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Resumen  

La búsqueda de nuevos biomarcadores clínicos resulta de extraordinario 

interés para la comunidad científica, lo que ha generado el desarrollo de 

nuevas aproximaciones analíticas capaces de identificar, detectar y 

monitorizar estos biomarcadores que, en muchos casos, están asociados a 

enfermedades autoinmunes, inflamatorias o cáncer. En muchas de estas 

enfermedades, un diagnóstico precoz y la posibilidad de iniciar una terapia 

apropiada en un corto periodo de tiempo resultan esenciales, mejorándose 

el pronóstico de los pacientes. 

Las modificaciones postraduccionales (PTMs), entre las cuales se 

encuentran procesos tan importantes como la glicosilación, fosforilación o 

la acetilación, son modificaciones o alteraciones químicas reversibles o 

irreversibles que se dan en la cadena peptídica de las proteínas eucariotas 

durante o después de su traducción. Estas modificaciones pueden 

incrementar la especificidad de biomarcadores existentes o permitir el 

descubrimiento de nuevos biomarcadores con gran precisión hacia 

determinadas enfermedades, debido a que estas modificaciones juegan un 

papel trascendental en procesos biológicos, tales como respuestas inmunes, 

regulación del plegado adecuado de proteínas o procesos inflamatorios. 

Entre estas PTMs, cobra especial interés la glicosilación, la cual, a pesar 

de no ser la modificación más abundante, sí es una de las más importantes. 

Estas proteínas glicosiladas representan más del 70 % de las proteínas 

presentes en los seres humanos, y se encuentran en casi todos los tejidos y 

fluidos de animales, plantas y microorganismos. Hay una gran cantidad de 

ejemplos de glicoproteínas en la naturaleza; incluyendo hormonas, 

anticuerpos, determinadas enzimas, proteínas plasmáticas en la sangre o 

factores de crecimiento. 

Entre las funciones que presentan estas macromoléculas se encuentran 

procesos tan variados como el reconocimiento intercelular, debido a que 

muchos receptores en la superficie celular son capaces de reconocer 

secuencias específicas de oligosacáridos, y el reconocimiento de patógenos, 

ya que muchos de ellos presentan glicoproteínas en su superficie que les 
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permiten adherirse a la pared celular de las células parasitadas. Además, se 

ha comprobado que alteraciones del perfil de glicosilación a menudo se 

asocian con diversas enfermedades, incluyendo el cáncer, la artritis 

reumatoide u otros tipos de alteraciones inflamatorias.  

Todo ello abre la posibilidad de utilizar estas proteínas como 

biomarcadores para el diagnóstico, pronóstico y seguimiento de 

enfermedades, así como dianas terapéuticas para el diseño de métodos de 

diagnóstico, en terapias de próxima generación e incluso para el diseño de 

vacunas. 

En consecuencia, resulta pertinente el desarrollo de nuevas herramientas 

analíticas que permitan la determinación de glicoproteínas. En muchos 

casos, se debe llevar a cabo el análisis de la concentración total de una 

glicoproteína, como ocurre con la α1-ácido glicoproteína (AGP) durante 

procesos inflamatorios. En otros casos, es el perfil de glicoformas el que 

sufre modificaciones durante un estado patológico o defecto genético. Así, 

por ejemplo, las glicoformas con menos cantidad de glicanos en la 

transferrina (Tf) se incrementan respecto a la glicoforma principal, 

denominándose a este biomarcador transferrina deficiente en 

carbohidratos (CDT), siendo uno de los principales biomarcadores de los 

defectos congénitos de la glicosilación (CDG). Estos son un grupo de 

enfermedades genéticas de rara prevalencia, que se deben a defectos en la 

síntesis de glicoproteínas. 

Por todo ello, y debido al enorme interés que estas macromoléculas han 

despertado en el campo científico, muchas técnicas analíticas se han 

utilizado para el análisis de glicoproteínas, tales como la cromatografía 

líquida (LC), la electroforesis capilar (CE) y la espectrometría de masas 

(MS). Además, la determinación de las glicoproteínas se puede llevar a cabo 

mediante inmunoensayos enzimáticos o usando lectinas como agentes de 

reconocimiento molecular. 

