clinically, AD can be classified into five different stages based on cognitive impairment: 

preclinical, Mild Cognitive Impairment (MCI), mild, moderate, and severe dementia (Calabrò et al., 

2021). 

➢ Preclinical: At this stage, the disease is usually not diagnosed because the symptoms are 

not very obvious, there is mild memory loss that does not interfere with daily activities, 

and the cognitive impairment is mild.  

➢ MCI: It is a transitional stage that occurs between cognitive health and dementia. It begins 

to have a deterioration of memory not very severe and sometimes in language. Although 

the symptoms are appreciated by the sufferer and family members, it does not affect the 

ability to perform daily actions. 

➢ Mild: At this stage, the memory loss becomes more noticeable as there begins to be an 

inability to generate new memories. Personality changes begin to occur and there are 

periods of disorientation. At this stage, the deterioration already reaches the area of the 

cerebral cortex.  
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➢ Moderate: At this stage, the damage has already spread to the areas responsible for 

speech and reasoning, so that speech problems begin to appear. In this stage, they also 

begin not to recognize family members. The symptoms of the mild stage and behavioral 

problems are exacerbated.  

➢ Severe: By this time, individuals lose their independence to perform any activity. Systemic 

symptoms such as difficulty performing movements (motor activity) or changes in sleep 

cycles appear.  

All of these cognitive impairments are due to neurodegeneration and thus loss of synaptic 

connections, coupled with low levels of neurotransmitters in the brain (Abeysinghe et al., 2020) 

(Figure 91).  

 

Figure 91. Stages of AD and biomarker patron expression. Created with BioRender.com. 

  

The symptoms and severity of the disease can vary widely among patients, but the common 

findings in the CNS at autopsy are: loss of synaptic connections, accumulation of abnormal 

plaques (SPs), and the presence of NFTs (Calabrò et al., 2021).  

Currently there are different animal models for the study of AD. One of them are the P301S 

transgenic mice also known as PS19, which are a model of pure tauopathy and tau protein 

aggregation. These mice have an overexpression of the human tau protein with a mutation in 

proline 301, being this overexpression of the human transgenic tau protein five times higher than 

the endogenous tau protein of the mice. This mutation is located on chromosome 17 and is 

associated with frontotemporal dementia.  
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In addition, these individuals begin to develop neurodegeneration and a hyperphosphorylation of 

the tau protein that begins to form aggregates, having a high resemblance to the NFTs that occur 

in AD (Iba et al., 2013; Yang et al., 2016)(Figure 92A).  

On the other hand, one of the models that has also become very important is the Syriam hamster 

(M. auratus). The reason for their interest is that these animals enter a period of hibernation in 

conditions of low temperature and darkness. During this period, also known as torpor, their brain 

undergoes metabolic and structural changes, and one of these changes is the 

hyperphosphorylation of the tau protein, especially in serines and threonines, generating 

phosphorylation patterns typical of NFTs. However, in these mammals this phosphorylation is 

reversible very quickly when they come out of hibernation (arousal) and this is the most 

interesting point, since the aim is to mimic this mechanism of dephosphorylation of the tau protein 

that occurs naturally in these animals, as a treatment for AD (Arendt et al., 2003; Arendt & 

Bullmann, 2013; Härtig et al., 2007)(Figure 92B). 

 

Figure 92. AD research models. A. P301S transgenic mouse. B. Syrian hamster model of hibernation. 
Created with BioRender.com. 
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 Diagnostic 

First of all, it is important to accurately and quickly identify the first symptoms associated with 

the disease and to be able to distinguish them from those of other diseases. Subsequently, a 

mental evaluation and a blood test should be performed to rule out other possible pathologies, 

and even APOE4 genotyping should be requested along with other evaluations (behavioral, 

functional, cognitive)(Porsteinsson et al., 2021).  

Currently, diagnosis is largely based on Positron Emission Tomography (PET) and analysis of CSF 

biomarkers, including threonine-phosphorylated tau protein 181 (pTau181), total tau, and 

Aβ42 peptide (S. Khan et al., 2020). Unfortunately, the use of PET to detect Aβ plaques is a very 

expensive technique, and measuring biomarkers in CSF requires a very invasive procedure to 

obtain the sample (Weller & Budson, 2018).  

The National Institute on Aging-Alzheimer's Association (NIA-AA) in 2011 also included the use 

of serum samples, which are less invasive and are under development (Weller & Budson, 2018). 

There is a serious problem with the diagnosis of the disease, which is that it is performed when 

the disease is already very advanced (in the symptomatic stages). Therefore, it is necessary to 

make progress in these diagnostic systems, especially in the study of markers that undergo 

changes long before (Porsteinsson et al., 2021).  

 Biomarkers and samples used 

A variety of biomarkers and sample types are available for the biochemical diagnosis of AD.  

➢ CSF biomarkers: In this type of sample, markers related to the formation of SPs in the 

brain are measured, including the concentration of Aβ42 (decreased in the disease) and the 

Aβ42/Aβ40 ratio. Other markers are the concentration of total tau and phosphorylated tau 

(mainly from phosphorylation at position Thr181) (both markers are increased in the 

disease) (Blennow, 2004; Budelier & Bateman, 2020).  

➢ Serum and plasma biomarkers: In addition to the markers described for CSF, which can 

also be measured in serum and plasma, other markers have been described, such as 

neurofilament light chains together with glial fibrillary acidic protein, which are increased 

in sporadic AD (Teunissen et al., 2022). Various disease-related micro RNAs (miRNAs) can 

also be examined in this type of sample (Ausó et al., 2020).  

➢ Biomarkers in saliva: Some of the markers proposed to be measured in saliva as a tool 

for early diagnosis are the concentration of Aβ42 peptide, which increases in saliva, as well 

as the increase in the ratio of total tau to phosphorylated tau (Schepici et al., 2020). Several 

metabolites have also been described, such as spinganine-1-phosphate and ornithine, 

which have higher levels in AD patients, and lactoferrin, whose levels decrease in 

pathology (Bouftas, 2021).  
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➢ Tear biomarkers: Several studies have been conducted to find tear biomarkers that can 

be used to diagnose AD, including the presence of Aβ42 peptide (absent in healthy 

controls), as well as elevated miRNAs (Król-Grzymała et al., 2022) and total tau 

concentration (Kaštelan et al., 2023).  

➢ Urine Markers: Several metabolites have been described that can be measured in urine 

as early diagnostic markers in AD, including 8,12-iso-iPF(2alpha)-VI isoprostane, 1-

methyladenosine, or N2-dimethylguanosine. Another promising marker described in 

urine is neuronal filament protein (Ausó et al., 2020). 

It must be considered that all these studies are necessary because the type of sample used today 

to carry out the determinations is the CSF, which is a very invasive sample to obtain and makes 

the diagnosis and follow-up of patients very difficult. For this reason, we have not stopped looking 

for other types of samples where the diagnosis is just as effective and precise, but less invasive, 

and with this in mind, different specific biomarkers have been studied for each type of sample and 

their relationship with the disease.  

 Aβ peptide 

The APP family consists of the APP protein itself and Amyloid Precursor-like Proteins 1 and 2 

(APLP1 and APLP2). They are membrane proteins with an extracellular N-terminal domain and a 

cytoplasmic C-terminal domain. They are highly expressed in the brain, which is the exclusive site 

of APLP1 expression (Zheng & Koo, 2011). Although the function of APP is not fully understood, 

it is involved in neurotransmitter pathways, dendritic spine remodeling, and synaptic 

homeostasis (Hampel et al., 2021).  

APP protein can be digested by enzymes called alpha, beta, and gamma secretase, resulting in 

soluble peptides (non-amyloidogenic pathway), but when beta and gamma secretase act together, 

an insoluble peptide called Aβ (amyloidogenic pathway) is produced (Hampel et al., 2021) 

(Figure 93).  
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Figure 93. Non-amyloidogenic and amyloidogenic pathways of APP processing. Created with 
BioRender.com. 

  

The Aβ peptide can have 37-49 aa, although 40 and 42 aa predominate (G. F. Chen et al., 2017), 

and has a molecular weight of 4 kDa (Hampel et al., 2021). The Aβ monomers aggregate to form 

amyloid oligomers and fibrils, which ultimately form amyloid plaques (G. F. Chen et al., 

2017). 

These structures disrupt signaling between neurons, causing the brain to lose some of its 

functions. In addition, an immune-mediated inflammatory response is triggered that damages 

nearby neurons. If these structures are located in blood vessels, this can lead to angiopathy and 

hemorrhage from ruptured blood vessels (Ashrafian et al., 2021).  

 Tau protein  

Tau protein is one of the major proteins involved in AD. It was described in 1975 and named 

by Marc Kirschner (Weingarten et al., 1975). It is encoded on chromosome 17q21 and has 

different names depending on the presence or absence of N-terminal domains and repeats at the 

carboxy-terminal end, with six different isoforms apart from the one considered to be the large 
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(full) tau protein (Table 21)(Mandelkow & Mandelkow, 2012). It is mainly expressed in the axons 

of neurons and in glial cells, although at lower concentrations (Xia et al., 2021). 

Table 21. Tau protein isoforms (Mandelkow & Mandelkow, 2012). 

Clone Inserts/repeats Number of aminoacids (aa) MW (KDa) 

htau40 2N4R 441 45.9 

htau39 2N3R 410 42.6 

htau34 1N4R 412 43.0 

htau37 1N3R 381 39.7 

htau24 0N4R 383 40.0 

htau23 0N3R 352 36.7 

Complete tau 2N4R + exon 4a 695 72.7 

 

This is also called Microtubule-Associated Protein Tau (MAPT) because its direct function is to 

promote microtubule binding, stabilization, and interaction with the cytoskeleton through 

the carboxy-terminal domains, thereby affecting axonal transport and neuronal plasticity 

(Sündermann et al., 2016). But it also has other indirect functions that require the N-terminal 

domains, such as inhibiting microtubule-dependent transport (Mandelkow & Mandelkow, 

2012).  

In the brain, there are other proteins belonging to the MAP family, but the interest in the tau 

protein is due to its involvement in various diseases within the known tauopathies (such as AD). 

Tauopathies are NDD characterized by abnormal deposits of tau protein in the brain 

(Kovacs, 2018).  

In the case of AD, there is still debate as to whether tau protein can be the cause or the product of 

the disease, as there are studies claiming that changes in tau are seen as a consequence of prior 

pathology in Aβ peptide (Haass & Selkoe, 2007) and others suggesting that tau is necessary for 

the induction of toxicity by Aβ peptide (Roberson et al., 2007). 

The function of tau protein is regulated by various post-translational modifications, including 

phosphorylation, as it has multiple phosphorylations in healthy neurons, mainly in the 

microtubule-binding domain (Wegmann et al., 2021). This has been described as one of the major 

components that give rise to NFTs, considered a pathological structure in AD due to the 

accumulation of tau protein due to the high degree of phosphorylation, although there are 

studies showing that these phosphorylations can also be found in the functional protein in a 

soluble form (Gong et al., 2005; Horie et al., 2020)(Figure 94).   
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Figure 94. Tau protein pathology in AD. Created with BioRender.com. 

 

In its full-length form, it has 85 potential phosphorylation sites on threonine, tyrosine, or serine 

residues. These phosphorylations result in the addition of negative charges to the microtubule-

binding domain, reducing the binding between microtubules and tau protein (Xia et al., 2021). For 

example, studies have shown that phosphorylation at sites such as Ser231 or Ser262 can directly 

inhibit tau binding to microtubules; however, when this phosphorylation occurs at Ser208, tau 

binding to microtubules is increased. Other such phosphorylations affect the ability of the protein 

to stabilize microtubules (Xia et al., 2021). 

In AD, hyperphosphorylation of the tau protein has been observed, causing it to stop 

binding to microtubules and to form aggregates with helical filaments, resulting in NFTs 

(Drummond et al., 2020). This results in loss of axonal transport and destabilization of 

microtubules, which act as neurotoxins and cause cognitive deficits (Muralidar et al., 2020).  

Although it is a cytosolic protein, its concentration increases in the CSF in AD and therefore it has 

become very important as a biomarker in the study and diagnosis of this disease (Mandelkow & 

Mandelkow, 2012).  Therefore, during the development of this thesis, several experiments were 

performed to develop a diagnostic system capable of detecting total tau protein and 

phosphorylated tau protein (at different positions) as well as phosphorylation at Thr181 in serum 

samples from a Syrian hamster model of AD and P301 transgenic mice.  

 Lactoferrin protein  

The protein lactoferrin was first described in cow's milk in 1940 (Sorensen & Sorensen, 1940) 

and isolated and purified from human milk in 1960 (Groves, 1960). It is a glycoprotein of the 

transferrin group (capable of binding and transferring iron ions) and is the major iron-binding 



Ana María Martín Murillo 

152 

 

protein in human milk (Bukowska-Ośko et al., 2022). It has a molecular weight of 78 kDa with 

691 aa forming a globular structure (Wang et al., 2019). In addition, it is involved in various 

functions such as antioxidant, anti-inflammatory, antimicrobial and antiviral activities, although 

recently it has also been implicated as a marker for various diseases such as AD or dry eye disease 

(Bukowska-Ośko et al., 2022). 

It also acts as a transcription factor, controlling the expression of several genes involved in the 

immune response and metabolism, and plays a critical role in protecting DNA from damage 

(Bukowska-Ośko et al., 2022). It has also been suggested to have anticancer properties (Pan et al., 

2021). 

It is highly abundant in respiratory, digestive, and genitourinary tissues. It is present in 

various secretions including saliva, milk, tears, and plasma. Its presence has also been 

demonstrated in intestinal mucus and genital secretions (Hao et al., 2018). 

Several studies are currently underway to clarify the role of lactoferrin in the brain, as it has 

been associated with several diseases of the CNS. This association is related to the fact that 

these diseases typically involve inflammatory and oxidative stress components. As a result, 

lactoferrin levels are elevated in inflamed tissues. In AD, inflammation is accompanied by 

abnormal iron deposition. Thus, lactoferrin levels are significantly elevated in the brains of 

AD patients, where it is deposited in areas such as NTs and SPs as a defensive response of the 

brain (Y. Q. Li & Guo, 2021) (Figure 95). 
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Figure 95. Protective role of lactoferrin in brain. Created with BioRender.com. 

 

Because of its presence in readily accessible body fluids such as saliva, salivary lactoferrin 

has been proposed as a potential biomarker for AD (Liang & Lu, 2019). Several studies have 

linked bacterial and viral infections to the disease, and lactoferrin acts as a first line of defense in 

saliva (Budelier & Bateman, 2020). To date, only studies by the Carro group have linked a decrease 

in salivary lactoferrin concentration to the disease in MCI (Bermejo-Pareja et al., 2020; González-

Sánchez et al., 2020). 

In this work, lactoferrin protein levels were measured, along with other related markers, in saliva 

samples from a cohort of relatives of individuals with AD and NC. These relatives were also 

genotyped for the APOE genotype, and an attempt was made to correlate all the information 

obtained. 

 Treatment  

Currently available treatments do not cure the disease but are used to slow the symptoms and try 

to improve the quality of life of patients. On the one hand, behavioral and psychosocial therapy 

is crucial and forms one of the pillars in the treatment of people with AD. These therapies begin 

after diagnosis and are periodically re-evaluated. They involve the patient, family members, and 

caregivers, and include exercise and maintaining a healthy diet (Gerald G. & Amanda Vaughn, 
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2010). It's also a good idea to simplify your environment and establish regular routines 

(Yiannopoulou & Papageorgiou, 2020). 

On the other hand, there are several pharmacological treatments approved by the Food and Drug 

Administration (FDA), such as those based on acetylcholinesterase inhibitors and memantine. 

Acetylcholinesterase inhibitors include donepezil, galantamine, and rivastigmine, which inhibit 

the action of the enzyme to increase levels of the neurotransmitter acetylcholine, thereby 

maintaining postsynaptic stimulation (Massoud & Léger, 2011). Although these inhibitors show 

some efficacy in slowing the progression of the disease (Gerald G. & Amanda Vaughn, 2010). 

Memantine, on the other hand, acts as an antagonist of N-methyl-D-aspartic acid (NMDA) 

receptors that affect glutamate transmission, which has been shown to be beneficial. Moreover, 

these benefits are enhanced when used in combination with donepezil (Massoud & Léger, 2011; 

Yiannopoulou & Papageorgiou, 2020) (Figure 96). 

 

Figure 96. Current treatments against AD. Created with BioRender.com. 

 

No new treatment has been approved by the FDA since 2003 (Yiannopoulou & Papageorgiou, 

2020), and more than 50 drugs have failed phase 3 clinical trials since 2007 (Marasco, 2020). 

Efforts are underway to develop new drugs aimed at reducing Aβ42 peptide production and plaque 

formation, stabilizing microtubules, immunotherapy against Aβ42 peptide and tau protein, and 

anti-inflammatory agents (Marasco, 2020; Massoud & Léger, 2011; Yiannopoulou & 

Papageorgiou, 2020). 

Nevertheless, there are still many uncertainties surrounding AD today, and it is believed that 

treatment failures occur because drugs are administered too late. Therefore, there is an urgent 

need for early diagnosis of the disease.  
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4.3. Materials and methods  

 Case II. I. Total tau detection system 

 Comparison between O2 plasma activation and acid catalysis in sensing surface 

Initially, two different protocols were implemented to activate the surface of the SU-8 resist. This 

pre-activation step involved an oxidation treatment, which is essential to generate available 

functional groups capable of forming bonds with the protein groups intended for immobilization. 

In the acid catalysis approach, sulfuric acid (H2SO4) (Panreac, Barcelona, Spain) was used as a 

strong oxidizing agent for surface activation. The KITs were immersed in the H2SO4 solution for 

20 s, then were thoroughly rinsed using four 20 mL syringes of H2OmQ to ensure removal of any 

residual acid. Finally, they were carefully dried with compressed and filtered air (Figure 97A). 

Alternatively, O2 plasma treatment induces a surface modification that makes it hydrophilic by 

activating the SU-8 resist groups (Anbumani et al., 2021). Figure 97 shows a schematic of how the 

O2 plasma chamber works. The KIT is positioned inside the chamber to create a vacuum, followed 

by the introduction of the required O2 flow to activate the surface (Grimaldi et al., 2016). This 

treatment not only activates the surface, but also ensures surface homogenization for subsequent 

immobilization procedures. In this case, the KITs underwent a 40 w plasma treatment for a 

duration of 45 s (Figure 97B). 
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Figure 97. SU-8 surface activation. A. Activation using H2SO4. B. Activation by O2 plasma. Created with 
BioRender.com. 

 

Both methods aim to establish a covalent bond between the activated surface groups and the 

proteins to be immobilized. 

Surface activation was followed by immobilization of tau (Sigma-Aldrich) and p24 (Abcam, 

Cambridge, UK) proteins. Each KIT cell received 4 µL at 50 µg/mL of the respective protein and 

the cells were incubated for 1 hour at 37°C in a humid chamber. The KITs were then thoroughly 

washed with H2OmQ for 2 min and dried with compressed filtered air. The surface was then 

treated with 2 µL of 0.1 M diethanolamine (DEA) (Sigma-Aldrich) per cell and blocked for another 

hour at 37°C in a humidity chamber. At the end of this phase, the KITs underwent the same 

washing and drying steps used previously. After immobilization, the KITs were read in the MOX 

and the resulting data were recorded. All measurements were performed in four replicates. 

 Incubation volume adjustment 

For this experiment, 16-BICELLs KITs of 200 µm each were used. After O2 plasma treatment and 

initial data acquisition, tau and p24 proteins were incubated at a concentration of 50 µg/mL using 
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volumes of 4 µL, 3 µL, 2 µL, and 1.37 µL (each with four replicates per measurement) for 1 hour 

at 37°C in a humid chamber. After incubation, the KITs were washed with a 20 mL syringe filled 

with H2OmQ, followed by agitation in H2OmQ for 2 min, and then dried with filtered compressed 

air. Finally, the ΔIROP (%) values corresponding to immobilization were recorded. 

 Stability studies of immobilization 

Four KITs, each containing 16-BICELLs measuring 200 µm, were incubated with the tau protein 

(2.5 µL at a concentration of 50 µg/mL) for 1 hour at 37°C in a humid chamber. After 

immobilization, two of the KITs were blocked with DEA, while the remaining KIT was refrigerated 

and covered with a glass slide under pressure. For blocking, 2.5 µL of 0.1 M DEA was incubated 

for 1 hour at 37°C in a humid chamber. All KITs were then washed with a 20 mL syringe filled with 

H2OmQ, agitated in H2OmQ for 2 min, and dried with filtered compressed air. Blocked KITs were 

stored in the same manner under refrigeration and read at 24 and 48 hours to assess the stability 

of the immobilized protein. All measurements were performed in four replicates. 

 Evaluation of blocking step 

Four KITs with 16-BICELLs of 200 µm were immobilized with tau and p24 proteins under the 

same conditions described earlier. The same washing and drying protocol were followed, but two 

of the KITs were blocked with 1x casein hydrolysate for 1 hour with agitation at RT. Subsequently, 

the corresponding Abs (anti-Tau (αTau) and anti-p24 (αp24)) (Sigma-Aldrich) (Abcam) were 

incubated on their specific protein, while the opposite protein was used as a NC for the 

experiment. All measurements were conducted in four replicates. 

 Dose-response curve of tau protein immobilization 

KITs of 16-BICELLs of 200 µm were immobilized with tau protein at various concentrations (from 

50 µg/mL to 3.13 µg/mL in 1:2 dilutions), 2.5 µL per cell was added, and incubated for 1 hour and 

30 min at 37°C in a humidity chamber. 

After incubation, the KITs were washed with 20 mL H2OmQ, agitated for 2 min in H2OmQ, and 

dried with filtered compressed air. Finally, the ΔIROP (%) values were read. All measurements 

were carried out in four replicates. 

 Protein-Ab pair specificity test 

KITs of 16-BICELLs of 200 µm cells were coated with tau protein at a concentration of 50 µg/mL 

using 2.5 µL per cell and with BSA protein under the same conditions. They were incubated for 1 

hour and 30 min at 37°C in a humidity chamber. They were washed with 20 mL H2OmQ, shaken 

in H2OmQ for 2 min and dried with filtered compressed air.  

After reading the immobilization values, the αTau Ab was incubated at different concentrations 

(from 100 µg/mL to 6.25 µg/mL in 1:2 dilutions) on the surface coated with tau protein and at the 

maximum concentration on BSA protein. On the other hand, the αBSA Ab was incubated at 50 

µg/mL, dispensing 2.5 µL on the cells on which its specific protein was immobilized and also on 
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the other protein to test the cross-reactivity. Detection was performed for 2 hours at 37°C in a 

humid chamber, followed by the same wash as for immobilization, and finally the ΔIROP (%) 

signal was read. All measurements were performed in four replicates. 

 Biofunctionalization of SiO2 NPs 

80 nm SiO2 NPs (Superior Silica, Chandler, AZ, USA) in ethanol were used for the 

biofunctionalization protocol. First, three washes were performed with 1 mL of H2OmQ to remove 

all ethanol by centrifugation at 7500 rpm for 20 min. In the last wash, they were resuspended in 

5 mM sodium carbonate buffer (Na2CO3) (Sigma-Aldrich) and carboxyethylsilanetriol sodium salt 

25% in water (Fluorochem, UK) was added and kept under agitation for 1 hour at RT (Figure 98A). 

The same wash was then performed with H2OmQ, and in the final wash they were resuspended in 

2-Morpholinoethanesulphonic acid (MES) buffer at pH 5.5 for the addition of EDC and NHS 

(Sigma-Aldrich). The reaction was allowed to stand for 1 hour at RT with agitation. After the 

washes, G- protein (Sigma-Aldrich) was added at 500 µg/mL in H2OmQ and left at 4°C with 

agitation. The next day, 0.1 M DEA was added as a blocker and allowed to react for 1 hour at RT 

with agitation. The washes were repeated and αTau Ab was added at 50 µg/mL and this 

incubation was left ON at 4°C. Final washes were performed and the NPs were resuspended in 

PBS and stored at 4°C (Figure 98B)(Murillo et al., 2023).  

 

Figure 98. Protocol for SiO2 NPs biofunctionalization. A. Silanization process to modify the surface and 
add carboxyl groups. B. Biofunctionalization after activation of carboxyl groups and addition of G-protein 
and αTau Ab (Murillo et al., 2023). 
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During the biofunctionalization process, DLS measurements of Dh, NPs concentration and ζ-

potential were performed. For this purpose, at each step of the biofunctionalization process, 1 µL 

of NPs was taken and a 1:10000 dilution was performed for measurement in the DLS.  