Sin embargo, las técnicas anteriormente citadas, consumen mucho 

tiempo y/o son costosas. En general, estas aproximaciones requieren 

equipos sofisticados, personal con formación previa, tiempos de análisis 

largos, grandes volúmenes de muestra y reactivos costosos, lo que limita o 
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dificulta su uso para el análisis rutinario en la determinación de estos 

biomarcadores. Además, actualmente, los sistemas de salud están 

demandando dispositivos analíticos sencillos y eficaces para la 

determinación de estos biomarcadores en el punto de necesidad o, en su 

caso, de atención al paciente. Estas aproximaciones analíticas innovadoras 

se denominan pruebas o ensayos en el punto de atención (POCT) y 

proporcionan información diagnóstica fiable en un corto periodo de tiempo, 

lo que permite la toma de decisiones más rápidas y mejor (in)formadas para 

el diagnóstico y tratamiento de enfermedades. 

En este sentido y dentro del marco de la Química Analítica 

contemporánea, los sensores electroquímicos serigrafiados y las 

plataformas microfluídicas con detección electroquímica, constituyen 

excelentes herramientas analíticas que cumplen con los requerimientos de 

selectividad, sensibilidad y miniaturización inherente exigibles para el 

desarrollo de tecnología analítica tipo POCT.  

Por una parte, los sensores electroquímicos serigrafiados presentan un 

enfoque exitoso para el desarrollo de dispositivos de bajo coste. Además, 

esta tecnología permite reducir los volúmenes de muestra requeridos para 

cada análisis y (bio)-funcionalizar la superficie con diferentes (nano)-

materiales que permiten mejorar la sensibilidad, la selectividad y la 

reproducibilidad de los análisis. 

Por otra parte, las plataformas microfluídicas permiten integrar en un 

solo dispositivo miniaturizado todas las etapas (bio)-analíticas necesarias 

para llevar a cabo una prueba de diagnóstico mediante un control preciso 

de los fluidos en la microescala. En estos sistemas, la detección 

electroquímica constituye una valiosa herramienta, debido a su inherente 

miniaturización y su alta compatibilidad con las técnicas de micro y nano 

fabricación requeridas en el desarrollo de los mencionados sistemas 

microfluídicos y sensóricos, sin detrimento de su sensibilidad. 

Por todo ello, el objetivo principal de esta Tesis Doctoral ha sido el diseño 

y el desarrollo de nuevas herramientas y estrategias analíticas 

electroquímicas (ultra)-miniaturizadas basadas en sensores serigrafiados y 

en sistemas microfluídicos para la determinación de biomarcadores 
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glicoproteicos (AGP y Tf) en muestras clínicas relevantes para el diagnóstico 

de enfermedades. 

Este objetivo central, la selección y la definición de los objetivos y de los 

hitos específicos de esta Tesis Doctoral, se recogen en el Capítulo I. En este 

capítulo, también se recoge la Hipótesis de partida. En efecto, el diseño de 

esta Tesis Doctoral tiene como punto de partida la propuesta pertinente del 

desarrollo de herramientas electroquímicas (ultra)-miniaturizadas que 

permitieran la determinación rápida, in situ, y de bajo coste de 

glicoproteínas como biomarcadores de enfermedades relevantes. Todo ello 

para avanzar hacia la descentralización del análisis clínico con la 

consecuente reducción del tiempo entre la toma de muestra y la obtención 

de los resultados analíticos, buscado la generación de diagnósticos más 

rápidos sin pérdida de fiabilidad.  

En el Capítulo II, en primer lugar, se discute el desafío que supone la 

búsqueda de biomarcadores glicoproteicos, así como la necesidad del 

desarrollo de nuevos dispositivos POCT en este ámbito. A continuación, se 

introducen y describen las complejidades relacionadas con la detección 

electroquímica en el campo de las glicoproteínas. Finalmente, se describen 

las tecnologías utilizadas en esta Tesis Doctoral para el desarrollo de POCT: 

sensores electroquímicos serigrafiados y plataformas microfluídicas 

electroquímicas.  

Los resultados obtenidos en esta Tesis Doctoral se presentan y se 

discuten en los siguientes tres capítulos (Capítulos III-V).  

En el Capítulo III, se recogen los resultados obtenidos durante el diseño 

y desarrollo de aproximaciones electroanalíticas basadas en la construcción 

de sensores electroquímicos de base serigrafiada para la detección de los dos 

biomarcadores glicoproteicos de alta relevancia clínica seleccionados e 

indicados con anterioridad: AGP y Tf. 

Como primera aproximación, se desarrolló un sensor electroquímico 

basado en electrodos serigrafiados de carbono (SPCE) para la 

determinación total de AGP en muestras de suero. La metodología incluyó 

la precipitación ácida selectiva del resto de proteínas para lograr una 

determinación sensible, precisa y fiable en una muestra de suero comercial. 
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En este caso, la detección electroquímica se llevó a cabo mediante el marcaje 

de la glicoproteína con un complejo de osmio (VI), el cual se unió a los 

grupos dioles de los sacáridos presentes en la glicoproteína, formando un 

éster que produjo dos señales electroquímicas. El límite de detección 

obtenido (1.6 mg L−1) fue adecuado para la determinación de AGP en las 

muestras ensayadas. Sin embargo, el elevado tiempo invertido en el proceso 

de marcaje (t = 16 h), impidió, conceptualmente, su implementación como 

POCT. 

En aras de paliar este inconveniente, en una segunda aproximación, se 

llevó a cabo el marcaje de esta glicoproteína usando una aproximación 

química basada en un intercambio de ligandos, consiguiéndose reducir 

drásticamente el tiempo necesario en el proceso de marcaje a 15 min. 

Además, se emplearon nanomateriales de carbono para mejorar la 

sensibilidad y, en mayor medida, reducir el ensuciamiento y la pasivación 

de la superficie del electrodo. Estos electrodos fueron fabricados mediante 

la filtración del nanomaterial sobre un filtro de Teflón, con los diseños y 

geometrías adecuados para su empleo como transductores electroquímicos. 

Los transductores de nanotubos de carbono de pared múltiple fueron los 

que exhibieron las mejores características analíticas con un límite de 

detección mejorado en comparación con la aproximación analítica anterior 

(LOD = 0.6 mg L-1). 

Seguidamente, se desarrolló un sensor electroquímico serigrafiado de 

carbono para la determinación de CDT, un biomarcador, como se ha 

indicado anteriormente, de una enfermedad rara denominada CDG. La CDT 

se basa en un cambio en la concentración a la que se encuentra cada una de 

las glicoformas de la Tf. Así cuando el estado patológico aparece, las formas 

con menos glicanos de la Tf ven incrementadas su porcentaje, mientras que 

la glicoforma mayoritaria ve reducida su presencia. En esta aproximación y 

aprovechando que la glicoproteína presenta dos señales electroquímicas 

sobre carbono; una debida al osmio unido a sus carbohidratos, y otra debida 

a los aminoácidos presentes en su estructura, se utilizó la relación existente 

entre ambas (señal carbohidratos/señal proteína) como indicador del grado 

de glicosilación. Este nuevo parámetro se denominó índice electroquímico 

de la glicosilación (EIG) y mostró una excelente correlación con el 
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parámetro oficial de medida del % CDT. Con esta nueva aproximación se 

determinó el nivel de CDT en muestras de suero, obteniéndose diferencias 

significativas entre muestras de enfermos de CDG y de sanos. 

En aras de avanzar hacia el desarrollo de POCTs que cumplieran con las 

prestaciones requeridas de miniaturización, portabilidad, sencillez y 

fiabilidad para el diagnóstico y monitorización de enfermedades, en el 

Capítulo IV se exploraron nuevas herramientas analíticas basadas en 

dispositivos microfluídicos de separación, en concreto, microchips de 

electroforesis (ME) con detección electroquímica (ED), para la 

determinación simultánea de las glicoproteínas estudiadas anteriormente: 

AGP y Tf. Debido a la baja sensibilidad que en muchos casos presentan para 

su detección electroquímica directa, estas fueron marcadas, también como 

se ha indicado anteriormente, por un complejo de osmio (VI), 

incrementando de esta manera la señal electroquímica. Además, el 

potencial de oxidación obtenido para la glicoproteína marcada con el 

complejo de osmio a +0.50 V, permitió la medida analítica selectiva de las 

de las glicoproteínas, evitando interferencias del resto de las proteínas. El 

método se aplicó al análisis de un material de referencia certificado, 

obteniéndose una excelente exactitud (Er ≤ 4 %) y una separación de las dos 

glicoproteínas en menos de 400 s. 