To determine the final biofunctionalization protocol, many parameters were modified, such as 

centrifugation time and rpm, as well as temperature. In addition, the concentrations of the 

reagents were gradually adjusted until the most appropriate concentrations were obtained.  

 NPs concentration curves 

KITs with 16-BICELLs of 200 µm were immobilized with tau protein at 50 µg/mL for 3 hours at 

37°C in a humid chamber. After washes, NPs were incubated at the initial concentration and at 

two successive dilutions (1:10 and 1:100). In addition, they were incubated on the surface coated 

with the NC protein, BSA. After 2 hours of incubation, the KITs were washed and ΔIROP (%) values 

were read (Murillo et al., 2023). All determinations were measured in four replicates. 

 KITs washing tests 

After the incubation of the NPs on the KITs, different washes were tested by varying the time, 

temperature and washing buffer to determine the most appropriate one and to eliminate 

unspecific binding. All measurements were carried out in four replicates. 

 Incubation time and specifity tests 

To characterize the specificity of the NPs, they were incubated on KITs coated with BSA protein 

at 50 µg/mL and tau protein at 50 µg/mL at a concentration of 1 x 107 NPs/µL. This incubation 

was left for 1 and 2 hours at 37°C in a humid chamber to also determine the appropriate 

incubation time. After incubation, the KITs were washed and the ΔIROP (%) values were read 

(Murillo et al., 2023). All determinations were conducted in four replicates. 

 Competitive assay for tau protein determination in PBS and serum 

KITs with 65-BICELLs of 200 µm (Figure 99A) were used to immobilize tau proteins and BSA at 

50 µg/mL (Figure 99B). On the other hand, biofunctionalized NPs with αTau Ab were incubated 

at the concentration of 1 x 108 NPs/µL with different concentrations of tau protein (from 100 

µg/mL to 1 x 10-5 µg/mL) in PBS. They were left to incubate 1 hour at RT under shaking and after 

washes were resuspended in PBS to leave them at the concentration of 1 x 107 NPs/µL (Figure 

99C). Finally, they were incubated on the KITs coated with tau protein and on the NC surface 

coated with BSA. After this incubation, the KITs were washed and the ΔIROP (%) signals were 

read (Figure 99D). This process was performed the same with the serum samples varying the 

incubation time, since the NPs were left ON at 4°C incubating with the serum samples (Murillo et 

al., 2023). All measurements were performed in five replicates. 
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Figure 99. Competitive assay protocol for the detection of tau protein. A. KIT of 65-BICELLs used 
during the assays. B. Surface activation process using O2 plasma for immobilization of tau and BSA proteins. 
C. Incubation of NPs with PBS and serum doped with tau protein. D. Incubation of the NPs-αTau-tau protein 
complexes on the sensor surface (Murillo et al., 2023). 
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 Protein-Ab pair specificity test with the new αTau Ab 

KITs with 16-BICELLs of 200 µm were immobilized with the tau and BSA proteins at 50 µg/mL by 

depositing 1.5 µL and incubated at 37°C for 2 hours. The KITs were washed as described above 

and then in the recognition step, 1.5 µL per cell of new αTau Ab (Sigma-Aldrich) at 50 µg/mL was 

applied to the tau and BSA proteins. The previous Ab was used as a PC. All determinations were 

conducted in four replicates. 

 Biofunctionalization of SiO2 NPs with the new Ab 

In the case of NPs biofunctionalization, the same protocol described above was performed, but the 

Ab was changed for the new αTau without changing any other variable.  

 NPs concentration curves with the new Ab 

Similarly, once the NPs were biofunctionalized, a concentration curve was performed to 

determine the concentration of NPs for subsequent assays. KITs of 200 µm 16-BICELLs cells were 

immobilized with tau protein at 50 µg/mL and after washes the NPs were incubated at a 

concentration of 1 x 107 NPs/µL and at 1:10 and 1:100 dilutions. As a NC the NPs were incubated 

at 1 x 107 NPs/µL on the BSA.  All measurements were conducted in four replicates. 

 SEM images 

For SEM imaging, slides were cut with a diamond tip and placed in the holder, holding them in 

place with a conductive tape (Figure 100). 

Images were taken using SEM with a working distance of ≈10 mm, a high voltage of 5 kW, a probe 

current of 800 pA, and at normal incidence (Murillo et al., 2023). 

 

Figure 100. Sample preparation for SEM.  
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 Case II. II. Triphosphorylated tau detection system 

 Validation of reagents using the ELISA technique 

ELISA plates were coated with 100 µL/well of the 3-phosphotylated-Tau (3P-Tau) peptide 

(Lincbiotech, Galicia, Spain) at different concentrations (ranging from 1 µg/mL to 0.000064 

µg/mL in 1:5 dilutions) and incubated ON at 4°C. The plates were then blocked with 1x casein 

hydrolysate (200 µL/well) for 1 hour at RT with agitation. After washing the plates three times 

with PBS-T 0.05%, the B6-biotin Ab (LincBiotech) was incubated at a concentration of 1:1000 

diluted in blocking buffer:PBS 1:4 (100 µL/well) with agitation for 1 hour at RT. Subsequently, the 

plates were washed again with PBS-T 0.05%, and STV-HRP was added at a concentration of 0.2 

µg/mL (100 µL/well) for 1 hour at RT with agitation. After repeating the washes, the peroxidase 

substrate (TMB) was added (50 µL/well) and incubated in darkness. The reaction was stopped 

with 50 µL/well of 2 N HCl, and the absorbance was read at 450nm (Figure 101A). 

Other plates were immobilized with the same concentrations of the 3P-Tau peptide, and after 

blocking and washing, the B6 Ab (Lincbiotech) without biotin was incubated at a concentration of 

1:2000 in blocking buffer:PBS 1:4 (100 µL/well) for 1 hour at RT with agitation. After washing the 

plates, the secondary anti-Mouse-IgG Ab labeled with HRP (αMouse-IgG-HRP) produced in rabbit 

was added at 1:5000 in the same buffer as the primary Ab (50 µL/well) and incubated for 1 hour 

at RT with agitation. The plates were washed, and 50 µL/well of the enzyme substrate was added 

and left in darkness. After 15 minutes, the reaction was stopped with 50 µL/well of 2 N HCl, and 

the absorbance was read at 450nm (Figure 101B). All measurements were performed in 

triplicates.  



Case II. Development of an in-vitro optical diagnostic system for neurodegenerative diseases 

163 

 

 

Figure 101. ELISAs for reagent testing. A. In this case the B6-biotin Ab is used and revealed with STV-
HRP. B. In the second case, the non-biotin B6 Ab is used and revealed with an αMouse-IgG-HRP Ab. Created 
with BioRender.com. 

 

Measurements for each concentration were performed in triplicates. As a NC, wells were coated 

with 1x casein hydrolysate, and the final signal represented is after subtracting the signal of the 

NC. 

 Immobilization of the 3P-Tau peptide and the B6 Ab on the sensor surface (dose-response 

curves) 

65-BICELLs of 200 μm KITs were immobilized with the 3P-Tau peptide at different concentrations 

(300, 100, 50 and 20 µg/mL), depositing 1.5 μL in each cell. They were left to incubate in a humid 

chamber, some KITs ON at 4°C and others for 3 hours at 37°C. Subsequently, they were washed 

with 20 mL of H2OmQ, agitated for 2 min in H2OmQ, and dried with compressed air to measure 

ΔIROP (%) values. 
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The B6 Ab was also immobilized at different concentrations (1000, 200 and 50 µg/mL), using the 

same volume as the peptide and the same conditions (ON at 4°C and 3 hours at 37°C). The same 

washing procedure was carried out, and the ΔIROP (%) signal was measured. 

As a PC for immobilization, the tau protein at 50 µg/mL (1.5 μL/cell) was used. All measurements 

were performed in five replicates.  

 Recognition assays on KITs 

For the recognition assays, 65-BICELLs KITs of 200 μm were immobilized with the 3P-Tau peptide 

at different concentrations (20, 50, 100 and 300 µg/mL) using 1.5 μL for 3 hours at 37°C in a 

humid chamber. The KITs were washed, and the B6 Ab was recognized on each immobilization 

concentration at two different concentrations (1000 and 200 µg/mL), using 1.5 μL under two 

different conditions, ON at 4°C and 3 hours at 37°C. They were washed with 20 mL of H2OmQ and 

agitated for 2 min in H2OmQ. After drying with filtered compressed air, the ΔIROP (%) values were 

measured. 

Furthermore, KITs were coated with the B6 Ab at 50, 200, and 1000 µg/mL for 3 hours at 37°C in 

a humid chamber. After washing, the 3P-Tau peptide was incubated at a concentration of 300 

µg/mL under two different conditions, ON at 4°C and 3 hours at 37°C in a humid chamber. Finally, 

the KITs were washed, and the ΔIROP (%) signal was measured. 

As a PC, cells were coated with the tau protein at 50 µg/mL and recognized with the αTau Ab at 

50 µg/mL. As a NC, the B6 and αTau Abs were incubated on BSA-coated cells at 50 µg/mL. All 

measurements were repeated in five replicates. 

 Blocking assays 

The 65-BICELLs KITs of 200 μm immobilized with the B6 Ab at 50 and 200 µg/mL for 3 hours at 

37°C in a humid chamber were blocked with 10 µg/mL of Polivinilpirrolidona (PVP) (Sigma-

Aldrich) using 1.5 μL/cell for 1 hour at 37°C. Subsequently, they were washed with 20 mL of 

H2OmQ and agitated for 2 min in H2OmQ, then dried with filtered compressed air. Other KITs were 

left unblocked. In both types of KITs (blocked and unblocked), the 3P-Tau peptide was incubated 

at two different concentrations (50 and 300 µg/mL) for 3 hours at 37°C. Finally, the KITs were 

washed, and the ΔIROP (%) values were read. All determinations were measured in five replicates. 

 Recognition assays on KITs biofunctionalized with STV 

65-BICELLs KITs of 200 μm were immobilized with STV at a concentration of 500 µg/mL using 

1.5 μL and left to incubate for 3 hours at 37°C. After this initial incubation, they were further 

incubated ON at 4°C. Following this, they were washed using a 20 mL syringe filled with H2OmQ 

and agitated for 2 min in H2OmQ before being dried using filtered compressed air. The B6-biotin 

Ab was then incubated on the STV-coated surface at a concentration of 1000 µg/mL (1.5 μL/cell) 

for 3 hours at 37°C. The same washing process was repeated, and the surface of half of the KITs 

was blocked with 10 µg/mL PVP. Finally, the 3P-Tau peptide was incubated at concentrations of 
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50, 100, and 300 µg/mL (1.5 μL/cell) for 3 hours at 37°C. 

As a NC, the B6 Ab without biotin was incubated on the STV-coated surface. The PC for the 

experiment and the performance of the KITs was the tau-αTau Ab pair. All measurements were 

repeated in five replicates. 

 Recognition of the 3P-Tau peptide in different matrixes in BICELLs with and without STV 

65-BICELLs 200 μm KITs were immobilized with the B6 Ab at a concentration of 1000 µg/mL (1.5 

μL/cell) for 3 hours at 37°C in a humid chamber. After washing the KITs, half of them were blocked 

with 10 µg/mL PVP (1.5 μL/cell) for 1 hour at 37°C in a humid chamber. After another round of 

washing, the different matrices in which recognition would be tested were incubated on both the 

blocked and unblocked KITs. The matrices tested included serum, PBS, artificial Cerebrospinal 

Fluid (aCSF) (Gelest, Morrisville, PA, USA), and H2OmQ. These matrices were incubated both 

undoped and doped with the 3P-Tau peptide at 300 µg/mL for 3 hours at 37°C in a humid 

chamber. The washing step was repeated, and the ΔIROP (%) signal was read after drying (Figure 

102A). 

The same experiment was conducted by immobilizing STV on the sensor surface at a 

concentration of 500 µg/mL (1.5 μL/cell), followed by incubation with the B6-biotin Ab under the 

same conditions described above. Half of the biofunctionalized KITs were blocked with PVP, and 

the different matrices were tested following the same protocol described for the non-biotinylated 

B6 AB (Figure 102B). All measurements were performed in five replicates. 

 

Figure 102. 3P-Tau peptide detection assay in KITs in different matrices. A. Assay by immobilizing the 
B6 Ab directly on the sensor surface. B. Assay by coating the surface with STV and then adding the B6-biotin 
Ab. Created with BioRender.com. 
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 Specificity assays by ELISA and IODM 

The ELISA plates were immobilized with the tau protein (100 µL/well) at different concentrations 

(from 25 µg/mL to 0.00032 µg/mL in 1:5 dilutions) ON at 4°C. They were then blocked with 1x 

casein hydrolysate for 1 hour at RT. After three washes with PBS-T 0.05%, the αTau Ab was 

incubated at a concentration of 1:1000 (100 µL/well) for 1 hour with agitation. Following 

additional washes, a secondary anti-Rabbit-IgG labeled with HRP (αRabbit-IgG-HRP) Ab (Sigma-

Aldrich) was added at a concentration of 1:12000 (100 µL/well) and incubated for 1 hour at RT 

with agitation. After washing the plates, 75 µL/well of TMB was added, and the reaction was 

stopped with 75 µL of 2 N HCl. The results were read at 450nm. 

Additionally, the BSA protein was immobilized under the same conditions as the tau protein. After 

blocking and washing the plates, the αBSA Ab was incubated at a concentration of 1:1500 (100 

µL/well) for 1 hour at RT with agitation. Finally, the same secondary Ab (αRabbit-IgG-HRP) was 

used at the same concentration, and the signal was revealed following the same protocol as 

described for the tau protein. 

Furthermore, ELISA plates were immobilized with the 3P-Tau peptide using the protocol 

described in section 4.3.2.1. In the recognition stage, the Abs were cross-incubated on the three 

immobilized proteins for specificity studies (Figure 103A). All measurements were repeated in 

triplicates. 

The IODM assay was performed on 16-BICELLs 200 μm KITs, immobilizing the 3P-Tau peptide at 

a concentration of 300 µg/mL and the tau protein at 50 µg/mL for 3 hours at 37°C in a humid 

chamber. The KITs were washed and blocked with PVP at a concentration of 10 µg/mL for 1 hour 

at 37°C in a humid chamber. In the recognition step, the B6 Ab (200 µg/mL) and αTau Ab (50 

µg/mL) were incubated for 3 hours at 37°C in a humid chamber. Cross-recognition was also 

performed to study specificity. 

This experiment was repeated using the B6-biotin Ab. In the final revelation step, a secondary 

αRabbit-IgG Ab (1:50) (Sigma-Aldrich) was incubated in cells where the αTau Ab had been 

applied; a secondary αMouse-IgG Ab (1:20) (Sigma-Aldrich) was applied in cells where the B6 Ab 

had been incubated, and STV-HRP (0.2 µg/mL) was applied in cells where the B6-biotin had been 

incubated to ensure recognition. This incubation was carried out for 3 hours at 37°C in a humid 

chamber, followed by agitation, drying with filtered compressed air, and reading the ΔIROP (%) 

signal (Figure 103B). All measurements were conducted in four replicates. 
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Figure 103. Specificity assays in ELISA and IODM. A. Scheme of the ELISAs performed. B. Protocol 
followed in the KITs for the IODM. Created with BioRender.com. 

 

 Biofunctionalization of SiO2 NPs with the B6 Ab 

80nm SiO2 NPs were used for the biofunctionalization process. Firstly, they underwent 3 washes 

with H2OmQ to remove ethanol, followed by centrifugation at 7500 rpm for 20 min. After the 

washes, the NPs were resuspended in 5 mM Na2CO3, and carboxyethylsilanetriol sodium salt at 25 

% in water was added. The mixture was then incubated for 1 hour at RT with agitation. The same 

H2OmQ wash steps were repeated, and in the final wash, the NPs were resuspended in 30 mM 

MES buffer. EDC and NHS were added, and the mixture was left to incubate for 1 hour at RT with 

agitation. After washing, the NPs were resuspended in H2OmQ and G-protein (500 µg/mL) was 



Ana María Martín Murillo 

168 

 

added, followed by ON incubation at 4°C with agitation. The next day, 0.1 M DEA was added for 

blocking and left for 1 hour at RT with agitation. After washing, the B6 Ab was added at a 

concentration of 200 µg/mL and left ON at 4°C. Following another round of washes with H2OmQ, 

the NPs were resuspended in PBS. 

In addition, commercially available 100 nm SiO2 NPs that were pre-biofunctionalized with STV 

were used (Creative Diagnostics, NY, USA). To these NPs, B6-biotin Ab was added at a 

concentration of 200 µg/mL and left ON at 4°C. After washing with H2OmQ, they were also 

resuspended in PBS (Figure 104). 

 

Figure 104. Biofunctionalization protocol of commercial 100 nm SiO2 NPs with STV. Created with 
BioRender.com. 

 

At each step of the biofunctionalization process, a portion of NPs was separated to measure the 

size and NPs concentration by DLS. 

 Concentration curve of α3P-Tau SiO2 NPs 

KITs with 16-BICELLs of 200 µm were coated with the 3P-Tau peptide at a concentration of 300 

µg/mL for 3 hours at 37°C in a humid chamber. After washing, α3P-Tau NPs were incubated at 

different concentrations in 1:10 dilutions on the coated surface with the 3P-Tau peptide and with 

BSA at 50 µg/mL as a NC. Two concentration curves were generated, one using the silanized NPs 

and the other using commercial NPs. All measurements were performed with four replicates. 

 Immobilization and recognition assays at different pH levels 

KITs with 16-BICELLs of 200 µm were immobilized with the 3P-Tau peptide at different 

concentrations (75, 150, and 300 µg/mL) in H2OmQ. Additionally, the 3P-Tau peptide was 

immobilized at 300 µg/mL in different buffers (PBS-HCl, carbonate buffer, PBS, MES, and H2OmQ), 

covering a pH range from 4 to 10. All these KITs were immobilized with a volume of 1.5 µL for 3 

hours at 37°C in a humid chamber. After washing with 20 mL of H2OmQ, they were agitated for 45 

s in H2OmQ. They were recognized with the B6 Ab and revealed with the αRabbit-IgG Ab (1:50). 
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Finally, they were dried with filtered compressed air, and the ΔIROP (%) signal was read. 

In parallel, KITs with the surface coated with STV were used, on which the Abs B6-biotin (1000 

µg/mL), anti-Lactoferrin (αLactoferrin) (100 µg/mL), and αBSA (100 µg/mL) were incubated, 

with the latter two serving as controls for the experiment. After washing the KITs, the 3P-Tau 

peptide was incubated at 300 µg/mL in different buffers (H2OmQ, carbonate buffer, PBS, and MES) 

on the surface coated with B6-biotin Ab. For αLactoferrin, lactoferrin protein was incubated at 25, 

50, and 100 µg/mL, and similarly for the BSA protein. 
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 Case II. III. Detection of pTau181 in the Syrian hamster model 

 Hamster model 

We used 16 male 3-month-old Syrian hamsters (M. auratus) purchased from Janvier Labs (Le 

Genest-Saint-Isle, France). All experimental procedures were performed in the animal facility of 

the CTB of the UPM. The procedures were approved by the Institutional Animal Experimentation 

Ethics Committee (PROEX_203-4-21). Animals had free access to food and water and were 

maintained at 23°C with an 8:16 h light/dark cycle.  

After the acclimatization period (4 weeks), 11 of the 16 animals were transferred to a special 

chamber to artificially induce hibernation and to obtain torpor and arousal experimental groups 

(temperature and lighting were controlled, while the hamsters could be monitored by measuring 

their locomotor activity). To induce torpor, the temperature and light were gradually reduced 

until total darkness and 4°C were reached. 

Torpor was considered to have begun after 24 hours of inactivity. We considered animals to be 

torpid only if they had completed three full periods of torpor (3-4 days of inactivity) before 

sacrifice. We sacrificed torpid animals on day 2 after the onset of torpor to ensure that the animals 

were in deep torpor. The awakening experimental group was obtained by removing the torpid 

animals from the hibernation chamber and awakening them 1 hour before sacrifice. The 

temperatures of the animals were checked with an infrared thermometer prior to perfusion to 

ensure that they were in deep torpor (n = 6) or arousal (n = 5). Control animals (n=5) were kept 

under normal temperature conditions (not transferred to the hibernation chamber) for the same 

period of time as the torpor and arousal groups until sacrifice (Figure 105A). 

In addition, we used adult P301 transgenic mice as a control for pTau T181 detection (n=4). The 

animals were obtained from The Jackson Laboratory (B6;C3-Tg, Prnp-MAPT*P301S, PS19Vle/J 

strain #008169) and express the human tau protein P301S mutation (1N4R isoform) under the 

control of the mouse prion protein promoter. All experimental procedures were performed at the 

animal facility of the University of San Pablo CEU (SVA-CEU.USP, ES 280220000015), previously 

approved by the Ethics Committee for Animal Experimentation of the Community of Madrid 

(PROEX 165.6/21), according to international guidelines and Spanish law by Royal Decree (RD 

53/2013). All animals were maintained on a 12-hour light/dark schedule with ad libitum access 

to food and water (Figure 105B). 
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Figure 105. Model followed for the experiment. A. Torpor, arousal and control hamster conditions. B. 
Conditions of human tau protein-producing transgenic mice. Created with BioRender.com. 

 

All animals were killed by lethal intraperitoneal injection of pentobarbital sodium (200 mg/kg). 

Plasma samples were obtained by drawing blood directly from the heart of the anesthetized 

animal and the volume obtained was transferred to an Eppendorf tube. After 4 hours at RT 

samples were centrifuged at 2000 rpm for 10 min and the supernatant was collected for serum 

assays.  

 Biofunctionalization of αpTau181 SiO2 NPs 

To biofunctionalize the NPs with αpTau181 (Abcam), the protocol described above for the αTau 

Ab was followed. G-protein silanized 80 nm SiO2 NPs were used to which the αpTau181 Ab was 

added (15 µL at 500 µg/mL).  

At each step of the biofunctionalization process, a portion of NPs was separated to measure the 

size and concentration of the NPs using DLS. 
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 αpTau181 NPs concentration curve 

KITs of 16-BICELLs were immobilized with pTau181 protein (Abcam) at 50 µL/mL for 3 hours in 

a 37°C humidity chamber. Tau protein at 50 µg/mL was also incubated as a control. They were 

washed with 20 mL H2OmQ and shaken in H2OmQ for 45 s. After drying with compressed air, the 

immobilization values were read.  

The biofunctionalized NPs were then incubated at a concentration of 1 x 1010 NPs/µL and at a 

dilutions of 1:10 on the KIT coated with pTau181. They were kept in a humid chamber at 37°C for 

2 hours. They were then washed with 20 mL H2OmQ, kept in shaking PBS for 10 min, and rinsed 

with 40 mL H2OmQ. Finally, after drying, ΔIROP (%) values were read. All points were measured 

in four replicates.  

 Competitive assay on hamster serum samples 

KITs of 65-BICELLs were immobilized with pTau181 protein at 50 µg/mL (1.5 µL/cell) for 3 hours 

at 37°C in a humid chamber. Tau was immobilized at 50 µg/mL as a NC protein.  

NPs biofunctionalized with αpTau181 Ab at a concentration of 1 x 108 NPs/µL in PBS were doped 

with different concentrations of pTau181 protein (from 100 µg/mL to 0.00001 µg/mL in 1:10 

dilutions) for 1 hour at RT with shaking. After washes, they were incubated in the KIT (1.5 µL/cell) 

for 2 hours in a humidity chamber at 37°C. Finally, they were washed with 20 mL H2OmQ, kept in 

PBS with agitation for 10 min, and then rinsed with 40 mL H2OmQ. 

These NPs were incubated with the hamster serum samples at 1:10 dilution for 1 hour at RT with 

agitation. The KITs were washed and incubated in the same manner as the concentration standard 

curve.  

In addition, as a PC, the biofunctionalized NPs were incubated with samples from transgenic mice 

producing phosphorylated human tau protein diluted 1:10. All measurements were performed in 

five replicates (Figure 106).  
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Figure 106. Schematic of the steps followed to perform the competitive assay for pTau181 detection. 
Created with BioRender.com. 

 

 

 

 

 

 

 

 

 

 

 

 



Ana María Martín Murillo 

174 

 

 Case II. IV. Lactoferrin detection system in saliva samples 

 Human saliva samples 

The saliva samples used were kindly donated by Dr. Fernando Maestu. The samples used belonged 

to relatives of patients who had suffered AD and relatives with no history of the disease. These 

samples were centrifuged at 15000 rpm for 10 min and the supernatant was collected and stored 

at -80°C. 