En el Capítulo V se presenta una aproximación microfluídica 

electroquímica más disruptiva, en la cual, el dispositivo se diseñó y fabricó 

utilizando materiales poliméricos de bajo coste, para llevar a cabo de forma 

integrada tanto el marcaje de las glicoproteínas con el complejo de osmio 

(VI) como la detección electroquímica de estas en el mismo dispositivo. En 

estos dispositivos microfluídicos accionados por capilaridad, también 

llamados métodos microfluídicos de control pasivo, en lugar de utilizar una 

bomba externa para inducir el flujo, como ocurre en los métodos de control 

activo, se utiliza la tensión superficial de un fluido que actúa sobre la pared 

del canal (o fibras en el caso del papel) para la generación del flujo.  

En los trabajos presentados en este capítulo de la Tesis Doctoral, los 

dispositivos se fabricaron utilizando un adhesivo de doble cara y capas 

transparentes de plástico. Dichos materiales fueron alternativamente 
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apilados formando canales de varias capas. Esta nueva aproximación 

permitió diseñar y desarrollar un sistema microfluídico electroquímico 

donde se integraron las etapas analíticas requeridas para la determinación 

de las glicoproteínas estudiadas en esta Tesis Doctoral (AGP y Tf). 

Ambas aproximaciones basadas en el empleo de sistemas microfluídicos 

como herramientas analíticas (ME y dispositivos accionados por 

capilaridad, abordadas en los capítulos IV y V, respectivamente), 

permitieron avanzar en las prestaciones analíticas requeridas para el 

desarrollo futuro de dispositivos tipo POCT. 

Por último, aunque las conclusiones obtenidas se han ido recogiendo 

específicamente en cada uno de los artículos científicos que configuran los 

capítulos de esta Tesis Doctoral, se ha creído conveniente recopilar las 

conclusiones generales en el Capítulo VI. 

No obstante, y a modo de conclusión general, durante la Tesis Doctoral 

se desarrollaron exitosamente diferentes aproximaciones analíticas 

dirigidas y compatibles con el desarrollo de sistemas de diagnóstico de 

nueva generación tipo POCT. Estas aproximaciones se abordaron a través 

del diseño y el desarrollo de una sensórica electroquímica (ultra)-

miniaturizada, tanto serigrafiada como microfluídica, para la detección y 

determinación fiables de dos glicoproteínas de elevada relevancia clínica: 

AGP y Tf. Estas nuevas aproximaciones constituyen por sí mismas una 

excelente alternativa de mejora a los métodos de rutina llevados a cabo en 

los laboratorios clínicos para el análisis de estos biomarcadores, no sólo en 

términos de sensibilidad, fiabilidad y simplicidad, sino también en lo que se 

refiere a las ventajas que comporta en el ámbito clínico la disminución del 

consumo de reactivos y muestras, tiempos de análisis y costes, todo ello 

conducente a un diagnóstico mejorado. 

Asimismo, un valor añadido y de conjunto que aportan los resultados 

obtenidos en esta Tesis Doctoral puede descansar en el avance conseguido 

hacia la descentralización y la simplificación de los análisis que supondría 

la implementación de estas tecnologías tipo POCT; estableciéndose estas 

como herramientas analíticas innovadoras y prometedoras en los ámbitos 

del diagnóstico y del seguimiento clínico.  
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Summary 

 

The research of new clinical biomarkers is of relevant interest to the 

scientific community, which has generated the development of new 

analytical approaches capable of identifying, detecting and monitoring 

these biomarkers, which, in many cases, are associated with autoimmune, 

inflammatory diseases or cancer. In many of these diseases, an early 

diagnosis, and the possibility of initiating an appropriate therapy in a short 

period of time would be essential, improving the prognosis of the patients. 

Post-translational modifications (PTMs), among which are important 

processes such as glycosylation, phosphorylation, or acetylation, are 

reversible or irreversible chemical modifications or alterations that occur in 

the peptide chain of eukaryotic proteins during or after their translation. 

These modifications  can increase the specificity of existing biomarkers or 

allow the discovery of new biomarkers with great precision towards certain 

diseases, because these modifications play a transcendental role in 

biological processes, such as immune responses, regulation of the proper 

folding of proteins or inflammatory processes. 

Among these PTMs, glycosylation is of particular interest, which, despite 

not being the most abundant modification, is one of the most important. 

These glycosylated proteins represent more than 70 % of the proteins 

present in humans and are found in almost all tissues and fluids of animals, 

plants, and microorganisms. There are many examples of glycoproteins in 

nature, including hormones, antibodies, certain enzymes, plasma proteins 

in the blood or growth factors. 

Among the functions that these macromolecules present are processes as 

variable as intercellular recognition, due to the fact that many receptors on 

the cell surface are capable of recognizing specific oligosaccharide 

sequences, and the recognition of pathogens, since many of them present 

glycoproteins in their surface that allow them to adhere to the cell wall of 

the parasitized cells. In addition, it has been found that alterations in the 
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glycosylation profile are often associated with various diseases, including 

cancer, rheumatoid arthritis, or other types of inflammation disorders. 

All this opens the possibility of using these proteins not only as 

biomarkers for the diagnosis, prognosis, and monitoring of diseases, but 

also as therapeutic targets for the design of diagnostic methods, next 

generation therapies and even for the design of vaccines. 

Consequently, the development of new analytical tools that allow the 

determination of glycoprotein biomarkers is relevant. In many cases, 

analysis of the total concentration of a glycoprotein must be carried out, as 

is the case with α1-acid glycoprotein (AGP) during inflammatory processes. 

In other cases, it is the glycoform profile that undergoes modifications 

during a pathological state or genetic defect. Thus, for example, glycoforms 

with less amount of glycans in transferrin (Tf) are increased with respect to 

the main glycoform, calling this biomarker carbohydrate deficient 

transferrin (CDT), being one of the main biomarkers of congenital disorders 

of glycosylation (CDG), which are a group of diseases, of rare prevalence, 

that are due to defects in the synthesis of glycoproteins. 

Therefore, and due to the enormous interest, that these macromolecules 

have aroused in the scientific field, many analytical techniques have been 

used for the analysis of glycoproteins such as liquid chromatography (LC), 

capillary electrophoresis (CE) and mass spectrometry (MS). Furthermore, 

the determination of glycoproteins can be carried out by enzyme 

immunoassays or by using lectins as molecular recognition agents. 

However, the aforementioned techniques are time consuming and/or 

expensive. In general, these approaches require sophisticated equipment, 

trained personnel, long analysis times, large sample volumes, and expensive 

reagents, which limits or hinders their use for routine analysis of these 

biomarkers. In addition, currently, health systems are demanding simple 

and efficient analytical devices for the determination of these biomarkers at 

the point of need or, where appropriate, patient care. These innovative 

analytical approaches are called point-of-care tests or assays (POCTs), and 

they provide reliable diagnostic information in a short period of time, 
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allowing for faster and better (in)formed decisions for diagnosis and 

treatment of diseases. 

In this sense, and within the framework of contemporary Analytical 

Chemistry, electrochemical sensors screen-printed based and microfluidics 

platforms with electrochemical detection constitute excellent analytical 

tools that meet these selectivity, sensitivity, and inherent miniaturization 

requirements required for the development of POCT devices. 

On one hand, electrochemical sensors screen-printed based present a 

successful approach to developing low-cost devices. In addition, this 

technology allows to reduce the sample volumes required for each analysis 

and (bio)-functionalize the surface with different (nano)-materials that 

allow to imrove the sensitivity, the selectivity, and the reproducibility of the 

analysis. 

On the other hand, microfluidics platforms make it possible to integrate 

in a single miniaturized device all the (bio)-analytical stages necessary to 

carry out a diagnostic test through precise control of fluids at the microscale. 

In these systems, electrochemical detection constitutes a valuable tool, due 

to its inherent miniaturization and its high compatibility with the micro and 

nano fabrication techniques required in the development of the 

aforementioned microfluidic and sensory systems, without detriment to its 

sensitivity. 