 Biofunctionalization of αLactoferrin SiO2 NPs 

Different protocols for the biofunctionalization of NPs were performed. On the one hand, 1 x 1010 

NPs/µL of 80 nm SiO2 NPs were biofunctionalized following the previously described protocol of 

silanization with G-protein, with the addition of αLactoferrin Ab (15 µL at 500 µg/mL) (Bio-rad, 

CA, USA) in the last step (Figure 107A). In addition, the same protocol described above was carried 

out in parallel with the addition of the STV protein instead of the G-protein. This was added at the 

same concentration and all other steps were performed in the same manner. The Ab used in this 

case was the αLactoferrin-biotin Ab (Figure 107B).  

Finally, commercial 100 nm SiO2 NPs with STV attached to the surface were used at a 

concentration of 1 x 1010 NPs/µL. These were then incubated with the αLactoferrin-biotin Ab (15 

µL at 500 µg/mL) (Figure 107C). 
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Figure 107. Protocols for biofunctionalization of NPs with αLactoferrin Ab. A. Silanization of 80nm 
SiO2 NPs to surface coat with G-protein and then add the αLactoferrin Ab B. Silanization of 80nm SiO2 NPs 
to surface coat with STV and then add the αLactoferrin-biotin Ab. C. Addition of αLactoferrin-biotin Ab to 
100nm commercial NPs with STV. Created with BioRender.com. 
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At each step of the biofunctionalization process, a portion of NPs was separated to measure the 

size and concentration of the NPs using DLS. 

 αLactoferrin NPs concentration curves  

16-BICELLs KITs of 200 µm were immobilized with lactoferrin protein at 100 µL/mL (Bio-rad) for 

3 hours in a humid chamber at 37°C. BSA protein at 50 µg/mL was also incubated as a NC. They 

were washed with 20 mL H2OmQ and agitated in H2OmQ for 45 s. KITs were blocked with 1x 

casein hydrolysate 1 hour at RT under agitation. Then the same washing was performed as for the 

immobilization step. After drying with compressed air, the ΔIROP (%) values were read.  

 

The biofunctionalized NPs with the αLactoferrin Ab using the three methods described above 

were incubated over the KIT surface coated with lactoferrin and BSA proteins. The silanized NPs 

were incubated at a concentration of 1 x 107 NPs/µL and at a dilutions of 1:10, while the 

commercial NPs were incubated at a concentration of 1 x 109 NPs/µL and at a dilutions of 1:10. 

They were kept in a humid chamber at 37°C for 2 hours. They were then washed with 20 mL 

H2OmQ, kept in shaking PBS for 10 min and rinsed with 40 mL H2OmQ. Finally, after drying, ΔIROP 

(%) values were read. All points were measured in four replicates.  

 Competitive assay in saliva 

65-BICELLs KITs of 200 µm were immobilized with lactoferrin protein at 100 µL/mL for 3 hours 

in a humid chamber at 37°C. As a NC, BSA protein was incubated under the same conditions as 

described above.  

On the other hand, commercial NPs biofunctionalized with the αLactoferrin-biotin Ab at a 

concentration of 1 x 109 NPs/µL were doped in PBS with different concentrations of lactoferrin 

protein (from 100 µg/mL to 0.00001 µg/mL in 1:10 dilutions) for 1 hour at RT with shaking. After 

the washes, they were incubated on the KIT (1.5 µL/cell) for 2 hours in a humidity chamber at 

37°C. Finally, they were washed with 20 mL H2OmQ, kept in PBS for 10 min with agitation, and 

rinsed with 40 mL H2OmQ.  

In addition, the NPs were incubated with the saliva samples at 1:10 dilution at the same 

concentration and under the same time and temperature conditions. The procedure was the same 

for both concentration standards and samples. All measurements were performed in five 

replicates (Figure 108).  
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Figure 108. Diagram of the protocol performed for the detection of lactoferrin in saliva samples by 
competitive assay. Created with BioRender.com. 

4.4. Results  

 Case II. I. Total tau detection system 

 Comparison between O2 plasma activation and acid catalysis in sensing surface 

In order to immobilize proteins on the sensor surface, it is necessary to activate the surface and 

different protocols can be used for this purpose. On the one hand, we have the activation by O2 

plasma, which introduces oxygenated functional groups on the surface, generally, hydroxyl (-OH), 

while on the other hand, acid catalysis (with H2SO4) can protonate groups on the surface, 

generating charged active sites (acids) that promote specific chemical reactions. Both methods 

are valid for our application, so we wanted to compare them in order to select the most suitable 

one.  

For this purpose, two different proteins were immobilized by both methods and the signals 

obtained were compared. 
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Figure 109. Immobilization after activation with H2SO4 and O2 plasma. 

 

As shown in Figure 109, both methods achieved protein immobilization on the sensor 

surface. Moreover, the signal difference between O2 plasma activation and acid catalysis was not 

very high. On the other hand, in addition to obtaining similar signals, when using O2 plasma, the 

results were more reproducible and we obtained a smaller error between immobilizations, 

whereas this step was more heterogeneous when using acid catalysis.  

 Incubation volume adjustment 

Another factor to consider was the incubation volume to be used, as this was compromised by the 

distance between the cells, as they could not be joined together. To determine this volume, the 

concentration of the proteins to be incubated was set at 50 µg/mL and only the volume to be 

deposited on the surface was changed.  

 

Figure 110. Incubation volume set-up in the KITs. 
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Looking at Figure 110, for p24 protein there is very little difference in ΔIROP (%) values for all 

volumes tested. However, in the case of tau protein, some difference can be seen between the 

lowest volume (1.37 µL) and 3-4 µL. Based on these signals and considering the trade-off between 

volume, reagent concentration, and signal obtained, the volume of 2.5 µL was selected for 

dispensing on KIT cells.   

 Stability studies of immobilization 

Another parameter to be known is the stability of the immobilization, i.e. once the surface is 

covered, how stable the proteins remain over time in order to perform the experiments. For this 

purpose, the KITs were immobilized with tau protein and the IROP (%) values were read and also 

after blocking with DEA (for those blocked). The KITs were then stored in the refrigerator and 

read again at 24 and 48 hours to examine signal differences.  

 

 

Figure 111. Stability studies in KITs. A. IROP (%) value at 24 and 48 hours after immobilization in KITs 
that have been stored after blocking. B. IROP (%) signals after immobilization and at 24 and 48 hours in 
unblocked KITs. 

 

Figures 111A and 111B show the IROP (%) of the measurements, i.e. the IROP (%) signal at 24 

and 48 hours was measured in both cases. In the case of tau-immobilized and blocked KITs, no 

variation of the immobilization signal was observed at 24 hours, and there was a very small 

variation at 48 hours (Figure 111A). For the unblocked KITs, there were also no signal 

differences at 24 hours, and these were slightly higher at 48 hours when stored at 4°C 

(Figure 111B).  

 Evaluation of blocking step 

The next step was to verify the need for surface blocking since the sensor cells have a very small 

area. The goal is to cover the entire surface with the protein and prevent the need for blocking 

while ensuring that specificity in recognition is not compromised.  
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Figure 112. ΔIROP (%) signal of immobilization of tau and p24 proteins.  

 

Figure 112 represents the ΔIROP (%) signal of the immobilization of the KITs used in the 

experiment, confirming that the immobilization has occurred correctly. Furthermore, as observed 

in Figure 113, we have the Ab recognition signal on its specific protein with and without surface 

blocking, and we did not obtain significant differences in the signal. This indicates that the 

surface is fully covered during immobilization. On the other hand, we also measure the signal 

of the Ab on a non-specific protein without surface blocking, which indicates that the Ab is not 

binding non-specifically to the sensor surface, confirming specific recognition without the 

need for surface blocking. 

 

Figure 113. ΔIROP (%) signal of Ab recognition. Recognition was performed on the immobilized surface 
with its specific protein blocking and non-blocking surface. As a NC, recognition was performed on the 
surface immobilized with the non-specific protein. 
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Furthermore, to confirm these data, in Figure 114, we can see that there is hardly any difference 

in signal between the immobilization of the protein and the signal obtained after blocking, further 

supporting the assumption that the surface is fully covered after immobilization.  

 

Figure 114. IROP (%) signal of immobilization of tau without and with blocking. 

 

Thanks to these assays, the general conditions for all subsequent experiments were established, 

optimizing the necessary conditions (temperature, time, concentration, etc.) for each specific case. 

 

 

 

 Dose-response curve of tau protein immobilization 

To establish the immobilization concentration of the tau protein in the KITs, it was incubated on 

the sensor surface at different concentrations and after the washes the ΔIROP (%) signal was read.  

In summary, immobilization of proteins in KITs using O2 plasma and a volume of 2.5 

µL was selected. This immobilization step was found to be stable for at least 48 hours. 

Finally, it was observed that the blocking step was not necessary for this application. 
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Figure 115. Dose-response curve of tau protein. The sigmoidal fit of dose-response curves is depicted. 

 

As we increased the concentration of the protein, an increase in the signal was obtained, being at 

50 µg/mL the highest obtained (Figure 115). Therefore, in all subsequent experiments the tau 

protein was immobilized at this concentration.  

 Protein-Ab pair specificity test 

To test the specificity of the αTau Ab that will be used during all the experiments, KITs were coated 

with tau protein and BSA protein and then the Ab was incubated at different concentrations on 

both proteins.  

Figure 116 shows the signal of the αTau Ab on the surface covered with tau, so that as we increase 

the concentration of Ab, we have an increase in the signal. Considering the signals obtained, a 

concentration of 50 µg/mL was stipulated for the use of the αTau Ab.  

In addition, αTau was incubated at a concentration of 50 µg/mL on BSA protein, on which no signal 

was obtained. The αBSA Ab was incubated on BSA and tau protein to study if there was cross-

reactivity and no signal was obtained on tau protein.  
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Figure 116. αTau Ab dose-response curve. The sigmoidal fit of dose-response curves is depicted. 

 

 Biofunctionalization of SiO2 NPs 

To verify each step of the biofunctionalization protocol, the size and ζ-potential were measured 

by DLS. In addition, the concentration of the NPs was measured to know the final concentration 

at which we had them for the following experiments.  

In this case, we observed an increase in size after each biofunctionalization step (Figure 117) 

(Table 22) confirming the addition to the NPs surface of molecules such as G-protein and Ab. In 

addition, the PDI confirms that we have a homogeneous population (Table 22).  

On the other hand, we have the ζ-potential value (Table 22), which initially indicates a negative ζ-

potential in the range of -50 to -56 mV, which is consistent with a SiO2 surface. After the addition 

of G-protein, the ζ -potential increases to a value of -40 ± 2.5 mV, due to the positive charges of the 

amino groups of the protein. Finally, the ζ-potential decreases again to -35 ± 0.4 mV, 

confirming that we have a stable NPs solution. So finally, we obtain a stable and dispersed NPs 

solution in the solution. Finally, in terms of concentration we obtain a final NPs concentration 

lower than the starting concentration.  
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Table 22. DLS measurements of size, concentration, ζ-potential and PDI during the 
biofunctionalization process of the NPs (Murillo et al., 2023). 

 

 Initial G-Protein αTau 

Size (nm) 79.21 ± 2.70 95.11 ± 1.30 114.10 ± 2.80 

Concentration (NPs/µL) 2.99 x 1010 7.44 x 1010 6.80 x 107 

ζ-Potential (mV) -50.71 ± 4.38 -40.16 ± 2.50 -35.62 ± 0.40 

PDI 0.11 ± 0.05 0.13 ± 0.04 0.16 ± 0.06 

 

 

Figure 117. NPs size after each biofunctionalization step measured by DLS (Murillo et al., 2023). 

 

 NPs concentration curves 

After biofunctionalization of the NPs, they were incubated at different concentrations (1 x 107 to 

1 x 104 NPs/µL) on KITs coated with tau protein. 

This curve was used to determine the concentration of NPs to be used in the subsequent 

assays (1 x 107 NPs/µL) (Figure 118), since it is the one with which we obtained the highest 

signal on the sensor. 
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Figure 118. NPs concentration curve (Murillo et al., 2023). 

 

 KITs washing tests 

To establish the best washing of the NPs after incubation on the KITs, different strategies 

described in the Table 23 below were tested.   

After testing all types of washing and studying the signals, strategy number 9 was chosen for 

all subsequent NPs assays as it provided the best signal with the highest specificity. In 

addition, all these washing strategies were tested in KITs in which the NPs were incubated for 1, 

2 and 24 hours.  
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Table 23. Washing strategies of the NPs after incubation in the KIT. 

 Rinse Wash Rinse Drying 

Strategy 1 20 mL of H2OmQ 

1 min in agitation 

on a plate with 

H2OmQ 

10 mL of H2OmQ Oven at 65°C 

Strategy 2 20 mL of H2OmQ 

1 min in agitation 

on a plate with 

H2OmQ 

10 mL of H2OmQ Hot plate at 70°C 

Strategy 3 10 mL of H2OmQ 
2 min in PBS 

under agitation 
10 mL of H2OmQ Hot plate at 70°C 

Strategy 4 10 mL of H2OmQ - - Hot plate at 70°C 

Strategy 5 10 mL of H2OmQ 
5 min in PBS 

under agitation 
10 mL of H2OmQ Hot plate at 70°C 

Strategy 6 10 mL of H2OmQ 10 mL of PBS 10 mL of H2OmQ Hot plate at 70°C 

Strategy 7 

KIT immersion 

upside down in 

H2OmQ 

- - Hot plate at 70°C 

Strategy 8 

KIT immersion 

upside down in 

H2OmQ 

15 min in PBS-T 

0.05 % under 

agitation 

KIT immersion 

upside down in 

H2OmQ 

Compressed air 

Strategy 9 20 mL of H2OmQ 
10 min in PBS 

under agitation 
20 mL of H2OmQ Compressed air 

 

 Incubation time and specifity tests 

In order to determine the optimal incubation time of the NPs, they were incubated on KITs 

biofunctionalized with tau protein for 1 and 2 hours. In addition, to test their specificity after 

biofunctionalization, they were also incubated on BSA protein under the same conditions at a 

concentration of 1 x 107 NPs/µL.  
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In this way it could be determined that the most optimal incubation time was 2 hours (Figure 

119) since the signal was much higher compared to incubation at 1 hour. In addition, the 

specificity of the signal was demonstrated since a great difference was observed at 2 hours of the 

signal on the tau protein compared to that obtained on BSA.  

 

Figure 119. Incubation time test of NPs and their specificity (Murillo et al., 2023). 

 

 

 

 

 

 

 Competitive assay for tau determination in PBS and serum 

The competitive assay was performed in PBS in order to determine the range of tau protein 

concentrations that we were able to determine. For this purpose, NPs at a concentration of 1 x 107 

NPs/µL were incubated with different concentrations of tau protein (from 100 µg/mL to 0.01 

µg/mL) and then deposited on the sensor surface previously coated with tau protein.  

The lower the concentration of tau in the solution, more Abs will be free on the surface of 

the NPs, so they will bind more to the surface of the sensor, obtaining a higher signal, while 

as the concentration increases, fewer Abs will be free, resulting in a decrease in the signal. In this 

way we obtain a calibration curve of the tau concentration based on the ΔIROP (%) signal (Figure 

120A).  

Similarly, for the serum, the same experiment was performed, only in this case the NPs were left 

incubating with the doped serum ON at 4°C due to the Vroman effect already mentioned, 

since the low molecular weight proteins of the serum adhere on the surface of the NPs and with 

After the different tests, a protocol was established to biofunctionalize the NPs. This 

biofunctionalization was verified by DLS measurements, which confirmed each step 

of the biofunctionalization. The best concentration for the biosensor was tested, 

establishing the concentration of 1 x 107 NPs/µL. An incubation time of 2 hours at 

37°C and washing strategy 9 were selected. 
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time are displaced by those that have more specificity but less mobility (Monge Argilés et al., 

2014). As a result, we obtain a calibration curve with similar values (Figure 120B). The data 

represented in the figure are the mean of the repeated experiments and the uncertainty is 

considered as the standard deviation.  

However, if we compare both curves, we observe a difference in the signal (around 300 ΔIROP 

(%), as we cannot be sure that the serum is free of a basal tau concentration and that the matrix 

effect of the serum is not playing an important role in this difference.  

Thus, we are able to detect concentrations of 10 pg/mL in both matrices. A table comparing 

the LoD of this system with others reported in the literature can be found in Annex III. 

 

 

Figure 120. Competitive assay for total tau determination. A. Assay performed in PBS. B. Assay 
performed in serum (Murillo et al., 2023). 

 
A competitive assay for the determination of tau protein in both PBS and serum was 

achieved, reaching a LoD of 10 pg/mL. 
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 Protein-Ab pair specificity test with the new αTau Ab 

Due to the decataloging of the Ab used during the first batches of experiments, the specificity of 

the new Ab against the protein we were using had to be checked. For this purpose, the same 

procedure was followed as with the previous Ab. 

After performing the experiment, it was observed that the new Ab was specific for tau due to 

the difference in signal obtained on the surface coated with tau to that coated with BSA (Figure 

121), although the signal of this Ab was somewhat lower in terms of ΔIROP (%) compared to the 

previous Ab we were using. 

 

Figure 121. Specificity test of the new αTau Ab. 

 

 Biofunctionalization of SiO2 NPs with the new Ab 

During the process of biofunctionalization of the NPs with the new αTau Ab, the protocol steps 

were corroborated by measuring the size and the PDI. In addition, the concentration was also 

measured (Table 24).  

Table 24. DLS measurements of concentration, size and PDI collected during the NPs 
biofunctionalization protocol. 

 Initial G-Protein αTau 

Size (nm) 
84.64 ± 0.80 96.54 ± 7.34 142.10 ± 2.87 

Concentration (NPs/µL) 
3.55 x 1010 7.10 x 109 8.32 x 107 

PDI 
0.10 ± 0.02 0.13 ± 0.03 0.18 ± 0.05 
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As shown in Figure 122 and Table 24, the NPs are increasing in diameter after each 

biofunctionalization step, confirming the addition of the molecules on their surface. However, 

in this case, the number of final NPs has greatly decreased during the process.  

 

Figure 122. Measurements collected by DLS during the NPs biofunctionalization protocol. 

 

 NPs concentration curves with the new Ab 

Similarly, after the biofunctionalization process, a concentration curve of NPs with the new αTau 

was performed. For this purpose, NPs were incubated on the KITs immobilized with the tau 

protein at different concentrations, starting from 1 x 107 NPs/µL and at 1:10, 1:100 and 1:1000 

dilutions. They were also incubated at the highest concentration on BSA protein as a negative 

specificity control.  

When performing the curve (Figure 123), we observed an increase in signal with concentration, 

although this signal is lower compared to the NPs biofunctionalized with the old Ab for the same 

concentration. Similarly, the concentration of 1 x 107 NPs/µL continued to be selected as the 

signal was still high enough.  
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Figure 123. Concentration curve of biofunctionalized NPs with the new αTau Ab. 

 

 

 

 SEM images 

In the different tests of the biofunctionalization protocol of the NPs, SEM images were taken to 

study the dispersion of the NPs on the cells. As observed in the two images at the top of Figure 

124, during the first trials and tests of the biofunctionalization protocol, the NPs appear 

agglomerated on the surface and create multilayers. However, if we look at the two images at 

the bottom, we can see how the NPs are dispersed and covering the surface in the form of a 

monolayer. This is thanks to the changes that were made to the protocol, such as the 

centrifugation temperature, which was changed from RT to 4°C, as well as the centrifuge speed, 

which was lowered to 7500 rpm. Finally, we also changed the concentrations of the reagents, such 

as EDC/NHS and G-protein (increasing their concentration in the incubations). 

Following the replacement of the αTau Ab in use, all the same tests were performed 

with the new Ab to test specificity. In this way, the experiments could be continued. 
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Figure 124. SEM images of the NPs on the sensor surface. In the first two images are the NPs from the 
first tests of the protocol. In the two lower images the NPs can be appreciated after the changes and 
improvements of the protocol. 

 

In addition, it was possible to measure the size of the NPs by SEM as shown in Figure 125.  
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Figure 125. NPs size measurement with SEM.  

 

Below in Figure 126 is a summary of images from different assays, where on the left is the KIT cell 

and on the right is a detail of the sensing surface on which the NPs are recognizing the immobilized 

protein.  
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Figure 126. SEM images of the NPs recognizing on the sensor surface.  

 

Finally, during the competitive assay, SEM images were taken of the NPs on the KIT after being 

incubated in PBS with different concentrations of tau protein.  

On the one hand, images were taken of the NPs that had been incubated with the highest 

concentration of tau protein (100 µg/mL) (Figure 127A-B), which gave low ΔIROP (%) signal 

and as observed in the image few NPs are found on the surface. By decreasing the 

concentration of tau protein (1 x 10-2 µg/mL) more NPs are observed on the surface (Figure 

127C-D), consistent with an increase in the signal.  
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Finally, images were taken with the lowest amount of tau protein (1 x 10-5 µg/mL), in which 

the signal on the sensor is maximal and the surface is covered with NPs (Figure 127E-F). In 

addition, these images help us to verify that the NPs are not agglomerated and are dispersed 

and stable in the solution.  

 
Through SEM imaging, it was possible to ensure the size of the NPs, that they were not 

aggregated, and that recognition was occurring on the sensing surface. 
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Figure 127. SEM images of the competitive assay for the determination of tau protein in PBS. A-B. 
NPs on the surface after being incubated with a high concentration of tau protein. C-D. NPs recognizing on 
the sensor surface after being incubated with a medium concentration of tau protein. E-F. Surface covered 
with NPs in the recognition stage after being incubated with a minimum concentration of tau protein 
(adapted from Murillo et al., 2023). 
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 Case II. II. Triphosphorylated tau detection system 

 Reagents validation using the ELISA technique 

To validate the performance of the reagents received by LyncBiotech, ELISAs were conducted to 

verify the recognition of the 3P-Tau peptide by the B6 Ab and the B6-biotin Ab. For this purpose, 

ELISA plates were immobilized with the 3P-Tau peptide at different concentrations ranging from 

1µg/mL to 6.4 x 10-5 µg/mL in 1:5 dilutions. Recognition was carried out using the B6-biotin Ab 

at a 1:1000 dilution and the B6 Ab without biotin at a 1:2000 dilution, following the company's 

instructions. 

 

Figure 128. ELISAs for reagent validation. A. ELISA performed with the B6-biotin Ab for recognition. B. 
ELISA carried out using the B6 Ab without biotin. 

 

In Figure 128A, the result of the ELISA performed with the B6-biotin Ab is depicted, and in Figure 

128B, for the case of the B6 Ab without biotin, we obtained a positive result for both Abs. This 

confirmed that there was recognition by the Abs against the peptide. Furthermore, no signal was 

obtained in the NC, indicating that the signal is specific to the recognition and not background 

signal from the Ab. 

 Immobilization of the 3P-Tau peptide and the B6 Ab on the sensor surface (dose-response 

curves) 

Once the reagents were validated, dose-response curves were generated to select the 

concentration and incubation time for immobilizing the peptide and the Ab. To do this, they were 

deposited on the sensor surface at different concentrations while varying the incubation 

conditions (3 hours at 37°C and ON at 4°C). 
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Figure 129. Dose-response curve of 3P-Tau peptide and B6 Ab. A. ΔIROP (%) signals of 3P-Tau peptide 
immobilization at different concentrations under two different incubation conditions (ON at 4°C and 3 
hours at 37°C). B. ΔIROP (%) signals of B6 Ab immobilization at different concentrations under two 
different incubation conditions (ON at 4°C and 3 hours at 37°C). 

 

As observed in Figure 129A, for the 3P-Tau peptide, better immobilization signals were 

obtained when incubation was carried out at 37°C for 3 hours instead of ON at 4°C. This 

signal increased as the concentration was increased. Therefore, a concentration of 300 µg/mL 

was selected to coat the entire surface of the KIT cell, with an incubation time of 3 hours at 37°C 

in a humid chamber. This concentration was determined because in repeated experiments it was 

observed that at 100 µg/mL or less concentration we did not always obtain the same signal, so 

incubation at 300 µg/mL was more consistent. 

Similarly, the same trend was observed for the B6 Ab (Figure 129B), as higher signals were 

obtained with incubation at 37°C for 3 hours, and this signal also increased with higher 

concentrations. Consequently, a concentration of 1000 µg/mL was selected for the B6 Ab for 

subsequent experiments. 