Therefore, the main objective of this Doctoral Thesis has been the design 

and development of new electrochemical (ultra)-miniaturized analytical 

tools and strategies (electrochemical sensors screen-printed based and 

microfluidics systems) for the determination of glycoprotein biomarkers 

(AGP and Tf) in relevant clinical samples for the diagnosis of diseases. 

This central objective, the selection and definition of the objectives and 

specific milestones of this Doctoral Thesis, are included in Chapter I. In 

this chapter, the starting hypothesis is also included. Indeed, the design of 

this Doctoral Thesis has as its starting point the pertinent proposal and the 

development of (ultra)-miniaturized electrochemical tools that allow the 

rapid, in situ, and low-cost determination of glycoproteins as biomarkers of 

relevant diseases. All this to advance towards the decentralization of the 
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clinical analysis with the consequent reduction of the time between taking 

the sample and obtaining the analytical results, seeking the generation of 

faster diagnoses without loss of reliability. 

In Chapter II, in the first place, the challenge posed by the search for 

glycoprotein biomarkers is discussed, as well as the need for the 

development of new POCT devices in this area. In the following, the 

complexities related to electrochemical detection in the field of 

glycoproteins are introduced and described. Finally, the technologies used 

in this Doctoral Thesis for the development of POCT (electrochemical 

sensors screen-printed based and electrochemical microfluidics platforms) 

are described. 

The results obtained in this Doctoral Thesis are presented and discussed 

in the following three chapters (Chapters III-V).  

In Chapter III, the results obtained during the design and development 

of electroanalytical approaches based in the construction of electrochemical 

sensors for the detection of the two glycoprotein biomarkers of high clinical 

relevance selected and indicated above are collected: AGP and Tf. 

As a first approach, an electrochemical sensor based on screen-printed 

carbon electrodes (SPCE) was developed for the total determination of AGP 

in serum samples. The methodology included the selective acid 

precipitation of the rest of the proteins to achieve a sensitive, precise, and 

reliable determination in a commercial serum sample. In this case, the 

electrochemical detection was performed by labeling the glycoprotein with 

an osmium (VI) complex, which labeled the diol groups of the saccharides 

present in the glycoprotein, forming an ester that produced two 

electrochemical signals. The limit of detection obtained (1.6 mg L−1) was 

adequate for the determination of AGP in the samples tested. However, the 

high time invested in the labeling process (t = 16 h), conceptually prevented 

its implementation as POCT. 

In order to solve this drawback, in a second approach, the glycoprotein 

labeling was carried out using a chemical approach based on a ligand 

exchange, achieving a drastic reduction of the time required in the marking 

process to 15 min. In addition, carbon nanomaterials were used to improve 



Summary 
 

xiii 
 

sensitivity and further reduce fouling and passivation of the electrode 

surface. These electrodes were manufactured by filtering the nanomaterial 

on a Teflon filter with suitable designs and geometries for use as 

electrochemical transducers. Multi-walled carbon nanotube transducers 

exhibited the best analytical characteristics with an improved detection 

limit compared to the previous analytical approach (LOD = 0.6 mg L-1). 

Next, a electrochemical sensors screen-printed based was developed for 

the determination of CDT, a biomarker, as indicated above, of a rare disease 

called CDG. The CDT is based on a change in the concentration at which 

each of the Tf glycoforms is found. Thus, when the pathological state 

appears, the forms with less glycans of Tf see their percentage increased, 

while the majority glycoform sees its presence reduced. In this approach and 

taking advantage of the fact that the glycoprotein presents two 

electrochemical signals on carbon; one due to the osmium attached to its 

carbohydrates, and the other due to the amino acids present in its structure, 

the relationship between both (carbohydrate signal/protein signal) was 

used  as an indicator of the degree of glycosylation. This new parameter was 

called electrochemical index of glycosylation (EIG) and it showed an 

excellent correlation with the official measurement parameter % CDT. With 

this new approach, the level of CDT present in serum samples was 

determined, obtaining significant differences between samples of CDG 

patients and healthy ones. 

In order to advance towards the development of POCTs that meet the 

required features of miniaturization, portability, simplicity, and reliability 

for the diagnosis and monitoring of diseases, in Chapter IV new analytical 

tools based on microfluidics separation devices were explored, specifically, 

microchips electrophoresis (ME) with electrochemical detection (ED), for 

the simultaneous determination of the previous studied glycoproteins: AGP 

and Tf. Due to the low sensitivity that in many cases they present for their 

direct electrochemical detection, they were labeled, also as previously 

indicated, by an osmium (VI) complex, thus increasing the electrochemical 

signal. Furthermore, the oxidation potential obtained for the glycoprotein 

labeled with the osmium complex at +0.50 V, allowed the selective 

analytical measurement of those of the glycoproteins, avoiding interference 
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from the rest of the proteins. The method was applied to the analysis of a 

certified reference material, obtaining excellent accuracy (Er ≤ 4 %) and a 

separation of the two glycoproteins in less than 400 s. 

In Chapter V, a more disruptive electrochemical microfluidic approach 

is presented, in which the device was designed and manufactured using low-

cost polymeric materials to carry out the labeling of glycoproteins with the 

osmium (VI) complex as the electrochemical detection of these in the same 

device. In these capillary-driven microfluidics devices, also called passive 

control microfluidics methods, instead of using an external pump to induce 

flow as in active control methods, the surface tension of a fluid acting on the 

wall of the tube is used (or fibers in the case of paper) to drive flow.  

In the papers presented in this chapter of the Doctoral Thesis, the devices 

were manufactured using double-sided adhesive and transparent plastic 

layers. Both materials were alternately stacked forming multi-layered 

channels. This new approach allowed the design and development of an 

electrochemical microfluidic system where the analytical stages required for 

the determination of the glycoproteins studied in this Doctoral Thesis (AGP 

and Tf) were integrated. 

Both approaches based on the use of microfluidics systems as analytical 

tools (ME and capillary-driven electrochemical microfluidics devices, 

discussed in Chapters IV and V, respectively), allowed progress in the 

analytical performance required for the future development of POCT 

devices.  

Finally, although the obtained conclusions have been specifically 

collected in each of the scientific articles that make up the chapters of this 

Doctoral Thesis, it has been deemed appropriate to list the general 

conclusions in Chapter VI. 

However, and as a general conclusion, during the Doctoral Thesis 

different analytical approaches directed and compatible with the future 

development of new diagnostic systems and POCT were successfully 

developed. These approaches are addressed through the design and the 

development of a (ultra)-miniaturized electrochemical sensor, both screen-

printed and microfluidics, for the reliable detection and determination of 
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two glycoproteins of high clinical relevance: AGP and Tf. These new 

approaches constitute by themselves an excellent alternative for 

improvement to the routine methods carried out in clinical laboratories for 

the analysis of these biomarkers, not only in terms of sensitivity, reliability, 

and simplicity, but also in terms of the advantages it entails in the clinical 

field, the reduction of the consumption of reagents and samples, analysis 

times, and costs, all leading to an improved diagnosis. 

Likewise, an added and overall value provided by the results obtained in 

this Doctoral Thesis can rest on the progress made towards decentralization 

and the simplification of the analysis that the implementation of these 

technologies would entail; establishing these as innovative and promising 

analytical tools in the fields of diagnosis and clinical follow-up. 

 

 

 

 



 



Table of contents 

 

i 
 

Table of contents 

I. Hypothesis, motivation, and milestones 
 

1 

II. Introduction 
 

9 

        II.1.  Glycoproteins as clinical biomarkers: state of the art 9 
                II.1.1.     α1-acid glycoprotein 21 
                II.1.2.     Transferrin 
 

23 

        II.2.  Electroanalysis of glycoproteins. Point-of-care testing 
devices based on electrochemical detection 

28 

                II.2.1.     Methods for glycoprotein determination 28 
                II.2.2.     Direct electroanalysis of glycoproteins 36 
                          II.2.2.1. Nanomaterials in the electroanalysis of 

glycoproteins 
43 

                II.2.3.     Point-of-care testing devices based on electrochemical 
detection  

46 

                          II.2.3.1.     Screen-printed technology 50 
                          II.2.3.2      Microfluidics technology 
 