 Recognition assays on KITs 

Once the concentrations for immobilization were established, it was necessary to confirm 

recognition in the KITs and establish the assay conditions. To do this, on one hand, the KITs were 

immobilized with the peptide at different concentrations and recognized with the B6 Ab at two 

different concentrations and under two different conditions (3 hours at 37°C and ON at 4°C). On 

the other hand, other KITs were incubated with the B6 AB at different concentrations and then 

incubated with the peptide under different conditions (3 hours at 37°C and ON at 4°C). 
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Figure 130. ΔIROP (%) signals of B6 Ab recognition on the 3P-Tau peptide surface. 

 

As seen in Figure 130, regardless of the concentration of the immobilized peptide, the best 

recognition occurs when incubation is carried out at 37°C for 3 hours, and the concentration 

of the Ab is 1000 µg/mL. Therefore, these recognition conditions were established for the B6 Ab. 

 

Figure 131. Recognition of the 3P-Tau peptide on the surface immobilized with the B6 Ab. 

 

Conversely, when the Ab is immobilized at different concentrations on the sensor, it is observed 

that the highest signal is obtained when the peptide is incubated at 300 µg/mL for 3 hours 

at 37°C compared to ON incubation. Furthermore, it is evident that this signal increases with 

higher concentrations of immobilized Ab (Figure 131). 
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 Blocking assays 

To determine the necessity of surface blocking and potentially save time by avoiding this 

incubation step, the same recognition assays were conducted, but in half of the KITs, the blocking 

phase with PVP was added for 1 hour at 37°C. 

 

Figure 132. Recognition of the 3P-Tau peptide on the surface immobilized with the B6 Ab with and 
without blocking. 

 

Comparing the signals obtained with and without blocking, it is evident that differences are 

observed for both concentrations of the 3P-Tau peptide and the two concentrations of 

immobilized Ab (Figure 132). In all cases, the signal is higher when the surface is blocked, 

which makes sense because in that case, all the peptide would be fully available to bind to the 

immobilized Ab rather than staying on the surface due to its small size. 

After verification of the correct functioning of the reagents received, a concentration 

of 300 µg/mL for peptide immobilization and 1000 µg/mL for Ab B6 was established 

at 37˚C for 3 hours. For the recognition step, the same concentrations, time, and 

incubation temperature were determined. 
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Figure 133. Recognition of the B6 Ab on the surface capped with 3P-Tau peptide with and without 
blocking. 

 

In the case of Ab recognition on the surface coated with the peptide, when the Ab is incubated at 

a lower concentration, there are fewer differences between the blocked and unblocked surfaces 

for both concentrations of immobilized peptide. However, when the Ab concentration is increased 

to 1000 µg/mL, a significant difference in signal is observed, which increases when the surface 

is unblocked. This may be due to increased nonspecific binding on the sensor surface without 

blocking (Figure 133). Therefore, it is confirmed that for these experiments, the blocking step is 

necessary. 

 Recognition assays on KITs biofunctionalized with STV 

To test for enhanced peptide recognition, KITs were immobilized with STV and then incubated 

with the B6-biotin Ab to recognize the 3P-Tau peptide. This experiment was carried out in parallel 

by blocking and not blocking the KITs after Ab incubation.  

In this case, we observed that there is no difference in peptide recognition between the two 

situations (with and without blocking) (Figure 134). This may be because the surface is already 

fully upholstered with the STV and even if we then add the blocking, it does not improve the 

recognition. In addition, it was found that the peptide concentration at which the best recognition 

signal is obtained is at 300 µg/mL and that when it decreases to 100 µg/mL, there is a very drastic 

reduction in the signal.  
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Figure 134. Recognition of the 3P-Tau peptide on the surface with STV. KITs immobilized with STV 
were incubated with the B6-biotin Ab and then part of them were blocked before incubating the 3P-Tau 
peptide at different concentrations. 

 

 

 

 

 

 Recognition of the 3P-Tau peptide in different matrixes in BICELLs with and without STV 

In order to conduct competitive recognition assays for the peptide in real samples, it's necessary 

to determine if the peptide remains stable in different matrices that might be used for 

concentration determination. Recognition assays for the peptide were therefore performed in 

various matrices that were of interest for subsequent experiments, such as PBS, serum, and aCSF. 

These experiments were conducted both with and without coating the surface with STV to assess 

if sensitivity could be improved, and the surface was blocked or left unblocked as well. 

After recognition tests with and without surface blocking, a blocking with PVP was 

established for 1 hour at 37°C. However, when the tests were performed by covering 

the entire surface with STV, it was observed that the blocking step could be 

eliminated. 
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Figure 135. Assay of 3P-Tau peptide recognition in different matrices. A. Assay performed by 
immobilizing the B6 Ab on the surface and then the 3P-Tau peptide (blocking and non-blocking the surface). 
B. Assay carried out after immobilizing STV on the surface of the KIT and then the B6-biotin Ab to recognize 
the 3P-Tau peptide (blocking and not blocking the surface). The signal represented is the difference 
between the ΔIROP (%) signal of the undoped matrix on the Ab and the ΔIROP (%) signal of the doped 
matrix on the Ab. 

 

In the case of recognition assays without STV (Figure 135A), no signal is obtained for serum 

and PBS matrices, regardless of surface blocking or not. There is also very low signal for aCSF 

when the surface is blocked, compared to the signals obtained in the PC with H2OmQ. Additionally, 

there is some signal observed in the experiment control with tau protein. 

On the other hand, when the experiment was conducted with the surface coated with STV 

(Figure 135B), signals were obtained for serum and aCSF matrices, and minimal signal was 

observed for the peptide in PBS. However, the signals are much lower than those obtained for 

the peptide in H2OmQ. In this case, tau protein served as a NC since the αTau Ab was not 

biotinylated, so it did not bind to the STV-coated surface, and the signal observed is background 

noise.   

 

 

 

 Specificity assays by ELISA and IODM 

First, to test the specificity of reagent recognition and that we would have cross-recognition with 

the unphosphorylated tau protein and BSA used as a NC, ELISAs were performed by immobilizing 

the three proteins and cross-recognizing the Abs.  

The B6, the αTau, and the αBSA Abs were incubated on the ELISA surface covered with the 3P-

Tau peptide. After development, it was observed that we only had absorbance values in those 

wells in which the 3P-Tau peptide had been immobilized and was being recognized with the B6 

Peptide recognition signals were achieved in serum and aCSF, although lower than 

having it in H2OmQ, only when the surface is coated with STV. 
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Ab (Figure 136A). Similarly, on the ELISA surface covered with tau protein, the three Abs were 

incubated, obtaining a signal only in those in which tau was being recognized by the αTau Ab 

(Figure 136B), confirming the specificity of both Abs.  

 

Figure 136. ELISAs of 3P-Tau peptide and tau protein to test specificity. A. 3P-Tau peptide recognition 
ELISA. B. ELISA for tau protein recognition. In both, Abs were cross-linked to test specificity, and a 
Michaelis-Menten adjustment was performed. 

  

Due to some recognition issues and to ensure that in subsequent assays when measuring in real 

samples, there was no cross-reactivity the unphosphorylated tau protein, specificity tests 

were conducted by crossing the B6 and αTau Abs.  

 

Figure 137. B6 and αTau Ab specificity test in KITs. 

 

In this case, it was observed that the αTau Ab was very specific to unphosphorylated tau protein, 

while the B6 Ab recognized both the triphosphorylated peptide and the unphosphorylated form 

of the protein, indicating cross-reactivity (Figure 137). 
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To verify these results, specificity tests were repeated in 16-BICELLs KITs to check if there was an 

issue with the batch of PVC of the 65-BICELLs KITs, as there were suspicions of potential leaks. 

Additionally, in this case, a detection step was included to confirm the results. 

 

Figure 138. Specificity test for B6 and αTau Abs in KITs and revealed with secondary Abs. A. 
Recognition of surface immobilized 3P-Tau peptide and tau protein by B6, B6-biotin and αTau Abs. B. 
Revealing of cells incubated with B6 Ab with αMouse-IgG secondary Ab. C. Development of cells incubated 
with B6-biotin Ab with STV-HRP. D. Revealed cells incubated with αTau Ab with αRabbit-IgG secondary Ab. 

 

After repeating the assays, in Figure 138A, it can be observed that the αTau Ab behaved in the 

same way as before. However, the B6 and B6-biotin Abs in these experiments exhibited 

specific recognition, showing a difference in signal between the two proteins. To confirm 

this result, the cells incubated with the B6 Ab were subsequently detected with the αMouse-IgG 

Ab (Figure 138B), confirming the presence of the Ab only in the cells where the triphosphorylated 

peptide had been immobilized. Similarly, in the cells where the B6-biotin Ab was deposited, they 

were detected with STV-HRP, and signal was only obtained in the cells where recognition was 
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specific (Figure 138C). Lastly, the αTau Ab was detected with an αRabbit-IgG Ab, demonstrating 

specificity (Figure 138D). This confirmed that the PVC used in the previous assays was not in 

good condition and that the B6 Ab recognition is specific to the phosphorylations of the 

peptide. 

 

 

 Biofunctionalization of SiO2 NPs with the B6 Ab 

To achieve the necessary sensitivity for detecting the 3P-Tau peptide at very low concentrations 

in different matrices, NPs are used to capture the peptide from the sample of interest, followed by 

a competitive assay. Therefore, the biofunctionalization step of the NPs with the specific B6 Ab is 

crucial. To ensure the process is proceeding correctly, the protocol is followed meticulously, and 

at each step of the biofunctionalization process, the concentration and Dh of the NPs are measured. 

In each step of the protocol, after washing, 1 µL was taken and diluted to 10 µL, and from these 10 

µL, one was taken and diluted to 1 mL (the necessary amount for measurements using DLS). This 

careful approach helps ensure the accuracy and success of the biofunctionalization process.  

 

Figure 139. Size measurements obtained with DLS of the NPs in the biofunctionalization process. A. 
DLS measurements of silanized NPs to which STV and B6-biotin Ab were added. B. Measurements of the 
DLS of commercial NPs with STV that were biofunctionalized with the B6-biotin Ab. 

 

Through the biofunctionalization protocol, there is an increase in the Dh for the NPs in the case 

of those that have been biofunctionalized using the silanization protocol (Figure 139A) and 

similarly for the commercial NPs (Figure 139B). For the silanized SiO2 NPs, the diameter 

increased at each step of the protocol, both when STV was added and when they were incubated 

with the Ab (Table 25). For the commercial NPs, there is only one step in the protocol with the 

addition of the Ab, as they already contain STV. All these changes in the Dh are reflected in Table 

26. 

Due to cross-recognition problems in the KITs, different assays were performed to test 

specificity, and it was determined that it was a problem with the PVC being used. 
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Table 25. DLS measurements of size, concentration and PDI during the silanization-based 
biofunctionalization protocol. 

 

 Initial STV B6-biotin 

Size (nm) 69.95 ± 5.58 97.67 ± 3.08 131.20 ± 2.63 

Concentration (NPs/µL) 4.35 x 1011 2.31 x 1010 2.45 x 108 

PDI 0.15 ± 0.03 0.17 ± 0.05 0.21 ± 0.3 

 

Table 26. DLS measurements of size, concentration and PDI during biofunctionalization protocol 
with commercial NPs. 

 Initial B6-biotin 

Size (nm) 119.19 ± 1.82 193.34 ± 3.67 

Concentration (NPs/µL) 8.06 x 1010 6.31 x 108 

PDI 0.20 ± 0.04 0.21 ± 0.03 

 

In both cases we observe that the size of the NPs increases after the incubation steps, so the 

surface area of the NP is changing and that it is a homogeneous population as indicated by the 

value of the PDI. Similarly, in both cases we see a very large decrease in the concentration of NPs 

as the incubation steps in the protocol pass. 

 Concentration curve of α3P-Tau SiO2 NPs 

Once the biofunctionalization protocol was completed, and the entire process was monitored, it 

was necessary to verify if the NPs could recognize the 3P-Tau peptide immobilized on the surface 

of the KITs. To do this, the KITs were immobilized with the peptide, and the NPs were incubated 

in 1:10 dilutions starting from concentration 1 x 108 NPs/µL. Depending on the signal of ΔIROP 

(%) obtained, the initial starting concentration for subsequent experiments could also be selected. 
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Figure 140. NPs concentration curve. A. Curve of the NPs silanized and modified with STV. B. 
Concentration curve of commercial STV NPs. 

 

In the recognition stage on the KITs, both types of NPs used in the biofunctionalization process 

were employed. On one hand, the NPs biofunctionalized using the silanization protocol did 

not yield good results (Figure 140A) as the signals were very low compared to what was 

expected. On the other hand, the commercial NPs (Figure 140B) provided better results with 

higher signals, but they were still lower than expected for that concentration. 

For the first type of NPs, the low performance could be due to an attempt to replicate the 

silanization protocol for G-protein with STV. Considering the results, the protocol may need 

optimization and testing for this new application. 

For the commercial NPs, it could be that they require a higher concentration of Ab to achieve 

complete biofunctionalization of the surface. Additionally, it's important to consider that the 

affinity and specificity of Abs can vary, so increasing the incubation time of the NPs on the sensor 

could also be explored. 

Further experimentation and optimization may be necessary to improve the recognition efficiency 

of the NPs in this context. 

 

 

 

 

 Immobilization and recognition assays at different pH levels 

In subsequent experiments, we encountered issues with peptide immobilization and recognition. 

To address this problem, tests for immobilization and recognition were carried out at different pH 

levels. 

The NPs were biofunctionalized with Ab B6 although the expected signals were not 

achieved when performing the concentration curve on the peptide-covered surface. 

Although better signals were obtained with the commercial NPs. 
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Figure 141. Repeated 3P-Tau peptide dose-response curves. 

 

Firstly, the immobilization assays were repeated multiple times, and in Figure 141, it can be seen 

that in none of these repetitions, regardless of the concentration, immobilization values were 

obtained that matched expectations or were consistent with previous assays. 

Therefore, attempts were made to perform immobilizations in various buffer solutions, including 

PBS-HCl (pH 4.5), carbonate buffer (pH 9.6), PBS (pH 7.4), MES (pH 3.5), and H2OmQ as a PC for 

comparison of values. 

 

Figure 142. 3P-Tau peptide immobilization at different pH on KITs. 

 

After reading the ΔIROP (%) signals, the same problem persisted. Regardless of the buffer used, 

the signals were too low and did not align with the initial results. Similarly, the PC in H2OmQ 

did not yield the expected signal (Figure 142).  
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In this case, the immobilization of the tau protein was carried out as a PC for the experiment, and 

its values were within the standardized range for this protein, confirming that the KITs and the 

entire incubation process, along with O2 plasma activation, were carried out correctly. 

For recognition, the STV system was used to enhance sensitivity. The B6-biotin Ab was incubated 

on the STV-coated surface, followed by the peptide deposition in the different buffers, all at the 

same pH except for PBS-HCl. 

 

Figure 143. Recognition of 3P-Tau peptide at different pHs in KITs coated with STV and incubated 
with B6-biotin Ab. 

 

Similarly, none of the buffers tested in the assay yielded acceptable values for recognition 

(Figure 143). Although there was a slightly higher signal with the MES buffer in this case, it still 

did not compare to the results obtained in the initial experiments. 

 

 

Figure 144. Recognition of lactoferrin and BSA proteins in KITs coated with STV and incubated with 
αBSA y αLactoferrin Ab. 
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In this case, as a PC, two biotinylated Abs, αLactoferrin and αBSA, were incubated, followed by 

their specific proteins, and the obtained signals were as expected and appropriate (Figure 144). 

Therefore, in these experiments, the KITs used and the incubation and washing processes 

throughout the procedure were correct. This led to the assumption that the issue was likely 

related to the peptide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Upon receipt of the new peptide synthesis, problems with immobilization and 

recognition were encountered, so the peptide was tested in solutions with different 

pHs. After many attempts, it was not possible to achieve the values previously 

obtained, so no further progress could be made. 
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 Case II. III. Detection of pTau181 in the Syrian hamster model 

 Hamster and mouse models 

16 serum samples were extracted from 16 hamsters (5 controls, 5 arousal and 6 torpor). In 

addition, 4 serum samples from human tau protein-producing transgenic mice were used as PCs 

(Figure 145). 

 

Figure 145. Samples used for the competitive assay for the determination of pTau181 protein. 

 

 Biofunctionalization of αpTau181 SiO2 NPs 

80 nm SiO2 NPs were biofunctionalized with the αpTau181 Ab using the silanization protocol and 

G-protein. During this process, each step was verified by DLS to measure the concentration and 

size of the NPs.  

Table 27 shows the size of the NPs and how it increases as we progress in the 

biofunctionalization protocol (Figure 146). We also have the concentration of the NPs after each 

step and what is the final working concentration of the NPs once they are biofunctionalized.  
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Table 27. NPs concentrations, size and PDI during the biofunctionalization process.  

 Initial G-Protein αpTau181 

Size (nm) 
78.81 ± 3.35 101.30 ± 4.50 141.60 ± 2.88 

Concentration (NPs/µL) 
4.33 x 1010 2.16 x 1010 5.42 x 109 

PDI 
0.15 ± 0.06 0.11 ± 0.08 0.15 ± 0.04 

 

 

Figure 146. DLS measurements of the hydrodynamic diameter of the NPs during the 
biofunctionalization protocol. 

 

 αpTau181 NPs concentration curve 

Following the biofunctionalization protocol, the NPs were incubated on the biofunctionalized KITs 

with pTau181 protein and BSA at the concentration of 5.42x109 and at 1:10 and 1:100 dilutions 

(1.5 µL/cell).  

After incubation, the KITs were washed and the ΔIROP (%) signals were read (Figure 147), 

obtaining a curve in which the signal decreases as the concentration of NPs decreases. In addition, 

it is observed that they have specificity on the surface covered with pTau181 protein since 

a very low background signal is obtained on the BSA protein.  
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Figure 147. Concentration curve of NPs biofunctionalized with αpTau181. 

 

 

 

 

 Competitive assay on hamster serum samples 

After testing the functionality of the NPs, the competitive assay was performed. For this purpose, 

the NPs were incubated at a concentration of 1 x 109 NPs/µL with different concentrations 

of pTau181 protein (from 100 µg/mL to 0.00001 µg/mL in 1:10 dilutions) and left at a final 

concentration of 1 x 108 NPs/µL. After the incubation time, they were applied to the sensor surface 

coated with pTau181 and left to incubate for the calibration curve.  

At the same time, hamster serum samples at 1:10 dilution were incubated with the NPs at a 

final concentration of 1 x 108 NPs/µL and the same procedure as for the calibration curve was 

followed. Sera from transgenic mice were incubated with the NPs as a PC. 

Once the ΔIROP (%) signals of the NPs were read, the calibration curve was obtained (Figure 148), 

in which the signals obtained from the samples were extrapolated to determine the concentration 

of pTau181 protein in the sera of hamster (Table 28) and transgenic mice (Table 29). 

Considering the results, we can see that there are differences between the control samples, 

having levels between 3-16 µg/mL with the samples obtained from torpor hamsters that 

have a concentration of pTau181 between 35-100 µg/mL. On the other hand, the arousal 

hamsters have concentrations similar to the controls, which would make sense since when they 

stop hibernating, they would start the tau protein dephosphorylation machinery that they have 

active during hibernation.  

 

The NPs were successfully biofunctionalized with the αpTau181 Ab, confirmed by DLS 

measurements. Subsequently, their specificity was tested, and the concentration of 

use was set at 1 x 109 NPs/µL. 

 



Case II. Development of an in-vitro optical diagnostic system for neurodegenerative diseases 

215 

 

On the other hand, the PCs of the transgenic mice also present high concentrations of pTau181 

protein (140-200 µg/mL). This would correspond to what is expected, since this type of mouse is 

a model of tauopathies with a 5-fold increased expression of human tau protein. 

 

Figure 148. Calibration curve of the competitive assay to determine pTau181. 

 

Table 28. Data of p181Tau protein concentration in hamster sera once extrapolated on the 
calibration curve. 

Serum sample 
Concentration 

(µg/mL) 
Serum sample 

Concentration 

(µg/mL) 

Control 1 8.65 Arousal 4 8.22 

Control 2 16.45 Arousal 5 7.03 

Control 3 11.28 Torpor 1 41.00 

Control 4 5.70 Torpor 2 102.78 

Control 5 3.08 Torpor 3 34.75 

Arousal 1 2.19 Torpor 4 44.68 

Arousal 2 1.24 Torpor 5 50.51 

Arousal 3 1.91 Torpor 6 80.56 
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Table 29. Data of p181Tau protein concentration in transgenic mice sera once extrapolated on the 
calibration curve. 

Serum sample 
Concentration 

(µg/mL) 
Serum sample 

Concentration 

(µg/mL) 

Transgenic mouse 1 
137.79 

Transgenic mouse 3 148.38 

Transgenic mouse 2 
214.20 

Transgenic mouse 4 143.42 

 

Figure 149 shows the box plot obtained after performing the One-Way ANOVA statistical analysis 

with a Tukey's comparison of means and a Levene's test of homogeneity of variance with a 

significance level of p<0.01. As shown, there are significant differences in the concentration of 

pTau181 protein between control and torpor hamsters, as well as between torpor and arousal 

hamsters. 

 

Figure 149. Comparison of pTau181 protein concentration in control, torpor, and arousal hamsters. 

***p<0.01. In the graph the median is represented by "·" and the mean by "*". 

 

 

 

 

 

 

 

 

 

We were able to perform a competitive assay on serum samples from mice and 

hamsters and were able to determine concentrations between 1 to 214 µg/mL of 

pTau181 protein and significant differences were obtained between torpor and 

control hamsters and between torpor and arousal hamsters. 
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 Case II. IV. Lactoferrin detection system in saliva samples 

 Human saliva samples 

The concentration of lactoferrin protein was measured in 9 saliva samples from relatives of 

patients diagnosed with AD and relatives with no history of the disease. The samples were 

centrifuged for 10 min at 15000 rpm and did not undergo any pretreatment prior to the assay.  

 Biofunctionalization of αLactoferrin SiO2 NPs 

First, three different protocols for biofunctionalization of the NPs were carried out. On the one 

hand, 80 nm SiO2 NPs were silanized and G-protein was added to anchor the αLactoferrin Ab. After 

each biofunctionalization step, NPs concentration and NPs size were measured (Table 30). In this 

case, it was seen that at each step, the size of the NPs was increasing, confirming the 

biofunctionalization process (Figure 150). However, the concentration of the NPs is getting 

smaller and smaller due to the multitude of steps and washes.  

Table 30. Size, concentration and PDI of NPs in each biofunctionalization step with G-protein. 

 Initial G-Protein αLactoferrin 

Size (nm) 74.06 ± 6.23 97.96 ± 2.75 146.4 ± 2.67 

Concentration (NPs/µL) 6.70 x 1010 3.92 x 1010 2.57 x 107 

PDI 0.19 ± 0.04 0.22 ± 0.03 0.25 ± 0.03 

 

 

Figure 150. DLS measurements obtained during the biofunctionalization process of the 
nanoparticles. 
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On the other hand, these same NPs were silanized to biofunctionalized them with the STV protein 

and anchor the αLactoferrin-biotin Ab. The concentration and Dh were also measured. As shown 

in Table 31, the NPs undergo a larger increase in size when STV is added than when G-

protein is added, due to the fact that STV has a higher molecular weight. Finally, we also see 

this increase in size when the Ab is added (Figure 151). With the concentration of NPs, we have 

the same disadvantage, since the concentration at each step is lower.  

Table 31. Size, concentration and PDI of NPs in each biofunctionalization step with STV. 

 Initial STV αLactoferrin-biotin 

Size (nm) 76.42 ± 4.92 108.80 ± 11.85 161.8 ± 6.58 

Concentration (NPs/µL) 4.87 x 1010 3.97 x 1010 6.57 x 107 

PDI 0.21 ± 0.04 0.23 ± 0.03 0.22 ± 0.05 

 

 

Figure 151. Measurements taken by DLS during the biofunctionalization process of NPs with STV 
and αLactoferrin-biotin Ab. 

 

Finally, 100 nm SiO2 commercial NPs already biofunctionalized with the STV protein were used 

to anchor the αLactoferrin-biotin Ab directly. These NPs were measured only before addition of 

the Ab and after incubation of the Ab to know the concentration and size after the single step of 

the protocol (Table 32). In this case, the increase in the diameter of the NPs was also 

observed when the Ab was added and in the case of the concentration, since there was only one 

washing step after adding the Ab (Figure 152), the final concentration of NPs is much higher 

than in the two previous cases (Tables 30 and 31).  
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Table 32. Size, concentration and PDI of commercial NPs in each biofunctionalization step. 

 Initial αLactoferrin-biotin 

Size (nm) 
119.10 ± 1.812 171.8 ± 2.36 

Concentration (NPs/µL) 
8.06 x 1010 3.57 x 109 

PDI 
0.22 ± 0.02 0.17 ± 0.05 

 

Figure 152. Measurements acquired by DLS of the biofunctionalization process of commercial-STV 
NPs. 

 

 αLactoferrin NPs concentration curves  

To know the concentration of the NPs necessary to obtain the maximum signal in the KITs, after 

the DLS measurements, the biofunctionalized NPs were incubated at different concentrations on 

the KITs coated with lactoferrin and BSA proteins.  

On the one hand, 80nm SiO2 NPs silanized and biofunctionalized with G-protein and αlactoferrin 

were incubated at the concentration of 2.57 x 107 NPs/µL (1.5 µL/cell) on lactoferrin and tau 

proteins. In addition, 1:10 and 1:100 dilution were also incubated on lactoferrin coated surface 

(Figure 153). For the NPs that were biofunctionalized with STV and the αlactoferrin-biotin Ab, the 

same procedure was carried out, but starting from a NPs concentration of 6.57 x 107 NPs/µL 

(Figure 154). As for the commercial NPs, we started from a concentration of 3.57 x 109 NPs/µL 

(Figure 155). 
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Figure 153. Concentration curve of NPs silanized with G-protein and αLactoferrin Ab. 

 

Figure 154. Concentration curve of NPs silanized with STV and αLactoferrin-biotin Ab. 

 

Figure 155. Concentration curve of commercial-STV NPs with αLactoferrin-biotin Ab. 
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As we can see in Figure 153, the signal obtained at the highest concentration of NPs on the 

surface (2.57 x 107 NPs/µL) is too low, so there would be few NPs recognizing on the surface. If 

we compare this signal with that obtained from NPs silanized with STV (Figure 154), we see that 

in this case it is higher, reaching -500 ΔIROP (%). This would make sense since the starting 

concentration in this second case is higher (6.57 x 107 NPs/µL), although the signal is still a bit 

low. Finally, when compared to the biofunctionalized commercial NPs, we observe that we obtain 

a signal around -1200 ΔIROP (%) when we incubate them at the concentration of 3.57 x 109 

NPs/µL (Figure 155). Therefore, to carry out the following experiments, biofunctionalized 

commercial NPs were used, since we need to start from that concentration and obtain signals in 

that range in order to make a calibration curve with a higher detection limit.  

 

 

 

 

 

 Competitive assay in saliva 

To perform the competitive assay, biofunctionalized commercial NPs (1 x 109 NPs/µL) were 

incubated with lactoferrin protein at different concentrations (from 100 µg/mL to 0.00001 µg/mL 

in 1:10 dilutions), leaving the NPs at a concentration of 1 x 108 NPs/µL. After incubation, they 

were incubated on the sensor surface coated with lactoferrin and the maximum concentration 

was also incubated on the NC protein BSA.  

On the other hand, the saliva samples used were incubated with the NPs also at the concentration 

of 1 x 109 NPs/µL leaving them at a final concentration of 1 x 108 NPs/µL. Similarly, after the 

incubation time, the NPs were deposited on the surface of the sensor.  

Once the incubation was completed, the KITs were washed and the ΔIROP (%) signals of the 

calibration curve and the samples were read. In this way, the signal of the samples was 

extrapolated on the calibration curve (Figure 156) obtaining the concentration of lactoferrin in 

the saliva samples. Furthermore, these data were compared with the concentration of lactoferrin 

that had been measured by the ELISA technique for these same samples (Table 33).  

As can be seen in Table 33, the results of lactoferrin protein concentration obtained by the 

IODM technique are very similar to those obtained by the ELISA technique, thus validating 

the results and the protocol performed. Figure 157 shows the correlation between the values 

obtained with the ELISA technique and the IODM. 

 

Three different protocols were followed for the biofunctionalization of the NPs with 

the αLactoferrin Ab, obtaining the best recognition results on the sensor using the 

commercial NPs with STV and the αLactoferrin-biotin Ab. Therefore, it was chosen to 

use the commercial NPs at a concentration of 1 x 109 NPs/µL. 

 

A competitive assay was performed on saliva samples and lactoferrin protein was 

determined from almost 0 to 16 µg/mL. In addition, this determination was correlated 

with ELISA measurements obtaining a close linear fit. 
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Figure 156. Calibration curve to determine the concentration of lactoferrin protein. 

 

Table 33. Results of lactoferrin protein concentrations measured in saliva samples by IODM and 
ELISA. 

Saliva sample 
µg/mL by 

MOX 

µg/mL by 

ELISA 
Saliva sample 

µg/mL by 

MOX 

µg/mL by 

ELISA 

26 5.67 4.34 7 1.62 0.99 

40 15.48 17.29 36 0.52 1.03 

49 6.60 7.19 45 6.61 6.64 

54 3.21 2.71 35 2.40 5.57 

41 4.14 3.63    

 

 

Figure 157. Linear fit between the concentration of lactoferrin protein in saliva measured by ELISA 
and IODM. 
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4.5. Conclusions  

 Case II. I. Total tau detection system 

The most important conclusions obtained during the “Case II. I. Total tau detection system” 

experiments are summarized below: 

❖ O2 plasma activation of the sensor surface for protein immobilization was established as 

a great improvement over H2SO4 activation. 

❖ The incubation volume on the cells was also determined at 2.5 µL considering the 

compromise between droplet size and evaporation during incubation. 

❖ KITs stability was achieved for at least 48 hours stored in a refrigerator at 4°C covered 

with glass. 

❖ Studies were carried out on the need for blocking, in order to shorten the time of the 

experiments, but without compromising the specificity of the system. In view of the 

results, for this type of experiments when the surface is coated with tau protein and 

BSA it was not necessary to block due to the high coating of the surface, so that non-

specific binding was still avoided. 

❖ Dose-response curves were made for the tau protein immobilization, setting it at 50 

µg/mL, and for the αTau Ab in the recognition stage, 50 µg/mL was also being the 

concentration selected. 

❖ A protocol was established to coat the surface of the NPs with the αTau Ab. This was 

corroborated by DLS measurements of size and ζ-potential and SEM images. 

❖ Recognition by the NPs was shown to be specific, as a large signal difference was 

obtained between the surface coated with tau protein and the one coated with BSA. 

❖ An incubation time of 2 hours could be established, since 1 hour was not enough for 

recognition to occur, and the best washing strategy to eliminate non-specific binding after 

incubation of the NPs was established, choosing strategy 9 (20 mL H2OmQ, 10 min in 

shaking plate with PBS, 20 mL H2OmQ and drying with compressed air). 

❖ NPs concentration curves were made, choosing the concentration of 1 x 107 NPs/µL as 

the maximum signal. 

❖ This concentration of NPs was doped in serum and PBS with different concentrations of 

tau protein to subsequently incubate them on the sensor and carry out a competitive 

assay, in which the lower the ΔIROP (%) signal, the higher the concentration of tau in the 

sample. Once this assay was performed, it was possible to reach a LoD of 10 pg/mL in 
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both matrices, considering that the incubation time of the NPs with the serum matrix has 

to be longer due to the Vroman effect. Thus, demonstrating the possibility of using this 

type of assay and technology to determine proteins in serum at low concentrations for 

diagnostic purposes.  

❖ SEM images were taken of the NPs on the sensing surface, showing differences between 

the cells based on the concentration of tau in the doped PBS matrix. These images also 

demonstrated the dispersion of the NPs. 

❖ Finally, all these experiments were repeated with the new αTau in order to continue with 

the research due to the discontinuation of the one we were using. These experiments 

confirmed that the new pair allowed us to continue.  
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 Case II. II. Triphosphorylated tau detection system 

The most important conclusions obtained during the “Case II. II. Triphosphorylated tau detection 

system” experiments are summarized below: 

❖ The initial validation of received reagents (the 3P-Tau peptide and the B6 and B6-biotin 

Abs) was successful using the ELISA technique. Positive results were obtained in both 

ELISAs, testing both Abs, confirming their recognition of the peptide. 

❖ The immobilization conditions for the peptide and the Ab were determined. In both cases, 

the two reagents were successfully immobilized, and the best ΔIROP (%) signals were 

achieved through incubation at 37°C for 3 hours compared to ON incubation at 4°C. 

❖ For the peptide, the higher concentration (300 µg/mL) was chosen for immobilization 

because, although there was not much difference in the initial experiments with a 

concentration of 100 µg/mL, subsequent recognition assays showed that a better and 

more reproducible signal was obtained at the higher concentration. Similarly, for the B6 

Ab, so the immobilization concentration was established at 1000 µg/mL. 

❖ Good recognition signals were also obtained, with the same concentrations used for 

immobilization applied to the recognition step, and the incubation conditions remained 

the same as for immobilization. Thus, a protocol for the assay was established, 

confirming the sensor's ability to recognize the peptide directly and indirectly. 

❖ By studying the need for blocking, it was concluded that it was necessary, as it improved 

the recognition signals of the peptide in both types of assays, whether immobilizing the 

peptide or immobilizing the Ab. In the first case, thanks to blocking, the entire peptide is 

available to bind to the Ab, and in the second case, nonspecific binding of the Ab to the 

surface is avoided, ensuring that the entire Ab is involved in recognizing the immobilized 

peptide. Therefore, a blocking step of 1 hour at 37°C with PVP at a concentration of 

10 µg/mL was established. 

❖ To try to improve the ability to detect the peptide, the KITs were immobilized with STV 

to then anchor the B6-biotinylated Ab to the surface and perform peptide recognition. 

We also tested whether blocking the surface made any difference, but the recognition 

occurred in the same way for both conditions and at a high concentration of the peptide 

(300 µg/mL), since the signal decreases considerably as the concentration decreases.  

❖ To perform experiments to determine the concentration of the peptide in real samples, 

it's essential to determine if the peptide can be recognized in such samples and 

whether it remains stable in a different media. This information is necessary for 

creating calibration curves and extrapolating concentrations accurately. In this case, it 

was observed that signals obtained in other matrices were not comparable to those 

in water. Although the assay conducted on the STV-coated surface provided slightly 

more sensitivity and a higher signal in the serum matrix, it may not be valid due to the 
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significantly lower ΔIROP (%) compared to the PC, making it challenging to determine 

very low concentrations. Therefore, efforts should continue to improve sensitivity and 

further investigate the stability of the peptide. 

❖ During the experiments, issues related to the specificity of the B6 Ab began to arise, 

as signals were obtained that were comparable to incubating it with tau protein. This 

suggests a potential issue with Ab specificity that needs to be addressed.   

❖ ELISAs were performed to confirm the specificity of the reagents and that we would not 

have cross-reactivity between phosphorylated and non-phosphorylated tau in 

subsequent experiments. 

❖ After repeating the experiments with KITs in a different format, it was determined that 

the problem was occurring because the PVC used in those assays was not functioning 

correctly. In the first immobilization step, there were leaks, and in the wells where only 

the tau protein should have been immobilized, the 3P-Tau peptide was also being 

immobilized, leading to cross-reactivity. After conducting experiments with a different 

PVC and using a revelation step, it was confirmed that the Ab was specifically 

recognizing the phosphorylations. 

❖ To perform a competitive assay and determine the low concentrations present in real 

samples of the phosphorylated tau protein, the use of NPs was necessary. In this case, 

the initial biofunctionalization protocol using the silanization process did not work. 

Therefore, the protocol needs optimization, and different concentrations of STV and B6-

biotin Ab should be tested to achieve the desired signals. The measurements from DLS 

regarding the Dh confirm that biofunctionalization is taking place. Similarly, optimization 

is needed for the biofunctionalization of commercial NPs, although the results were 

better in this case. Adjusting the concentrations of the reagents used and extending the 

incubation times for the NPs could be explored. Additionally, it's important to improve 

the efficiency of the process, as a significant number of NPs are lost during the wash 

steps after each stage, leading to higher reagent costs and less efficiency in subsequent 

assays. 

❖ Lastly, it's important to note that the peptide and Ab used in the experiments are not 

commercial but are in the production and improvement phase. As a result, there were 

many differences in the behavior of the peptide depending on the synthesis source. 

Therefore, all final experiments conducted with the peptide from a new synthesis were 

not the same as previous ones, and many problems arose in immobilization and, 

consequently, recognition. While tests were conducted to try different buffer solutions 

with varying pH levels to coat the sensor surface, no improvement was achieved. 

Additionally, consistent immobilization signals were not obtained in the PC with H2OmQ. 



Case II. Development of an in-vitro optical diagnostic system for neurodegenerative diseases 

227 

 

 Case II. III. Detection of pTau181 in the Syrian hamster model 

The most important conclusions obtained during the “Case II. III. Detection of pTau181 in the 

Syrian hamster model” experiments are summarized below: 

❖ The concentration of pTau181 protein was determined in 20 serum samples 

distributed in 4 samples of transgenic mice as PC, 5 samples of NC hamster, 5 samples of 

arousal hamster and 6 samples of torpor hamster. 

❖ The biofunctionalization of the NPs was carried out using the silanization and G-protein 

protocol, obtaining a final concentration for the use of 5.42 x 109 NPs/µL.  

❖ After verification of the biofunctionalization process by DLS, their specificity was tested 

by performing a three-point line and incubating them on a NC protein also. In this way it 

was determined that they were specific against the pTau181 protein, and that the 

concentration of use was 1 x 109 NPs/µL.  

❖ A competitive assay was performed to determine the concentration of the samples, being 

able to discern between the different stages of the hamsters, since those in which 

hibernation was induced (torpor) had much higher concentrations of phosphorylated tau 

protein than those controls that did not hibernate, corresponding to the concentrations 

determined in the transgenic mice that acted in the assay as PC. In addition, the arousal 

hamsters had concentrations of phosphorylated tau protein similar to the controls, 

demonstrating that this phosphorylation is reversible once they come out of 

hibernation.  

❖ There are significant differences in the concentration of pTau181 protein between control 

and torpor hamsters, as well as between torpor and arousal hamsters with a significance 

level of p<0.01. 
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 Case II. IV. Lactoferrin detection system in saliva samples 

The most important conclusions obtained during the “Case II. IV. Lactoferrin detection system in 

saliva samples” experiments are summarized below: 

❖ A total of 9 saliva samples from relatives of people with AD were analyzed to determine 

the concentration of lactoferrin protein in saliva.  

❖ SiO2 NPs were first biofunctionalized following different protocols. All three protocols 

were valid since the DLS measurements corroborated the biofunctionalization process of 

the NPs. However, following the two processes involving silanization, a concentration of 

NPs was obtained at the end of the protocol due to the large number of washing steps and 

stages. Due to this, commercial NPs biofunctionalized with the αLactoferrin-biotin Ab 

were used to perform the competitive assay, since they had a higher concentration, 

which is necessary to have a wider calibration curve and a lower LoD. 

❖ The concentration of the NPs used to perform the competitive assay was set at 1 x 

109 NPs/µL, so that when doped with the different concentrations of lactoferrin they 

remained at a concentration of 1 x 108 NPs/µL. At this concentration, they were incubated 

on the surface of the sensor, both for the calibration curve and for the samples.  

❖ When extrapolating the signals obtained from the samples in the calibration curve it was 

observed that we can determine values up to 0.51 µg/mL since it is the sample 

measured with the lowest concentration of lactoferrin, being able to measure even 

lower concentrations. In addition, we were able to discern concentrations ranging 

from 15 µg/mL to 0.51 µg/mL. 

❖ Finally, these data were validated as they could be compared with the 

concentrations measured for these same samples by the ELISA technique, obtaining 

values with much similarity between both techniques. Therefore, it is a completely valid 

method for measuring lactoferrin in saliva samples, as well as other proteins of interest.  
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5. Pre-doctoral stay at the Universidade de Aveiro 

5.1. Introduction 

During this doctoral thesis, was carried out a pre-doctoral stay thanks to the grant provided by 

the UPM's Programa Propio called “Convocatoria de ayudas dirigidas al personal investigador 

en formación predoctoral para realizar una estancia de investigación internacional igual o 

superior a tres meses” during the academic year 2022, aiming to obtain the International 

Mention. 

This stay took place at the University of Aveiro, Portugal, from September to December, lasting 

three months. The host department was the Department of Medical Sciences at the University of 

Aveiro. 

The receiving group during this stay was led by Ana Gabriela Henriques, focusing on the study 

of AD and specifically researching new markers for diagnosing the disease. These markers are 

found in exosomes from various biological samples. 

The primary objective of the thesis was the development and optimization of a label-free optical 

biosensor for in-vitro diagnosis of different pathologies, particularly emphasizing early detection 

of AD. This condition results in changes in concentrations of certain biomarkers, which we aim to 

measure. 

Considering the purpose of this thesis, the goal of this stay was to learn about the methods for 

isolating exosomes from different types of samples, their characterization using various 

techniques, and identifying potential candidate markers according to the following 

organization (Table 34). Once the biomarkers are selected, the next objective is to develop a 

multiplexed diagnostic KIT based on the optical biosensor used for AD during this thesis. 

Table 34. Temporal organization of the stay at Universidade de Aveiro 

Tasks 1º month 2º month 3º month 

Exosome isolation       

Exosome characterization         

Candidate biomarker study       

Establish the protocol for measuring the concentration of 
biomarkers 

      

Determine articles to be written and future collaborations   

 

 

https://www.upm.es/Investigacion/personal/Movilidad/programaPropio?id=5adb77fd6b44f710VgnVCM10000009c7648a____&fmt=detail
https://www.upm.es/Investigacion/personal/Movilidad/programaPropio?id=5adb77fd6b44f710VgnVCM10000009c7648a____&fmt=detail
https://www.upm.es/Investigacion/personal/Movilidad/programaPropio?id=5adb77fd6b44f710VgnVCM10000009c7648a____&fmt=detail
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5.2. Exosomes isolation 

Extracellular vesicles (EVs) are an undefined and heterogeneous group of membrane-enclosed 

particles derived from cells (both prokaryotic and eukaryotic), which are divided into apoptotic 

bodies, microvesicles, and exosomes. EVs differ in their biogenesis, function, composition, and 

size (Kurian et al., 2021). Apoptotic bodies are the largest, with a size of 1000 nm; microvesicles 

range from 100 to 1000 nm, and finally, exosomes are the smallest vesicles, typically ranging 

from 30 to 150 nm in size, with a density of 1.10 to 1.20 g/mL (Alzhrani et al., 2021; Spitzer et 

al., 2019) (Figure 158).  

 

Figure 158. Extracellular vesicle types. Created with BioRender.com. 

 

The first known report on exosomes was given by the works of C. Harding et al. and B. T. Pan and 

Johnstone in 1983, observing small vesicles of about 50 nm in the maturation of reticulocytes. 

Years later, in 1989, these small vesicles were named exosomes by (Johnstone et al., 1989).  

The International Society for Extracellular Vesicles (ISEV) recommended using the term EVs to 

refer to particles released by cells that are surrounded by a lipid membrane but lack replication 

capability (Alzhrani et al., 2021). However, according to the ISEV recommendations in 2018, 

it was suggested that the term exosome (widely established) be replaced by small 

Extracellular Vesicles (sEVs) due to the many difficulties in separation methods (Y. Zhang et al., 

2020). 

Among their functions are cell-to-cell communication, regulating various biological functions, and 

eliminating cellular waste. They are also involved in cellular signaling processes, immune 

responses, and tumor metastasis (Kurian et al., 2021; Zhu et al., 2020). This is due to their 

composition, which enables them to protect the interior and regulate processes such as 

angiogenesis, coagulation, and neuronal regeneration (Alzhrani et al., 2021). 

Almost all cell types produce exosomes, including endothelial cells, lymphocytes (B and T), 

macrophages, NK cells, neurons, and glial cells (Alzhrani et al., 2021; Y. Zhang et al., 2020). 

These exosomes reach target cells and release their content into the cytosol either by fusing their 

membrane or through processes like endocytosis or phagocytosis, thereby altering the 

physiological state of the cell (Zhu et al., 2020). 
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Regarding the composition of exosomes, it depends on the cell type from which they originate, as 

well as their function. This composition is typically divided into two categories: firstly, there are 

those components common to all exosomes involved in the process of vesicle formation and 

secretion, for example, Rab, Heat Shock Protein 70 (HSP70), CD63, and CD81, or Alix, and 

secondly, components specific to the cell type they come from (Y. Zhang et al., 2020). On the other 

hand, there are specific markers such as L1 Cell Adhesion Molecule (L1-CAM) which was 

discovered in neurons (Faissner et al., 1984; Gomes & Witwer, 2022). This transmembrane 

protein is a member of the L1 family of adhesion proteins and has Igs domains in its N-terminal 

extracellular portion and its C-terminal part is involved in cell signaling. Due to its expression in 

the brain, it has been used in several studies for the separation of exosomes of neuronal origin 

from total exosomes (Hornung et al., 2020; Jiang et al., 2021; Mustapic et al., 2017). Additionally, 

their main components are lipids, enriched in cholesterol, and they can contain molecules of DNA 

and RNA. They also contain cytoskeletal, fusion, and transfer proteins like flotillin and annexin 

(Alzhrani et al., 2021). To date, approximately 600 lipids, 40,000 nucleic acids, and around 

350,000 proteins have been reported in exosomes, opening doors to numerous opportunities for 

clinical diagnosis and treatments (J. Chen et al., 2022).  

Their biogenesis begins with the invagination of the plasma membrane to produce endocytic 

vesicles. These vesicles merge to form early endosomes, which mature into late endosomes that 

encapsulate part of the cell's content into Intraluminal Vesicles (ILVs). At this stage, they are 

termed Multivesicular Bodies (MVBs). These MVBs fuse their membrane with the cell's plasma 

membrane, releasing the exosomes into the extracellular space (J. Chen et al., 2022) (Figure 159). 
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Figure 159. Exosome formation process. Created with BioRender.com. 

 

Exosomes have been isolated from various body fluids such as saliva, serum, plasma, urine, 

and CSF, among others (Gurunathan et al., 2019). Their isolation from these samples makes them 

a powerful tool for diagnostic analysis or predicting the progression of different diseases, utilizing 

the proteins within them as biomarkers. They can also be used in tissue reprogramming and 

therapies based on their transport abilities, serving as drug carriers due to their capability to cross 

the blood-brain barrier, low immunogenicity, and biocompatibility (Kurian et al., 2021; Ludwig et 

al., 2019). 

Over the years, various techniques have been developed to isolate exosomes from different 

types of samples, including ultracentrifugation, precipitation, size-based separation, 

immunoaffinity, and microfluidics. 

❖ Ultracentrifugation: This method is widely used for isolation. It relies on consecutive 

centrifugation and ultracentrifugation steps, gradually increasing speed to achieve size-

based separations (Alzhrani et al., 2021)(Figure 160A). 

❖ Precipitation: This method alters the solubility of exosomes by exposing them to a 

solvent, causing them to precipitate in the solution. Various commercial kits are available 

for this type of isolation (Kurian et al., 2021) (Figure 160B). 
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❖ Size-based separation: Techniques such as ultrafiltration, affinity chromatography, and 

AF4 (Asymmetrical Flow Field-Flow Fractionation) can be used for size-based separation 

(Figure 160C). 

➢ Ultrafiltration: This method is used to concentrate exosomes using different 

MWCO. It involves consecutive filtrations until finally obtaining the exosomes 

(Zhu et al., 2020). 

➢ Size exclusion chromatography: In this case, the sample passes through a 

column with very small pores. Exosomes, having a larger Dh, cannot pass through 

and travel faster down the column (Kurian et al., 2021). 

➢ AF4: This is a relatively new technique involving a chamber with two semi-

permeable membranes, with the sample between them. Two flows pass through 

these membranes, allowing separation based on size and molecular weight, which 

impart different mobilities to the exosomes (Alzhrani et al., 2021). 

❖ Immunoaffinity: This technique relies on the affinity binding of proteins present in the 

exosome membrane to proteins anchored on a support (Zhu et al., 2020)(Figure 160D). 

❖ Microfluidics: In this case, some of the previously described techniques, such as 

immunoaffinity or size separation, are adapted to a microfluidic system (Kurian et al., 

2021). 
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Figure 160. Exosome isolation techniques. A. Ultracentrifugation. B. Precipitation. C. Size-based 
separation. D. Immunoaffinity. Created with BioRender.com. 
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The methods have various advantages and disadvantages summarized in Table 35 (J. Chen et al., 

2022). 

Table 35. Advantages and disadvantages of the most commonly used techniques for exosome 
isolation (J. Chen et al., 2022). 

 

Once the exosomes are isolated, it's necessary to characterize them to ensure that the isolated 

vesicles are indeed exosomes. For this purpose, different techniques are used, such as 

Nanoparticle Tracking Analysis (NTA), DLS, Atomic Force Microscopy (AFM), TEM, Flow 

Cytometry, and Western Blot (WB).  

❖ NTA: This technique helps determine the size distribution of particles within a specified 

range (10 nm to 2 µm) and measures the concentration for each size. It's based on 

detecting the movement and speed of particles, analyzing the motion of each exosome 

through image analysis. This movement correlates with the particle size (Gurunathan et 

al., 2019)(Figure 161A). 

❖ DLS: Widely used for determining particle size, DLS relies on the Brownian motion of 

particles in a solution. When an incident light beam hits the particles, it causes light 

scattering in all directions. Differences in the intensity of scattered light are detected by a 

photodetector, providing information about size and concentration (Kurian et al., 

2021)(Figure 161B). 

❖ AFM: Using a silicon probe, AFM scans the vesicle's surface, generating topographic 

images that provide data on vesicle morphology and molecular composition (Alzhrani et 

al., 2021)(Figure 161C). 

❖ TEM: TEM is employed to characterize the structure, morphology, and size of exosomes 

by creating images when an electron beam passes through the sample (Gurunathan et al., 

2019)(Figure 161D). 

 

Exosome isolation technique Advantages Disadvantages 

Ultracentrifugation 

It is the gold-standard technique, 

is not very expensive and allows 

the use of large volumes 

Time-consuming, labor-

intensive and can damage 

exosomes 

Precipitation 
It is simple to perform and allows 

the use of large volumes 
May leave residues 

Size-based techniques 

Allows isolation of exosomes 

without damaging them, no 

special equipment is required 

and they are easy to perform 

Loss of exosomes depending on 

the cut by size 

Immunoaffinity 
Allows for the separation of 

exosome subtypes 

It is expensive due to the use of 

some Abs 
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❖ Flow cytometry: This method is used to determine exosome concentration and size. 

However, exosomes need to be associated with other particles as their size falls outside 

the cytometer's size range. The light scattered by these particles with attached exosomes 

is detected, enabling concentration and size determination (Kurian et al., 2021)(Figure 

161E). 

❖ WB: For this technique, intact exosomes aren't used initially. Instead, there's a process of 

lysis and denaturation. WB allows the analysis of markers that identify exosomes 

(Alzhrani et al., 2021)(Figure 161F).  

 

Figure 161. Exosome characterization techniques. A. NTA. B. DLS. C. AFM. D. TEM. E. Flow cytometry. 
F. WB. Created with BioRender.com. 

 

The ISEV proposed that it was necessary to determine different proteins (presence or absence in 

exosomes) to confirm that the vesicles being worked with are indeed exosomes. Generally, 

exosome identification is based on three levels: morphology analysis using TEM, size 

determination through NTA, and protein marker analysis via WB (Y. Zhang et al., 2020). 

Regarding their applications, they have been extensively studied in the biomedical field due to 

their significance in various pathologies, such as NDD. In this area, there is increasing evidence 

that exosomes are a valuable subject of study in such diseases, like in the case of AD, as they 

facilitate protein aggregation in the brain and contribute to misfolding of proteins (Alzhrani et al., 

2021).  
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Although much about their functions in the brain remains unknown, they play a crucial role in 

maintaining cerebral physiology. For instance, in the survival of neuronal axons and their 

myelination. Additionally, it is believed that they are involved in the elimination of connections 

between neurons (Soares Martins et al., 2021). 

Exosomes, due to their capability to cross the blood-brain barrier, carry information about 

their environment upon release by neurons and glial cells, reaching the peripheral blood. This 

highlights their importance as disease biomarkers and a potential monitoring tool in the 

pathological process (Alzhrani et al., 2021). 

Studies have demonstrated that exosomes derived from the brains of AD patients contain 

higher levels of tau protein and Aβ peptide, acting as carriers of the Aβ peptide and APP (T. 

Zhang et al., 2021). Moreover, markers of exosomes like Alix and flotillin have been found around 

SPs formed in the brain, supporting the theory that the release of exosomes with high Aβ peptide 

content contributes to disease progression. Similarly, these vesicles transport 

hyperphosphorylated or aggregated tau protein, contributing to the formation of NFTs, especially 

enriched with phosphorylated tau at threonine 181. Additionally, they play a role in 

neuroinflammation and consequently in neurodegeneration (Soares Martins et al., 2021; T. 

Zhang et al., 2021). Furthermore, elevated levels of Aβ42 peptide and phosphorylated tau proteins 

at positions 181 and 396 have been found in CSF and blood samples of AD patients (T. Zhang et 

al., 2021). 

On the other hand, protective roles have also been attributed to exosomes in the disease, 

associated with the restoration of neuronal functions. For instance, they can be phagocytosed by 

microglia, aiding in the clearance of Aβ peptide in the brain. Additionally, these exosomes contain 

enzymes capable of degrading the peptide, representing a potential tool as vehicles to transport 

various drugs to the brain for different therapies (Soares Martins et al., 2021)(Figure 162). 



Ana María Martín Murillo 

238 

 

 

Figure 162. Role of exosomes in AD. Created with BioRender.com. 

 

It's important to consider that in fluids like peripheral blood, when isolating exosomes, these 

originate from various cell types. However, among them are those derived from CNS cells capable 

of crossing the blood-brain barrier (K. Y. Kim et al., 2021). Hence, apart from studying the overall 

exosome population in peripheral blood, it's also possible to isolate those specifically originating 

from the brain.  

 Progress of the stay   

During the initial weeks of the internship, time was dedicated to reading the group's articles to 

better understand the work and techniques to be implemented. Additionally, two exams were 

required, one on biological risks and another on good practices in handling human samples, to 

obtain permission to work in the clinical research laboratory at the center. 

Upon passing these exams, the focus shifted to learning the techniques used for isolating 

exosomes and their characterization. Initially, work was conducted with neuronal cell cultures 

(N2a, mouse neuroblastoma) under control conditions and with Aβ treatment. After a specified 

period, the medium was removed, and the EVs secreted by the cells were isolated from this 

medium. An ultracentrifugation protocol was employed for this isolation process, allowing the 

separation of the desired vesicles from the medium. 

The ultracentrifugation protocol involved differential centrifugations (Table 36), culminating in 

the collection of two aliquots: one in PBS designated for TEM and NTA analyses, and the other 

in lysis buffer (RIPA) intended for WB analysis. 
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Table 36. Ultracentrifugation protocol for obtaining exosomes. 

Speed (rpm) Time (min) Temperature (°C) Objective 

300 10 4 
Discard dead cells from the 

medium 

2000 10 4 Discard cell membranes 

10000 30 4 Discard other microvesicles 

Filter media with a 0.22 µm filter 

40500 120 4 Obtaining exosomes 

Clean pellet with filtered PBS 

40500 120 4 Obtaining exosomes 

Remove supernatant, resuspend in PBS and freeze at -20°C. 

 

On the other hand, the cells are also collected after washing them with PBS, lysed using RIPA 

buffer, lifted from the plate using a cell scraper, and supplemented with phosphatase and protease 

inhibitors. Finally, they are sonicated five times, 10 s each time, and stored at -20°C. Additionally, 

exosomes were also extracted from plasma samples (NCs without disease and PCs from AD). 

This isolation was carried out using the commercial ExoQuickTM kit (System Biosciences, Palo 

Alto, CA, USA) based on precipitation following the protocol described below:  

1. Two Eppendorf tubes containing 500 µL of plasma were used, then centrifuged at 3000 

rpm for 15 min at 4°C to eliminate dead cells and lysates. 

2. After this centrifugation, the supernatant was carefully collected, the reagent (126 µL into 

each Eppendorf tube) was added, and mixed gently. 

3. It was incubated for 30 min at 4°C. 

4. Centrifugation was performed at 1500 rpm for 30 min at 4°C. 

5. The supernatant was discarded, and the pellet was obtained. Half of the eppendorf tubes 

were resuspended in 200 µL of PBS for TEM and NTA measurements. The other half was 

resuspended in RIPA with phosphatase and protease inhibitors for lysis to carry out WB 

analysis. Afterwards, they were stored at -20°C. 

To perform the WB, it's first necessary to quantify the protein content of the samples because 

we'll need to run an electrophoresis gel, and for this, we'll load the same amount of protein onto 

the gel. Quantification was done using the BCA method based on the formation of protein-copper 

ion complexes that form the Cu-BCA chelate with an intense purple color, which absorbs at 562 

nm. A BSA standard curve was prepared in a 96-well plate to extrapolate the concentrations of 

the samples. The samples were also incubated with the BCA reagent and left incubating for 30 min 

at 37°C. In this case, the samples are in RIPA to extract all the proteins contained in the exosomes. 
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Finally, the absorbance of the standard curve and samples at 562 nm is measured, and the 

concentrations are calculated. 

The proteins from the exosomes were separated using electrophoresis gels and 

subsequently transferred to nitrocellulose membranes to reveal the characteristic 

exosomes markers using Abs.  

The electrophoresis gel was performed under denaturing conditions with a gradient ranging from 

5% to 20% acrylamide. To create the gel's resolving part (bottom portion), two recipes were 

followed, one for 5% acrylamide and the other for 20%. These solutions were poured into the 

gradient-making mechanism. Initially, the 20% acrylamide solution was allowed to flow by 

opening the valve until a line formed between the crystals. Then, the valve for the 5% solution 

was opened to mix the two solutions, creating the gradient. Once polymerized, the stacking gel 

was added, and the comb was placed to create the wells. Finally, after polymerizing the upper part 

of the gel, the comb was removed to load the samples. Meanwhile, the samples were prepared. 50 

µg of protein mixed with the loading buffer were heated for 5 min at 95°C.  

After 5 minutes, the samples (Table 37) were loaded into the gel wells, and electrophoresis was 

initiated at a constant 90 mA for 4 hours.  

Table 37. Samples loaded on the acrylamide gels made for the N2a cell line and plasma samples. 

Samples loaded on acrylamide gels 

Molecular weight marker Control N2a cell lysate N2a cell lysate Aβ treatment 

Exosomes isolated from the 

control N2a cells 

Isolated exosomes from 

treated N2a cells 
SH-SY5Y* cell line lysate 

Plasma 1:20** 
Exosomes isolated from NC 

plasma 

Exosomes isolated from PC 

plasma 

 

*The cell line lysate was used in the acrylamide gels of the plasma samples as a PC to check the Ab 

functionality. 

**Plasma diluted 1:20 was loaded onto the acrylamide gels of the plasma samples to verify that 

the signals obtained in the exosomes are higher than those obtained in plasma. 

Once the gels are completed, it's necessary to transfer the proteins to a nitrocellulose membrane 

to determine the presence or absence of the target marker proteins. The assembled cassette is 

placed into the transfer tank containing the transfer buffer. 

After connecting, set it to 90 volts and 200 milliamps and leave it ON with ice blocks. 

Once the transfer is completed, the membranes are hydrated in 1x Tris-Buffered Saline (TBS) for 

5 min with agitation at RT. After 5 min, they are stained with Ponceau Red for 10 minutes with 

agitation at RT. Ponceau Red is a quick and reversible protein staining method for membranes, 

enabling visualization of bands to confirm the success of the transfer. After 10 min, membranes 

are washed with distilled H2O until achieving a white background with red bands.  
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This also helps in cutting the membrane at the desired molecular weight range for subsequent 

incubation with primary Abs. The membranes were cut, the first one above 50 kDa and below 37 

kDa, and the second membrane below 75 kDa. Once cut, they were washed in TBS-Tween (TBS-

T) 0.05% until the red color from the membrane bands disappears (5-10 minutes). 

Before incubating the primary Abs on the membranes, they were blocked for 4 hours with 5% 

milk in TBS-T 0.05% at RT with agitation. Subsequently, they were washed three times with TBS-

T 0.05% for 5 min each at RT with agitation. After the washes, the primary Abs (Table 38) were 

incubated for 3 hours at RT with agitation, followed by an ON incubation at 4°C with agitation, 

and finally, 2 hours at RT with agitation. The primary Abs were prepared in 3% milk in TBS-T 

0.05%. 

Table 38. Primary Abs used in the WB for the N2a cell line and plasma samples. 

Name Host Dilution Function Expression 

Calnexin Rabbit 1:1000 Protein folding Negative 

Flotilin Mouse 1:500 
Plasma membrane 

endocytosis process 
Positive 

Rab11 Mouse 1:500 
Fusion of 

multivesicular bodies 
Positive 

Alix Mouse 1:500 
Classification of 

vacuole contents 
Positive 

APP c-terminal Rabbit 1:500 APP processing marker Positive 

APP 22C11 Mouse 1:250 APP processing marker Positive 

Rab27 Rabbit 1:1000 
Exosome secretion 

process 
Positive 

CD63 Mouse 1:500 
Tetraspanin (protein 

marker) 
Positive 

 

First, the membranes were probed for calnexin, flotillin, Rab11, APP22C11, and Rab27. Following 

the primary Ab incubation, the membranes were washed 6 times for 10 min each at RT with 

agitation using TBS-T 0.05%. Subsequently, the secondary Abs (Table 39) were incubated for 2 

hours at RT with agitation. In this case, the secondary Abs were prepared in 5% milk in TBS-T 

0.05%. 
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Table 39. Secondary Abs used and their dilution for membrane development. 

Name Type  Dilution 

Calnexin αRabbit-IgG-HRP 1:10000 

Flotilin αMouse-IgG-HRP 1:2000 

Rab11 αMouse-IgG HRP 1:5000 

Alix αMouse-IgG-HRP 1:10000 

APP c-terminal αRabbit-IgG-HRP 1:5000 

APP 22C11 αMouse-IgG-HRP 1:5000 

Rab27 αRabbit-IgG-HRP 1:5000 

CD63 αMouse-IgG-HRP 1:2000 

 

After the 2-hour incubation, the same washing steps as for the primary Ab were repeated, and the 

membranes were kept in TBS until the revelation. 

For revelation, the Amersham ECLTM reagent (GE Healthcare, UK) was used. This reagent is a 

chemiluminescence-based developer that emits light resulting from the oxidation reaction of 

luminol catalyzed by the enzyme HRP. The reagent was pipetted onto the membrane and left in 

the dark for 3 min. After 3 min, the reaction was read using the ChemiDoc Imaging System (Bio-

Rad, USA). 

To determine the other markers (Alix, APP C-terminal, and CD63), a membrane stripping 

procedure was necessary. The stripping process involved applying hydrogen peroxide (H2O2) 

onto Parafilm and placing the membrane face down in contact with the liquid for 15 min at 37°C. 

This process is used to inactivate the HRP enzyme from the secondary Abs but does not remove 

the Ab from the membrane. After 15 min, the membranes were washed twice with TBS-T 0.05% 

for 5 min with agitation at RT. They were then re-blocked for 1 hour with 5% milk in TBS-T 0.05%. 

Finally, the same washing process was repeated, and the primary Abs (Table 34) were incubated. 

The process for incubating the primary and secondary Abs and revelation is the same after the 

stripping process. 

After the WB characterization, in the case of TEM, the exosomes need to maintain their integrity 

for morphological characterization, so they were not lysed. The following protocol was followed 

for visualizing the samples using TEM:  

1. Prepare the samples (10 µL for cell samples, 5 µL for plasma). Mix 5 µL of the sample with 

5 µL of 4% Paraformaldehyde (PFA). 

2. Place 5 µL of the sample mixed with PFA on a Parafilm square. Using tweezers, gently 

position the TEM grid over the drop on the Parafilm to ensure contact. 

3. Allow it to sit for 30 min at RT in darkness. 

4. Prepare the contrast solution, consisting of 3% phosphotungstic acid at pH 7. 
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5. Wash the grids that were in contact with the sample. Using tweezers, dip the grid in a 

droplet of PBS (20 µL) placed on the Parafilm and then gently touch it to filter paper to 

remove excess liquid. Repeat this process twice. 

6. Place the grid over the contrast solution, also in a droplet on the Parafilm. 

7. Incubate for 10 min in darkness. 

8. Carefully remove the grid and blot-dry it on filter paper. Store it in a box to complete the 

drying process. 

Once the samples are prepared and dried, they can be observed under the TEM. Figure 163 shows 

an exosome from one of the human plasma samples from the PC. 

 

Figure 163. Image obtained by TEM of an exosomes isolated from human plasma samples. 

 

Finally, for the quantification of exosomes using the NTA technique, they shouldn't be lysed. NTA 

utilizes both light scattering properties and Brownian motion of particles to determine the size 

distribution and concentration of EVs suspended in solution. To understand how this technique 

works, different samples of EVs isolated from plasma were measured. The NTA device, NTA 

NS300 Nanosight (Malvern Panalytical, Germany), was borrowed from the University of Coimbra 

for these experiments. Sample preparation was straightforward, involving mixing 2 µL of the 

sample with 1 mL of PBS. Next, it was injected into the microfluidic chamber and read at 488 nm 

with a flow rate of 30 µL/second. Additionally, 5 videos of 30 s each were recorded while the 

sample was being read (Figure 164).  
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Figure 164. Size distribution of isolated EVs from human serum samples obtained by NTA. The 
concentration of particles per milliliter for each size population is represented. On the left of the figure is a 
detail of the microfluidic chamber where the sample is loaded. Created with BioRender.com. 

 Conclusions 

During the stay at the Neuroscience and Signaling Group of the University of Aveiro, 

methodologies for the isolation and characterization of EVs from both cell lines and plasma 

samples were learned. Isolation of exosomes was performed in the N2a cell line and in NC and PC 

plasma samples from the AD. The use of the NTA technique was learned and these exosomes were 

also characterized by TEM and WB. Thanks to this stay, these protocols could be transferred to 

the research group with the aim of being able to isolate these exosomes and measure the 

biomarkers involved in AD using the optical biosensor described in this thesis. 
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 Proof of concept for the measurement of markers in exosomes from 

serum samples 

 Materials and methods 

After the stay at the University of Aveiro, the same protocol performed for the isolation of the 

exosomes learned in serum samples was replicated to subsequently test the separation of 

exosomes of neuronal origin by immunoprecipitation. 

5.2.3.1.1 Isolation of exosomes from human serum samples 

Five samples of 300 µL each of human serum were used, which were centrifuged for 15 min at 

3000 rpm at 4°C. The supernatant was collected and transferred to new Eppendorf tubes. To each 

of these Eppendorf tubes, 75.60 µL of ExoQuickTM reagent was added. After mixing, it was 

allowed to incubate for 30 min at 4°C. 

After incubation, the samples were centrifuged for 30 min at 1500 rpm at 4°C. The supernatant 

was removed and resuspended in 200 µL of PBS with 2 µL of phosphatase inhibitors (Thermo 

Scientific) and 20 µL of protease inhibitors (Sigma-Aldrich). From this, 10 µL (solution with 

isolated exosomes) were taken and mixed in a vortex with 10 µL of RIPA buffer for lysis. 

After isolation, a 1:1000 dilution of a small amount of the exosomes was performed to determine 

their concentration and size by DLS.  

5.2.3.1.2 Total protein exosome quantification 

Once the total exosomes were isolated from the samples, their protein content were quantified 

using the BCA method. For this, 5 µL of each sample at a 1:20 dilution in RIPA buffer were 

incubated with the BCA reagent. It was left incubating for 30 min at 37°C. Then, the absorbance 

was read at 495 nm. Additionally, a BSA standard curve (ranging from 2 to 0.03125 mg/mL) was 

prepared to extrapolate the absorbance and determine the protein concentration of the isolated 

exosomes (Figure 165). All samples were measured in triplicate.  

 

Figure 165. Procedure to carry out the BCA. Created with BioRender.com. 
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5.2.3.1.3 Neuronal exosome immunoprecipitation 

For the immunoprecipitation, 3.5 mg of total protein is required. Knowing the concentration of 

each sample, the necessary volume of exosomes in PBS (without lysis) was measured to obtain 

3.5 mg of each sample and adjusted to a final volume of 500 µL. 

The samples were mixed with 10 µL of Protein A/G PLUS-Agarose (Santa Cruz Biotechnology, 

Dallas, USA) to remove nonspecific bindings. They were left incubating for 1 hour in the 

refrigerator at 4°C with agitation. Then, they were centrifuged at 5300 rpm for 5 min at 4°C to 

remove the agarose. 

The supernatants were collected and transferred to new Eppendorf tubes. Phosphatase and 

protease inhibitors were added, followed by 4 µL of the anti- L1CAM (αL1CAM) monoclonal Ab 

(Sigma-Aldrich). They were incubated ON at 4°C with agitation. 

After incubation, 40 µL of Protein A/G PLUS-Agarose was added and left for 2 hours with agitation 

at 4°C. Then, they were centrifuged for 5 min at 5300 rpm at 4°C. After this incubation, the 

supernatants were removed, leaving the pellet to elute the exosomes from the agarose binding. 

For elution, 25 µL of glycine-HCl at pH 3 was added, and the mixture was vortexed for 40 s. Next, 

5 µL of Tris-HCl at pH 7.5 was quickly added to adjust the solution's pH suitable for proteins. 

Subsequently, 20 µL of RIPA buffer heated to 37°C was added to lyse the exosomes. 

This solution was passed through the columns to retain the agarose on the filter and collect the 

exosome lysate. The 50 µL of the lysate was placed in the column and centrifuged at 8000 rpm for 

5 min at 4°C, thus collecting the lysate of the neuronal exosomes (Figure 166).  

 

Figure 166. Neuronal exosome immunoprecipitation. Created with BioRender.com. 

 

5.2.3.1.4 Protein quantification of neuronal exosomes 

The lysate obtained from the immunoprecipitation was quantified using the BCA method. In this 

case, 5 µL of each sample at a 1:10 dilution was used. The procedure followed for this 

quantification was the same as that used to quantify the total exosomes. All samples were 

measured in triplicates.  
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5.2.3.1.5 ELISAs to determine different biomarkers in total and neuronal exosomes 

ELISA plates were coated with anti-Aβ42 Ab (αAβ42) (Biolegend, SD, USA) at 20 µg/mL (100 

µL/well) in carbonate buffer at pH 9.6 ON at 4°C. After washes with PBS-T 0.05%, they were 

blocked with 2% BSA in dilution buffer for 2 hours at RT. After repeated washes, the samples 

(total exosomes and neuronal exosomes in RIPA buffer) were incubated ON at 4°C. The plates 

were washed again, and anti-Aβ16-biotin (αAβ16-biotin) (Biolegend) Ab was incubated at 1 µg/mL 

(100 µL/well) in dilution buffer and allowed to incubate for 2 hours at RT. After washes, STV-HRP 

was incubated at 0.2 µg/mL for 1 hour at RT. Finally, the TMB substrate was incubated for 15 min 

at RT in the dark and the reaction was stopped with 2 N HCl. OD was read at 450nm.  

To determine the Aβ40 peptide, the same type of ELISA was performed, changing the capping Ab 

for anti-Aβ40 (αAβ40) (Biolegend). The rest of the conditions were kept the same (Figure 167).  

Other plates were immobilized with the αTau Ab at 1:1000 (50 µL/well) ON at 4°C. The blocking 

steps were the same for all ELISAs. Samples were then incubated under the same conditions and 

developed with another polyclonal αTau Ab (Sigma-Aldrich) (1:1000) for 2 hours at RT. 

Subsequently an αRabbit-IgG-HRP was incubated at 1:5000 for 1 hour at RT. The development 

process with TMB was the same as described above (Figure 168).  

Finally, the total and neuronal exosome samples were incubated directly on ELISA plates to 

determine lactoferrin. After incubation of the ON samples at 4°C and the blocking step, the 

αLactoferrin-biotin Ab was incubated 1:10000 (100 µl/well) for 2 hours at RT and revealed as 

previously described for Aβ42 (Figure 169).  

All ELISAs performed were qualitative and not quantitative and the measurements were 

performed in triplicates.  
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Figure 167. Protocol performed for qualitative ELISAs of markers in total and neuronal exosomes 
for Aβ42/40 peptide. Created with BioRender.com. 
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Figure 168. Protocol performed for qualitative ELISAs of markers in total and neuronal exosomes 
for tau protein. Created with BioRender.com. 
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Figure 169. Protocol performed for qualitative ELISAs of markers in total and neuronal exosomes 
for lactoferrin protein. Created with BioRender.com. 

 

 Results 

5.2.3.2.1 Exosomes isolation from human serum samples 

Five human serum samples were used to exosomes isolation. Once isolated, a portion was 

separated for possible characterization analyses (such as quantification and size determination), 

another portion of the isolated total exosomes was diluted in RIPA buffer to release their content, 

and the rest were saved to separate the neuronal exosomes (Figure 170).  

 

Figure 170. Exosomes precipitated from serum samples. 
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In addition, after isolation, a small fraction was diluted to measure their concentration in the DLS 

in addition to their size. The data obtained for the concentration are represented in Table 40. The 

size of the isolated exosomes was found to be in the range of 35-80nm.  

Table 40. Concentration of total exosomes measured in DLS after isolation. 

 Concentration (nº exosomes/mL) 

Exosomes 1 4.8 x 1013 

Exosomes 2 3.58 x 1014 

Exosomes 3 3.80 x 1016 

Exosomes 4 6.67 x 1016 

Exosomes 5 2.67 x 1017 

 

5.2.3.2.2 Total protein exosome quantification 

To determine the amount of protein content in the exosomes, they were lysed and quantified by 

BCA. For this purpose, a BSA standard curve was made with the aim of extrapolating the OD data 

on the straight line (Figure 171).  

 

Figure 171. BSA standard curve. 

 

After extrapolation, the protein concentration data of the isolated total exosomes are shown in 

Table 41.  
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Table 41. Total protein concentration of isolated total exosomes. 

 DO at 495nm Protein concentration (mg/mL) mg of total protein 

Exosomes 1 0.1776 28.75 5.75 

Exosomes 2 0.1781 28.84 5.77 

Exosomes 3 0.1397 22.45 4.49 

Exosomes 4 0.1784 28.88 5.78 

Exosomes 5 0.2003 32.53 6.51 

 

Having the data on the number of total exosomes and the amount of total protein, we can 

calculate the protein/exosome ratio (Table 42). This is interesting because there is literature 

that suggests that there may be no difference in the number of exosomes produced in AD, but 

there is a difference in the amount of protein they contain or the type of protein content.  

Table 42. Protein per exosome ratio. 

 
Concentration (nº 

exosomes/mL) 

Protein concentration 

(mg/mL) 

Ratio protein concentration 

(mg)/ exosome 

Exosomes 1 4.8 x 1013 28.75 5.99 x 1013 

Exosomes 2 3.58 x 1014 28.84 8.06 x 1014 

Exosomes 3 3.80 x 1016 22.45 5.91 x 1016 

Exosomes 4 6.67 x 1016 28.88 4.33 x 1016 

Exosomes 5 2.67 x 1017 32.53 1.22 x 1016 

 

Considering the results, differences are observed between the samples in the amount of 

protein content per exosome, which could be very interesting data to analyze by expanding the 

sample size, since the analyses performed gave promising results.  

5.2.3.2.3 Neuronal exosome immunoprecipitation 

From the total exosomes, a fraction (corresponding to 3.5 mg of total protein) was used to 

immunoprecipitate neuronal exosomes. This was possible thanks to the L1CAM marker, which is 

a transmembrane protein expressed by exosomes from the brain. In this way it is possible to 

determine the concentration of the proteins of interest that really have neuronal origin and 

that do not come from the exosomes of cells found in the blood coming from other organs. 

Although it must be considered that they are found in much lower concentration.  

On the other hand, once the immunoprecipitation is performed, part of the characterization 

cannot be performed, since the same protocol for separating the neuronal exosomes involves 

breaking them, so that neither their concentration by DLS or the size of the exosomes can be 

determined.  
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5.2.3.2.4 Protein quantification of neuronal exosomes 

After the immunoprecipitation that allowed the separation of neuronal exosomes, the protein 

content of this fraction of exosomes was quantified following the same procedure as for the total 

exosomes.  

Thus, after extrapolation on the BSA curve, the concentrations of protein of neuronal origin were 

obtained (Table 43).  

Table 43. Protein concentration from immunoprecipitated neuronal exosomes. 

 DO at 495nm Protein concentration (mg/mL) mg of total protein 

Exosomes 1 0.1776 1.491 0.119 

Exosomes 2 0.1781 1.722 0.138 

Exosomes 3 0.1397 1.514 0.121 

Exosomes 4 0.1784 2.273 0.182 

Exosomes 5 0.2003 1.070 0.086 

 

In this case, it was not possible to calculate the amount of protein per exosome since these 

cannot be quantified, but the protein concentration calculated above for total exosomes can be 

related to the concentration of exosomes of neural origin (Table 44).  

Table 44. Ratio of protein from neuronal exosomes to total exosomes. 

 mg of total protein of 

total exosomes 

mg of total protein of 

neuronal exosomes 

Ratio (%) protein neuronal 

exosomes / total exosomes 

Exosomes 1 5.75 0.119 2.073 

Exosomes 2 5.77 0.138 2.388 

Exosomes 3 4.49 0.121 2.698 

Exosomes 4 5.78 0.182 3.147 

Exosomes 5 6.51 0.086 1.315 

 

If we analyze the results, we also observe that there is a difference between the samples in 

the calculated ratio, with the two samples with the highest ratio coinciding with those with the 

highest amount of protein per exosome. Moreover, as we can see, this does not correlate with the 

total number of exosomes obtained, or with the protein concentration of total exosomes. 

Therefore, this data could also be very interesting, since within the theories of the functions of the 

exosomes, it is described in the literature that one of their functions could be the clearance 

of the Aβ peptide in the brain and for this reason those exosomes with neuronal origin could be 

appearing in serum with a greater amount of protein.  
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5.2.3.2.5 ELISAs to determine different markers in total and neuronal exosomes 

ELISAs were performed to determine different AD-related markers in isolated exosomes (total 

and neuronal) such as Aβ40 peptide, Aβ42 peptide, tau protein and lactoferrin protein.  

The results of these ELISAs are presented qualitatively rather than quantitatively, although 

a standard line was carried on each ELISA plate. This is because the objective when they were 

performed was not to quantify, but to test the capacity we had to measure these markers in both 

types of exosomes and to know the range of concentrations in which each marker was found.  

In the case of the Aβ42 marker, we obtained detectable levels for all samples in both types 

of exosomes as well as for the determination of lactoferrin. For the Aβ40 marker, some of the 

samples were at the detection limit, while for tau protein it could not be detected in any of the 

samples due to problems in the experiment (Table 45).  

Table 45. Summary of detectable markers of in total and neuronal exosomes. 

 Aβ42 Aβ40 Tau protein Lactoferrin protein 

Exosomes 1 detectable at detection limit undetectable detectable 

Exosomes 2 detectable at detection limit undetectable detectable 

Exosomes 3 detectable detectable undetectable detectable 

Exosomes 4 detectable detectable undetectable detectable 

Exosomes 5 detectable detectable undetectable detectable 

 

The results obtained were very promising to be able to observe concentration differences in the 

markers that could be detected.  

 

 

 

 

 

The isolation of total exosomes from human serum samples, quantification of their 

total protein and its concentration by DLS was achieved. From total exosomes it was 

possible to isolate exosomes of neuronal origin by immunoprecipitation and their 

protein content was quantified. 

 

We tested the possibility of measuring different markers of AD by ELISA in total 

exosomes and those of neuronal origin, obtaining detectable signals for the markers 

Aβ42, Aβ40, and lactoferrin protein. 
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 Conclusions 

The most important conclusions obtained during the experiments carried out in the proof of 

concept of exosome isolation are summarized as follows: 

❖ We can highlight that we were able to replicate the exosome isolation protocol 

learned during the stay.  

❖ Once isolated, we were able to quantify them and know their concentration and size. 

This allowed us to know the amount of protein/exosome in the samples analyzed. 

❖ We were able to isolate the exosomes of neuronal origin and perform protein 

quantification of these and relate this amount of protein with the calculated number of 

total exosomes.  

❖ Finally, qualitative ELISAs of different markers related to AD were performed, of 

which three were detectable in both types of exosomes. Based on these results, ELISA 

protocols for each type of marker and the range of concentrations in which they are found 

would have to be established in order to adequately quantify the samples. In addition, it 

would be necessary to perform tests for the ELISA for detection of the tau protein. 
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6. Sensor sensitivity enhancement system 

6.1. Introduction 

Immunoassays rely on the use of Abs due to their ability to specifically recognize a 

particular analyte. As they form the foundation of recognition systems in both conventional 

assays and biosensor applications, an essential step to consider is surface immobilization. 

Abs, upon immobilization, can assume four types of orientations: end-on Fab-up, end-on Fab-

down, flat-on, or side-on. Another influential factor to consider is the Ab concentration used, as 

excessively high concentrations can favor multilayer formation, adversely affecting the Ab's 

analyte recognition (Susini et al., 2023)(Figure 172). 

 

Figure 172. Possible Ab orientation in immobilization. Created with BioRender.com. 

 

Various techniques exist for Ab immobilization. For instance, in the case of polystyrene plates, 

they undergo treatments to enable hydrophilic groups on the surface to interact with 

carbohydrates found in the Fc region of the Ab (Welch et al., 2017). 

However, these surface immobilization methods still present the same problem of Ab orientation. 

When Abs are positioned in the four ways described earlier, the Ab recognition function is 

affected. Actually, only 5-10% of Ag-binding sites are available when no strategy is 

employed to orient Ab immobilization (Butler et al., 1992). Hence, orienting Abs to the end-on 

Fab-up position is crucial to enhance system sensitivity. 

One of the first methods described to achieve Ab orientation is the covalent binding of 

carboxyl or amino groups of Abs with a chemically activated surface (Dixit et al., 2011; Lu et 

al., 1995)(Figure 173A). However, due to the widespread distribution of these groups throughout 

the Ab structure, it did not result in a well-controlled orientation (Gao et al., 2022). 
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Another method used for orientation involves proteins that have binding specificity 

against the Fc region of Abs, such as A-protein and G-protein. These proteins specifically bind 

to aa residues found between the two C domains of the Fc (C2 and C3) of mammalian IgGs 

(Deisenhofer, 1981; Sauer-eriksson et al., 1995)(Figure 173B). 

Another way to achieve the best orientation is by immobilizing Abs using disulfide bridges 

found in the hinge region. These disulfide bridges are reduced by various agents, resulting in 

two monovalent Abs that are immobilized in an oriented manner on the surface, enhancing system 

sensitivity and reproducibility (Baniukevic et al., 2013; Ho et al., 2010)(Figure 173C). 

Plasma O2 treatments can also be employed to modify the surface and create active groups 

capable of interacting with Abs. Three-dimensional substrates can enhance sensitivity due to 

their extensive surface area. Additionally, peptides and aptamers specific to the Fc region of Abs 

exist and can be used for their orientation (Welch et al., 2017)(Figure 173D). 
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Figure 173. Ab immobilization strategies. A. By chemical activation of the surface. B. Use of G or A 
proteins by binding to the Fc of the Abs. C. Reduction of the disulfide bridges of the Abs for binding to the 
Au surface. D. Activation of the surface with O2 plasma to bind the Abs. Created with BioRender.com. 

 

Finally, there's the system based on the interaction between biotin and STV, which was 

employed during the development of this thesis and is detailed in the following section.  
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6.2. Biotin-STV system 

Biosensors have been increasingly developed and have had a growing impact on society and 

clinical diagnostics. However, in many applications, achieving very high sensitivity and 

specificity is necessary. One of the limiting factors is the biofunctionalization of surfaces with 

Abs in an oriented manner to avoid losing active Ag binding sites, as specificity relies on the 

bioreceptors anchored to the surface, and sensitivity depends on how well-optimized that 

anchoring process is (Welch et al., 2017). 

One of the systems used to achieve this orientation relies on the interaction of biotin, also 

known as vitamin B7, with STV protein, which originates from the bacterium Streptomyces 

avidinii. STV is a homotetrameric protein with a molecular weight of 56 g/mol, capable of 

binding to four biotin molecules, thus enhancing system sensitivity and providing signal 

amplification (Dundas et al., 2013; Wilchek & Bayer, 1990). Furthermore, STV exhibits high 

specificity for biotin, boasting the highest known affinity constant among biological 

reactions, with Ka = 1015 M-1 (I. H. Cho et al., 2007; Delgadillo et al., 2019; Wilchek & Bayer, 1990). 

The biotin-STV binding is the strongest non-covalent interaction and remains irreversible even 

under extreme pH or temperature conditions, or when using organic or denaturing 

solvents (Gao et al., 2022). This enables the use of this system in diverse diagnostic applications 

due to its versatility and stability. 

Hence, for its application, the sensor surface will be coated with STV, and the Ab will be 

biotinylated to bind to the surface. It has been demonstrated in various studies that using this 

random biotinylation system increases the availability of Ab binding sites by up to 70% 

(Morgan & Taylor, 1992; Rowe et al., 1999)(Figure 174). 

 

Figure 174. Comparison between immobilization without STV and with the biotin-STV system. 
Created with BioRender.com. 
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Therefore, to use this system, a preliminary step is necessary in which the Abs will be biotinylated, 

meaning that biotin molecules are anchored to them through processes that can be either 

chemical or enzymatic (Dundas et al., 2013). The attachment of these molecules can occur with 

different functional groups of the Ab, such as carboxyls or amines (I. H. Cho et al., 2007). 

This process can be carried out in two ways, either in a non-directed manner (biotin will be 

added throughout the entire Ab) or in a targeted manner, such as to the sulfhydryl groups of the 

hinge region, potentially increasing the Ab's recognition capacity by up to 20 times compared to 

non-directed biotinylation (I. H. Cho et al., 2007). Moreover, the binding of these molecules 

typically does not affect the biological activity of the biotinylated molecules or their 

physical characteristics (Wilchek & Bayer, 1990). 

One of the chemical methods for biotinylating molecules is based on NHS esters of biotin, 

which provides non-directed biotinylation. When this compound is mixed with Abs, it reacts 

with the primary amines of lysine residues found throughout the Ab structure, forming stable 

amide-type bonds (Shioya et al., 2022)(Figure 175). 

 

Figure 175. Biotinylation reaction using sulfo-NHS-biotin reagent. Created with BioRender.com. 

 

Therefore, the objective addressed in this thesis was to optimize a protocol for biotinylating 

Abs and studying their stability to enhance the biosensor's sensitivity used throughout the 

study. Different biotinylation ratios were tested, and the biotinylation was quantified. 

Subsequently, the stability over time and under different conditions of this process was studied 

using the ELISA technique. Finally, immunoassays were performed on the biosensor to quantify 

the BSA protein using the biotin-STV system and without using it to compare the detection 

sensitivity.  
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6.3. Materials and methods 

 αBSA Ab biotinylation 

The compound EZ-Link Sulfo-NHS-Biotin (Thermo Fisher) was used to perform the biotinylation 

of the αBSA Ab. Biotinylation was tested at ratios of 1:10, 1:20, and 1:50 to select the best Ab:biotin 

relationship. For this, 100 µL of αBSA at a concentration of 6.2 mg/mL was mixed with the 

different selected ratios, establishing the biotin concentration at 10 mM. Once mixed, they were 

incubated for 40 min at RT and subsequently for 1 hour at 4°C with agitation. 

After the reaction is complete, it is necessary to remove all unbound biotin from the solution. For 

this purpose, all mixtures were passed through Zeba Spin Desalting Columns with a MWCO of 7 

kDa (Thermo Fisher). This yields the biotinylated αBSA Ab at a concentration of 0.62 mg/mL. 

To compare the biotinylation obtained between the different ratios used, it was quantified using 

the Pierce Biotin Quantitation Kit (Thermo Fisher). Ten microliters of the HABA (4´-

hydroxyazobenzene-2-carboxylic acid)-Avidin reagent were mixed with 160 µL of PBS at pH 7.4, 

and absorbance at 500 nm was measured, denoted as A500 HABA/Avidin after a 15 min reaction. 

Then, 20 µL of αBSA-biotin Ab at different ratios (in triplicate) were added, and as a PC, 

biotinylated-HRP enzyme supplied by the manufacturer was added. Subsequently, absorbance 

was again measured at 500 nm after a 15 min reaction, denoted as A500 HABA/Avidin/biotin 

sample. Once these data were obtained, using the HABA Calculator available on the Thermo Fisher 

website, the number of biotins bound to the Ab was calculated (Murillo et al., 2023)(Figure 176).  

 

Figure 176. Biotinylation and quantification process using HABA-avidin reagent. Created with 
BioRender.com. 
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 Control tests  

To verify the biotinylation and proper functioning of the Ab post-biotinylation, ELISA plates were 

coated with BSA protein (50 µL/well) at various concentrations to generate a standard curve from 

5 mg/mL to 0.00032 mg/mL following 1:5 dilutions in carbonate buffer at pH 9.6. Plates were left 

ON at 4°C and subsequently blocked with 200 µL of 1x casein hydrolysate for 1 hour at RT. 

After three washes with PBS-T 0.05%, the αBSA-biotin (from the three ratios) was incubated at 

1:5000 (50 µL/well) for 1 hour at RT. As a PC, a rabbit polyclonal Ab against BSA at 1:1500 was 

incubated under the same time and temperature conditions. Washes were repeated, and then 

STV-HRP at 0.2 mg/mL (50 µL/well) was added to the wells incubated with αBSA-biotin, while in 

the wells incubated with αBSA without biotin, an αRabbit-IgG-HRP Ab at 1:12000 was added. This 

incubation was completed in 1 hour at RT. 

Finally, after three washes, the reaction was developed using TMB substrate by adding 75 µL/well 

and incubating it in darkness for 15 min. The reaction was stopped with 75 µL/well of 2 N HCl, 

and absorbance was read at 450 nm. All points on the curve were performed in triplicate (Murillo 

et al., 2023). 

 Stability tests 

To study the stability of the biotinylation process over time, the αBSA-biotin Ab (1:10, 1:20, and 

1:50) was stored under two different conditions. Aliquots were stored in a refrigerator at 4°C, 

while others were kept in the freezer at -20°C. ELISAs were conducted at 15, 30, and 90 days for 

both storage conditions following the procedure described in the previous section (Murillo et al., 

2023).  

 Comparison tests on the biosensor 

To compare the sensitivity of the sensor using and not using the biotin-STV system, 65-BICELLs 

KITs with a 200 μm diameter were used. Parallel assays were conducted, where arrays were 

coated with the αBSA Ab by depositing 1.5 µL per cell at a concentration of 0.62 µg/mL for 3 hours 

at 37°C in a humid chamber, followed by ON incubation at 4°C. Other arrays were incubated with 

the STV protein at 500 µg/mL under the same conditions. 

After washing with H2OmQ, in the KITs coated with the αBSA Ab, BSA protein was incubated in a 

concentration range from 1000 µg/mL to 3.9 µg/mL following 1:2 dilutions, depositing 1.5 µL/cell 

and incubating for 2 hours at 37°C in a humid chamber. In the arrays coated with STV, αBSA-biotin 

at a ratio 20 at 0.62 µg/mL was incubated under the same conditions. 

Finally, the arrays incubated with αBSA-biotin at a ratio 20 were incubated with BSA protein 

following the same conditions and concentration range as the arrays without STV. After each of 

the described incubation steps, the values of ΔIROP (%) were measured (Murillo et al., 2023). 
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 Correlation assays between ELISA and IODM 

To compare the results obtained through IODM with the ELISA technique in terms of sensitivity, 

a sandwich ELISA was conducted. Plates were coated with 50 µL per well of a polyclonal αBSA Ab 

(Thermo Fisher) in carbonate buffer at pH 9.6 at a dilution of 1:1000 at 4°C ON. Three washes of 

200 µL/well were done with PBS-T 0.05%, followed by blocking with 200 µL/well of 1x casein 

hydrolysate for 1 hour at RT. After washing, the BSA protein was incubated from a concentration 

of 15 µg/mL down to 0.03 µg/mL in 1:5 dilutions (100 µL/well) for 2 hours at RT. The washes 

were repeated, and αBSA-biotin at a ratio 20 was incubated at 1:1500 (50 µL/well) for 2 hours at 

RT. Finally, STV-HRP at 0.2 μg/mL (100 µL/well) was added and left for 1 hour at RT. The reaction 

was developed with 75 µL/well of TMB, and the reaction was stopped with an equal volume of 2 

N HCl. Absorbance was measured at 450 nm, and all measurements were performed in triplicates 

(Murillo et al., 2023).  

6.4. Results 

 αBSA Ab biotinylation 

After carrying out the biotinylation protocol with the αBSA Ab at different tested ratios (1:10, 

1:20, and 1:50), the biotinylation was quantified to study and compare between ratios and 

select the most suitable one. For this purpose, the Pierce Biotin Quantitation Kit was used. This 

kit is based on the HABA reagent, which allows estimating the molar ratio of biotin per protein, in 

this case, the Ab. This is because when the biotinylated Ab is mixed with the HABA-Avidin 

compound, the biotin bound to the Ab competes for binding sites on avidin with the HABA 

compound, displacing HABA due to the high affinity of biotin for avidin. This displacement results 

in a decrease in absorbance at 500 nm. Therefore, by measuring absorbance at 500 nm before and 

after the mixture, along with the molecular weight and concentration of the biotinylated Ab, the 

number of biotin molecules per Ab can be determined. Calculations were performed using the 

HABA Calculator and are summarized in Table 46. 
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Table 46. Quantification obtained through the Pierce Biotin Quantitation Kit (Murillo et al., 2023). 

 

Once the number of biotin molecules per Ab was calculated, it was observed that using the 1:20 

ratio resulted in the highest number of biotin molecules (6 per Ab). In comparison to the 

1:50 ratio, there isn't much difference, but it's important to consider that this is a signal 

amplification system, and that difference could have significant consequences. However, there's 

a noticeable contrast with the 1:10 ratio, where only one biotin molecule attaches per Ab. This 

quantification method helps establish which ratio could be best for the protocol and to verify that 

biotinylation is occurring correctly. These data are validated by the PC, as the obtained result for 

this control aligns with the manufacturer's specifications.  

 Control tests 

Although the quantification assays showed that the 1:20 ratio provided a higher number of biotin 

molecules per Ab, all three ratios were tested to confirm their proper functioning and to 

determine which one yielded the best signal. To determine this, direct ELISAs were performed, 

and as a PC, another direct ELISA was conducted using the non-biotinylated αBSA Ab. 

 

Figure 177. ELISAs using the αBSA-biotin Ab at the different ratios (Murillo et al., 2023). 

 Positive 

control 
Ratio 10 Ratio 20 Ratio 50 

Initial absorbance (500nm) 0.655 0.6841 0.6419 0.6543 

Final absorbance (500nm) 0.552 0.6015 0.6001 0.6159 

ΔAbsorbance (500nm) 0.103 0.0826 0.0418 0.0384 

Molecular weight (g/mol) 40000 150000 150000 150000 

Concentration (mg/mL) 1 6.2 6.2 6.2 

Biotin molecules per IgG molecule 2 1 6 5 
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Figure 178. ELISA to determine BSA concentration using the αBSA Ab without biotinylation (Murillo 
et al., 2023). 

 

If we compare Figures 177 and 178, we observe a higher absorbance signal when using 

biotinylated Abs, nearly three times greater. This is due to the amplification provided by the 

biotin-STV system. Looking at Figure 177 and comparing the signals from different ratios, it's 

noticeable that the highest absorbance signal is obtained with the biotinylated Ab at a 1:20 

ratio, which aligns with the quantification data obtained. Considering the results of these ELISAs, 

it was decided not to use αBSA-biotin ratio 1:10 in subsequent experiments as the signal was too 

low.  

 

 

 

 

 Stability tests 

The αBSA-biotin Ab at ratios of 1:20 and 1:50 was aliquoted and these aliquots were stored under 

two different conditions. Half of them were kept in the refrigerator at 4°C, while the others were 

stored in the freezer at -20°C. To verify the stability of the biotinylation protocol and determine 

the optimal storage method, direct ELISAs were conducted at 15, 30, and 90 days of storage. 

 

Biotinylation of the αBSA Ab was performed at different ratios and quantified, 

obtaining a better biotinylation with the 1:20 ratio. After testing these Abs by ELISA, 

better results were obtaining with the Ab biotinylated at 1:20.  
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Figure 179. ELISAs to study biotinylated stability. A. ELISAs performed with the αBSA-biotin Ab Ab 
ratio 20. B. ELISAs performed αBSA-biotin Ab ratio 50 (Murillo et al., 2023). 

 

Comparing Figures 179A and 179B, as observed in previous results, the signal remains 

consistently higher when revealed with the αBSA-biotin Ab at a 1:20 ratio. Additionally, for both 

ratios, it's evident that the signal decreases over time under both storage conditions (4°C 

and -20°C), with consistently higher signal retention observed at -20°C. Therefore, based on 

these results, it can be confirmed that after 90 days, biotinylation remains relatively stable, 

although some signal loss is observed. Furthermore, the optimal way to preserve biotinylated 

samples appears to be at -20°C.  

 

 

 

 

Once ELISAs were performed at 15, 30 and 90 days after biotinylation, it was observed 

that the best way to store the biotinylated Abs were at -20°C, confirming that the 1:20 

ratio gave the best results. 
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 Comparison tests on the biosensor 

Once the optimal biotinylation ratio was established and its functionality was tested in ELISA, 

assays were conducted using the kits. For this purpose, 65-BICELLs KITs were selected, with half 

of them coated with αBSA without biotinylation and the other half coated with the STV protein 

and αBSA-biotin to compare the biosensor's sensitivity. Once the surfaces were prepared with the 

Ab, BSA protein at various concentrations was incubated, and the ΔIROP (%) signal obtained was 

compared for both scenarios. 

 

Figure 180. Comparison of the sensitivity of the sensor with and without STV surface coating for 
the detection of BSA protein (Murillo et al., 2023). 

 

The data in Figure 180 indicates that the ΔIROP (%) signal obtained was higher when the 

biosensor surface was coated with STV, particularly at lower concentrations, where measurement 

without this system is nearly impossible. This enhanced sensitivity allows us to detect 

concentrations as low as 3.9 µg/mL of BSA (equivalent to 5.9 ng in total) compared to 15.62 

µg/mL (23 ng total) without utilizing the biotin-STV system. This enhancement in detection 

sensitivity is at least fourfold.  

 Correlation assays between ELISA and IODM 

To compare the sensitivity achieved between IODM and the ELISA technique, sandwich ELISAs 

were conducted to ensure the same assay configuration. The ELISA plates were coated with the 

αBSA Ab to detect various concentrations of BSA (15 μg/mL to 0.03 μg/mL). 

An important factor to consider when comparing the two techniques is the difference in the 

volume utilized (100 μL per well in ELISA versus 1.5 μL per cell in the KIT). To compare 

sensitivity, the total protein amount within these volumes was used rather than concentration. 

Considering this, 100 μL at 15 μg/mL equals a total of 1.5 μg of BSA, equivalent to the initial 

concentration measured by the biosensor at 1.5 μL and 1000 μg/mL, amounting to 1.5 μg 

total BSA.  
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Dilutions were then prepared from this starting concentration to establish a calibration curve. 

Figure 181 represents the correlation obtained from ELISA and IODM. Comparing both 

techniques, the biotin-STV system utilized in the biosensor enables detection limits 

comparable to the well-established ELISA technique. However, it's important to highlight 

that IODM detects concentration directly without the need for a secondary Ab, thereby 

reducing the number of protocol steps, required time, reagent consumption, and sample quantity.  

 

Figure 181. Correlation between ELISA and IODM measurements in KITs using the biotin-STV 
system (Murillo et al., 2023). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Thanks to the use of the biotinylated Ab on the surface of the biosensor coated with 

STV, it was possible to improve the detection sensitivity up to almost 4 times, 

comparing this sensitivity with that obtained with the ELISA. 
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6.5. Conclusions 

The most important conclusions obtained during the experiments carried out on the use of the 

biotin-STV system to obtain a higher sensitivity in the sensor are as follows: 

❖ This work successfully established a biotinylation protocol for Abs with the most 

suitable ratio for our method (1:20), yielding the best results across all conducted 

experiments. 

❖ The study on biotinylation stability revealed its efficacy for up to 90 days, potentially 

lasting longer, especially when stored at the most favorable condition of -20°C in the 

freezer. 

❖ The research demonstrated that the biosensor's sensitivity was enhanced through 

increased Ag binding sites availability due to the application of the biotin- STV 

system. This led to a significantly improved sensor surface, allowing the detection of 

lower analyte concentrations through signal amplification. It exhibited at least a 

fourfold sensitivity enhancement compared to the assay conducted without the STV 

surface. 

❖ Comparatively, when this method is juxtaposed with ELISA, the biotin-STV system 

allowed us to reach ELISA's detection limits. 

❖ It's essential to note the advantages offered by this biosensor type, enabling direct 

detection without the need for secondary Abs or chemical developers. This results in 

fewer steps during the protocol, reducing the time required to obtain results. 

Additionally, it utilizes much smaller sample quantities, enabling multiplexing of the KIT 

and the simultaneous measurement of numerous markers with minimal sample amounts.
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7. General conclusions  

This section summarizes the general and main conclusions of this work that have been 

explained in each of the sections: 

❖ Firstly, during the development of this thesis several biological applications for a new 

technology have been demonstrated, covering all the steps of the value chain, from the 

fabrication of the diagnostic KITs, their functionalization with O2 plasma avoiding H2SO4, 

the measurement equipment, the biofunctionalization of the NPs and the determinations 

of different proteins in real samples (serum and saliva). The results obtained by IODM 

were verified with well-established techniques such as the ELISA technique.  

❖ For the case study of COVID-19, it was possible to develop a multiplexed detection 

system of specific Abs in serum against SARS-CoV-2. Being one of the first research 

groups to start with the development of a valid system for this purpose. Thus, it was 

possible to measure 74 samples from people who had passed the disease with different 

degrees of severity (mild, moderate and severe) and to determine the levels of sIgT and 

sIgG, sIgM and sIgA, finding differences in the values of Igs for each LSC. In addition, in 

all these samples we also measured two markers related to COVID-19, such as FTH1 and 

CRP, finding differences in FTH1 levels between the different LSCs, but, however, there 

were no differences in CRP levels. After having all these data, a model could be made to 

study how each of the markers affected the severity of the disease, the most important 

of which were sIgT and FTH1. This objective is a significant advance in advanced in-

vitro diagnostics, where automation is a very important factor that allows us to save time 

and errors. In addition, multiplex assays can facilitate and accelerate the diagnosis of 

different diseases. 

❖ Similarly, this system could be followed to determine sIgA in saliva against SARS-

CoV-2, thanks to which a pilot study could be carried out at the UPM on the prevalence of 

SARS-CoV-2 by studying the levels of sIgA in the saliva of volunteers for 3 months.  

❖ In both cases (serum and saliva) the signals obtained by IODM were correlated with 

the ELISA technique, obtaining a good linear fit for both sample types.  

❖ In the case of the study of AD, different advances have been achieved for the determination 

of biomarkers related to the disease. To this end, we were first able to establish a 

protocol for biofunctionalization of SiO2 NPs with the different Abs of interest, in 

addition to using commercial NPs.  
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❖ Thanks to the use of NPs, it was possible to detect tau protein by competitive assay 

in PBS and serum, reaching a LoD of 10 pg/mL 

❖ In addition, by using these NPs, it was also possible to measure the marker lactoferrin 

in saliva and compare the concentrations obtained with those measured by ELISA, 

obtaining very similar lactoferrin concentration data between both techniques used.  

❖ Finally, these NPs were also used to measure the pTau181 protein in sera from the 

hamster model and the transgenic mice, observing differences between the different 

states of the model (control, arousal and torpor). 

❖ Thus, the versatility of NPs has been demonstrated in order to measure different 

biomarkers and in different types of samples, despite their matrix effect. It has also 

corroborated the possible use of this technology and this type of biosensor in the 

clinic for the diagnosis and monitoring of different diseases.  

❖ During the realization of this doctoral thesis, a stay at the University of Aveiro was 

carried out, where exosome isolation and characterization techniques were 

learned. This knowledge was transferred to the laboratory of the research group where 

the first tests were performed, and it was determined that the protocol learned could 

be replicated and that from these isolated total exosomes we were also able to 

separate those of neuronal type. After performing the isolation technique and its 

characterization by DLS, we also tested whether AD biomarkers could be measured in 

both types of exosomes, obtaining positive and promising values for the markers 

Aβ42, Aβ40 and lactoferrin.  

❖ Finally, we studied how to improve the sensitivity of the biosensor by using the biotin-STV 

system. For this purpose, Abs were biotinylated by studying their stability and the 

best biotinylation ratio. After establishing these parameters, the sensitivity of the 

biosensor was compared by covering the sensing surface with STV and without covering 

to determine the concentration of BSA, with which it was observed that the sensitivity 

was improved by almost four times when using the biotin-STV system, reaching the 

LoD of the ELISA technique without the use of NPs. 
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8. Future research lines  
After the research carried out during the doctoral thesis, progress has been made in several 

aspects, but also new areas and lines of research have been discovered such as:  

➢ The development of different diagnostic KITs for other diseases. Due to the high 

versatility of the sensor and the technology used, many opportunities open up in the 

diagnostic field after testing its performance during this thesis. In addition to further 

improving the diagnostic KITs already developed.  

➢ The improvement and extension of NPS biofunctionalization protocols. During this 

work, many changes have been made in the protocols for their optimization, but even so, 

for example, the number of NPs lost during the process is very high, so the technique 

should be further refined for higher performance. On the other hand, it would be very 

interesting to try with NPs of other materials or with surfaces that have other 

modifications in order to implement new biofunctionalization protocols in the research 

group.  

➢ In collaboration with other research groups such as the Cajal Institute, the concentration 

of pTau181 protein in the sera of Syrian hamsters and transgenic mice should be 

determined. It would be very important to validate and compare these data with 

those obtained by other techniques such as ELISA or WB, in addition to being able to 

increase the number of individuals in the study.  

➢ Another collaboration was with Fernando Maestu's group who gave us saliva samples for 

the determination of lactoferrin. This also opens the way to study a new marker and to 

perform a much more complex analysis since the samples come from family 

members with and without a history of AD and allows a study of the probability of 

suffering the disease and to know how many years before the symptoms begin to manifest 

the first biochemical changes. Because of this, it would also be interesting to measure 

different markers in the serum of these same individuals and to perform a population 

analysis with all these data and their genotyping of the APOE4 gene.  

➢ Another line of research that opens up after the tests performed is the study of 

exosomes. Exosomes have proved to be a great source of information in different 

pathological stages. One of those addressed in this thesis is AD, but their implication is 

also important in other pathologies. Due to the lack of time, the work with exosomes 

has been brief so that ELISAs for determining exosomal biomarkers could be fine-tuned 

to be quantitative and after this, move on to measure these markers in the sensor. This 

would have the ultimate goal of being able to develop a multiplexed KIT of markers 

of AD or other pathology found in exosomes. In addition, characterization techniques 

for these could be expanded. It would also be interesting to isolate exosomes from other 
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types of samples such as saliva.  

➢ To extend the study of sensitivity enhancement in the sensor. In this thesis, two very 

different strategies are addressed, on the one hand the use of NPs and on the other 

hand the surface modification with STV to anchor biotinylated Abs. Both techniques 

have been shown to improve sensitivity, but other strategies, such as targeted 

biotinylation or Abs reduction, among others, could be tested to compare the sensitivity 

between the different approaches.  
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Annexes 

Annex I. Protocol followed to collect saliva samples and 

handling in the laboratory 

 

PROTOCOLO PARA EL MANEJO Y USO DE SALIVA CON VOLUNTARIOS PARA EL 

PILOTO COVID-19 DENTRO DEL LABORATORIO NCB2 DEL CENTRO DE 

TECNOLOGÍA BIOMÉDICA PARA EL DESARROLLO DE UN NUEVO DIAGNÓSTICO 

 

Este documento describe de manera exclusiva el protocolo que se sigue para el manejo y uso de 

las muestras de salivas de participantes voluntarios del ensayo “Piloto de investigación, 

voluntario, experimental y no vinculante para PARA DETECCIÓN PRECOZ, VIGILANCIA Y 

CONTROL DE COVID-19”.  

El protocolo que se presenta está sujeto a todas las recomendaciones establecidas en la “GUÍA DE 

LA RED NACIONAL DE BIOBANCOS PARA EL MANEJO DE MUESTRAS HUMANAS EN 

INVESTIGACIÓN BIOMÉDICA. RECOMENDACIONES ANTE LA PANDEMIA DE COVID-19” 

elaborada por la Red de Biobancos española, el Instituto de Salud Carlos III y el Ministerio de 

Ciencia e Innovación del Gobierno de España, así como a los procedimientos y recomendaciones 

descritas en el MANUAL DE BIOSEGURIDAD de la Unidad de Cultivos Celulares del Centro de 

Tecnología Biomédica (CTB) y Procedimientos Normalizados de Trabajo aprobados por el 

Servicio de Prevención de Riesgos Laborales de la Universidad Politécnica de Madrid.  

ASPECTOS GENERALES 

Según se recoge en la guía citada, “el personal que maneje muestras clínicas rutinarias (exudado 

nasofaríngeo preferiblemente y/o orofaríngeo, lavado broncoalveolar, esputo, aspirado 

endotraqueal, muestras para hemogramas y pruebas bioquímicas, muestras de orina, serología y 

otras pruebas diagnósticas en suero, sangre y orina) de pacientes ingresados con diagnóstico o 

sospecha de infección por SARS-CoV-2, o cualquier otro patógeno, deberá seguir las pautas 

estándar y recomendaciones generales de bioseguridad establecidas para los laboratorios de nivel 

de Bioseguridad 2 (NCB-2)”.  

Por ello, el siguiente procedimiento se llevará a cabo exclusivamente en el laboratorio certificado 

como NCB2 de la Unidad de Cultivos Celulares de CTB.  

De forma general, se establece la obligación a todo el personal trabajando con este tipo de 

muestras o dentro del laboratorio donde se trabajen con éstas, el uso de bata, gafas, guantes y 

mascarilla de tipo FFP2.   
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INSTALACIONES 

Nivel de Contención Biológica 2 (NCB2) 

El laboratorio de la Unidad de Cultivos Celulares situado en la planta -1 es donde se procederá al 

almacenamiento, manejo y uso de las muestras. Estos cumplen con los requerimientos descritos 

en la mencionada guía para los laboratorios tipo NCB2.  

RECEPCIÓN Y ALMACENAMIENTO DE MUESTRAS 

Las muestras son recogidas en el área clínica por personal cualificado conforme a las siguientes 

medidas de seguridad. 

Los voluntarios accederán al área clínica directamente a través del acceso exterior de la planta -2 

del CTB. Dicho acceso permanecerá abierto durante el horario de recogida para facilitar una 

correcta ventilación del área.    

  

Figure 182. De izquierda a derecha: Zona de recepción donde se recoge el recipiente y se entrega la 

muestra. Acceso directo a la zona clínica desde la calle. Puertas de acceso que permanecerán 

siempre abierta. 

 

El encargado de recoger las muestras proporcionará, desde dentro del cubículo de recepción y 

con el equipo de protección adecuados (guantes, mascarilla FFP2, bata y pantalla facial), el tubo 

con el número de identificación del voluntario e indicará (siempre que las condiciones 

meteorológicas lo permitan) que rellene el tubo fuera del edificio con saliva procedente de la 

cavidad oral. Una vez rellenado el tubo el voluntario lo descontaminará1 con el papel y solución 

hidroalcohólica dispuestos en la entrada y lo entregará al encargado. Todos los desechos de papel 

se depositarán en un contenedor de residuos biológicos para su posterior retirada por parte de la 

empresa especializada INTERLUN SL.  

Las muestras serán almacenadas individualmente en un contenedor secundario y transportadas 

al laboratorio NCB2 situado en la planta -1 del CTB, conforme indica en la GUÍA DE LA RED 

                                                             
1 Descontaminación llevada a cabo con solución hidroalcohólica de etanol al 70% mediante pulverización indirecta y un tiempo 

de contacto mínimo de 1 minuto.  
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NACIONAL DE BIOBANCOS PARA EL MANEJO DE MUESTRAS HUMANAS EN INVESTIGACIÓN 

BIOMÉDICA. RECOMENDACIONES ANTE LA PANDEMIA DE COVID-19, sección RECEPCIÓN Y 

REGISTRO DE MUESTRAS EN EL BIOBANCO página 7.  

Toda la manipulación posterior de contenedores y muestras será realizada por personal 

autorizado para el acceso del laboratorio NCB2, siempre con guantes y dentro de la campana de 

bioseguridad tipo II del laboratorio NCB2 de Cultivos Celulares del CTB en la planta -1. Así mismo, 

se procederá a la descontaminación1 exterior de los productos (contenedores terciarios) que se 

encuentren dentro.  

Toda muestra recibida en el CTB contiene tres contenedores (primario, secundario y terciario, 

¡Error! No se encuentra el origen de la referencia.). El almacenamiento de éstas hasta su uso 

se realiza en su contenedor terciario. Las muestras recogidas se almacenan a temperatura 

ambiente dentro de la campana de bioseguridad tipo II hasta su uso.  

 

Figure 183. El contenedor terciario, secundario y primario en el que se transportan las muestras 
desde el área clínica hasta el laboratorio NCB2 de CTB situado en la planta -1. 
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Figure 184. Otra posible configuración de los diferentes contenedores en los que se almacenan las 
muestras. 

 

PROTOCOLO PARA EL MANEJO Y USO DE MUESTRAS 

El manejo y uso de muestras para el desarrollo del BIOKIT se realizará SIEMPRE en el laboratorio 

NCB2 de la Unidad de Cultivos Celulares del CTB, dentro de las campanas de seguridad biológica 

tipo II, tal y como se indica a continuación.  

PROCEDIMIENTO PARA LA MEDIDA EN EL BIOKIT 

La muestra de saliva se incuba directamente en el biosensor desarrollado durante un tiempo 

habitualmente de unas 2 horas dentro de un contenedor estanco dentro de la campana de 

seguridad biológica tipo II. Éste, a su vez, podrá ser o no introducido en un incubador, también 

situado dentro de la cabina, para reducir el tiempo en el que se obtendrá la lectura del diagnóstico. 

Éste es debidamente descontaminado con una solución hidroalcohólica de etanol al 70% 

mediante pulverización indirecta y un tiempo de contacto mínimo de 1 minuto antes y después 

de su uso.  

Pasado este tiempo el biosensor se lava sumergido en agua en un agitador de placas durante 10 

min, que también se localizará en la campana de seguridad biológica.  Es opcional antes de 

introducir el BioKit en el agitador de placas realizar un primer aclarado con jeringa sin aguja con 

10 mL de agua miliQ. Con ello, aseguramos que toda sustancia contenida en la saliva (excepto los 

anticuerpos que se desean detectar), quedan eliminados del BioKit, dejando a este sin capacidad 

infectiva.  

Los desechos que se generan a raíz de la limpieza son inactivados previo a su depósito en el 

contenedor de residuos destinados para estas limpiezas y situado dentro de la campana (Figura 

4). 
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Figure 185. Contenedor de desechos previamente neutralizados. 

 

La cuantificación las inmunoglobulinas específicas a la proteína vírica (Ig Total) que se tienen en 

saliva se realiza introduciendo el biosensor ya lavado y por lo tanto sin capacidad infectiva dentro 

del dispositivo de lectura óptica Point of Care (PoC), situado en una de las bancadas del 

laboratorio NCB2 de la Unidad de Cultivos Celulares.  

(OPCIONAL): En caso de que la determinación anterior ser positiva, se procederá a una segunda 

comprobación mediante la determinación específica de la inmunoglobulina tipo IgA. Para ello se 

realiza una incubación de anticuerpos secundarios comerciales (anti- IgA). Se incuba durante 2 

horas bajo las condiciones descritas en el punto 1: Durante un tiempo habitualmente de unas 2 

horas dentro de un contenedor estanco, dentro de la campana de seguridad biológica tipo II.  

Las condiciones de lavado son las mismas descritas en el punto 2: el biosensor se lava sumergido 

en agua en agitador de placas durante 10 min, que también se localizará en la campana de 

seguridad biológica.  

La cuantificación de IgAs de la saliva se realiza introduciendo el biosensor ya lavado dentro del 

dispositivo PoC mencionado anteriormente. 

LIMPIEZA Y MÉTODOS DE DESINFECCIÓN E INACTIVACIÓN DE LOS RESIDUOS 

Como medidas de prevención se procederá antes y después de la jornada laboral a la limpieza de 

todas las superficies (mesas, suelos, estanterías) y equipos (centrífugas, pipetas, gradillas…) con 

alguno de los siguientes agentes desinfectantes recomendados por la OMS:  

Limpieza general: disolución de etanol al 70% durante 1 minuto o hipoclorito de sodio al 0.1% 

durante 10 minutos.  

Además, se limpiará a fondo las cabinas de seguridad biológica antes y después de su uso con 

alcohol al 70%. Será obligatorio tras su uso poner en marcha la luz UV de la cabina durante al 

menos 30 minutos con la cabina libre de objetos y contenedores.  
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Annex II. Document sent to the participants of the pilot 

trial of measurement of sIgA in saliva 
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Annex III. Comparative table of biosensors for tau protein 

measurement 

Table 47: Comparison between biosensors for the detection of tau protein (Murillo et al., 2023).  

 

(A) Abbreviations: BLI = Biolayer interferometry; LSPR = Localized surface plasmon resonance; SPR = Surface plasmon resonance; CV 

= Cyclic voltammetry; EIS = Electrochemical impedance spectroscopy; DPV = Differential pulse voltammetry; FET = Field effect 

transistor. (B) Abbreviations: GO = Graphene oxide; pPG = poly (propyleneglycol). (C) Conversion to molarity was carried out by 

assuming a mean tau molecular weight of 55KDa. (D) Abbreviation: aCSF = artificial cerebral spinal fluid.

Signal 

transduction 

Analytical 

method(A) 
Sensor platform Target 

Linear detection 

range 

Limit of 

detection(C) 

Sample 

tested 
Label Ref. 

 

 

 

 

Optical 

BLI 

Streptavidin 

interface probe 

sensor 

Tau441 2-55 nM 
6.7 nM 

(8.02 pM) 

Buffer and 

FBS 

Label-

free 

(Ziu et 

al., 2020) 

Spectrophotometr

y/ 

Interferometry 

Nanopore sensor 

with integrated 

microfluidic 

network 

T-Tau 15.6-2000 pg/mL 

15.6 pg/mL 

in buffer 

(0.284pM) 

Buffer and 

CSF 

Label-

free 

(C. Song 

et al., 

2018) 

LSPR 
Resonance-based 

immunochip 
T-Tau 10-100000 pg/mL 

10 pg/mL 

(0.15 pM) 
Buffer 

Label-

free 

(Ramirez 

et al., 

2022) 

SPR 

Surface plasmon 

resonance 

coupled to carbon 

nanostructures 

T-Tau 125-1000 pM 125 pM 
Buffer and 

aCSF(D) 

Label-

free 

(Lisi et 

al., 2017) 

Interferometry 

Two Fabry-

Perot 

interferometers 

T-Tau 

12.5-0.0005 

µg/mL in buffer 

12.5 µg/mL to 10 

pg/ml in serum 

9.1 pM in 

buffer 

0.18 pM in 

serum 

Buffer and 

Human 

serum 

Label

-free 

(Murillo et 

al., 2023) 

 

 

 

Electrochemical 

CV and EIS 

Anti-Tau 

antibodies on 

polycrystalline 

Au surface 

Tau441 10-100 µg/mL 10 µg/mL Buffer 
Label-

free 

(Carlin & 

Martic-

Milne, 

2018) 

DPV 

Aptamer-

antibody-

sandwich 

Tau381 0.5-100 pM 

0.42 pM in 

PBS 

(0.50 pM) 

Human 

serum 

diluted 

1/100 

Label-

free 

(Shui et 

al., 2018) 

DPV 
Neutral charged 

immunosensor 
T-Tau 0.968-454 pM 0.968 pM 

Human 

serum 

Label-

free 

(Dai et 

al., 2019) 

CV and EIS Aptasensor Tau381 1-100 pM 0.7 pM 

Human 

serum 

diluted 

1/100 

Label-

free 

(Tao et 

al., 2019) 

DVP and EIS 

GO/pPG/anti-Tau 

nanoimmunosens

or(B) 

T-Tau 0.25-250 nM 150 pM 

CSF and 

human 

serum 

Label-

free 

(Derkus 

et al., 

2017) 

Potentiometric FET 
Transistor-based 

biosensor 
T-Tau 1-10 pM 

1 pM in 

buffer and 

cell culture 

media, 10 

pM in aCSF 

Buffer, cell 

culture and 

aCSF 

Label-

free 

(García-

Chamé et 

al., 2020) 
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