50 

        II.3.  References 
 
 

54 

III. Electrochemical sensors screen-printed 
based for glycoprotein determination 
 

69 

III.1. Introduction and objectives 71 

                 III.1.1.      References 
 

77 

III.2 Results and discussion 79 
                 III.2.1.    Article 1: α1-acid glycoprotein determination using 

disposable carbon screen-printed electrodes 
81 

                 III.2.2.    Article 2: α1-acid glycoprotein determination using 
carbon nanomaterial-based electrodes 

101 

                 III.2.3.    Article 3: Rapid screening of carbohydrate deficient 
transferrin for congenital disorders of glycosylation 
diagnosis 

 

123 

IV. Microchip electrophoresis with 
electrochemical detection for analysis of 
glycoproteins 
 

147 

IV.1. Introduction and objectives 149 

                 IV.1.1.       References 
 

156 

IV.2. Results and discussion 158 
                 IV.2.1.  Article 4: Determination of glycoproteins by           

microchip electrophoresis using Os(VI)-based 
selective electrochemical tag 

 
 

159 



Table of contents 

 

 

ii 
 

V. Capillary-driven electrochemical 
microfluidics for analysis of glycoproteins 
 

181 

V.1. Introduction and objectives 183 

                 V.1.1.        References 
 

189 

V.2. Results and discussion 191 
                 V.2.1.   Article 5: Pump-free microfluidic device for the 

electrochemical detection of α1-acid glycoprotein 
193 

                 V.2.2.   Article 6: Low-cost and passive electrochemical 
microfluidic device for diagnosis of congenital 
disorders of glycosylation 

 

217 

VI. General Conclusions 
 

243 

VII. Appendices 
 

251 

 Acronyms 253 

 List of Figures and Tables 
 

255 

VIII. Publications, patents, and conferences 
 

267 

 

  

  

 

  



 



 



CHAPTER I

Hypothesis, 

motivation, 

and milestones



 



Hypothesis, motivation, and milestones  
 

3 
 

I. Hypothesis, motivation, and 

milestones 

 

Glycoproteins, which are molecules formed by oligosaccharides 

covalently attached to proteins, represent more than 70 % of proteins in the 

humans. Due to the abundance and the diversity of these macromolecules 

in biological fluids (serum, saliva, and urine), as well as the unique changes 

that may occur in some diseases, glycoproteins become as relevant 

biomarkers. For that reason, glycoproteins have been investigated by 

scientists for decades, not only for the large number of functions, but also 

because they have been associated with various congenital, metabolic, and 

immune diseases, and cancer.  

Consequently, the development of new analytical tools that allow the 

determination of glycoproteins biomarkers is highly needed. Due to the 

attention that these macromolecules have aroused in the scientific field, 

many analytical techniques have been used for the analysis of glycoproteins, 

commonly liquid chromatography, capillary electrophoresis, and mass 

spectrometry.  

However, the aforementioned techniques are time consuming and/or 

expensive. In general, these methods require sophisticated equipment, 

trained personnel, long analysis times, large sample volumes, and expensive 

reagents. 

All these drawbacks highlight the need to develop new analytical 

approaches for the glycoprotein determination, which can provide 

physicians and patients with simple, fast, and easy-to-use 

diagnosis/prognosis tests. Furthermore, these techniques must require a 

small amount of clinical sample as additional value. These analytical 

features meet the point-of-care testing (POCT) standards, which are simple, 

effective, and fully decentralized analytical devices that can be used 

anywhere and provided reliable diagnostic information in a short period of 
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time, allowing for faster and better formed decisions in the diagnosis and 

treatment of diseases. 

In this sense, our starting hypothesis that has motivated this Doctoral 

Thesis, is that selected (ultra)-miniaturized analytical tools, such as screen-

printed based electrochemical sensors and electrochemical microfluidics 

devices, can jointly offer solutions for POCT-based diagnostics allowing an 

improvement in the glycoprotein biomarkers determination in terms of 

speed, simplicity, and costs.  

Electrochemical detection configures a very suitable alternative for 

POCT-based diagnostics due to its selectivity, sensitivity, simplicity, 

inherent miniaturization, and portability as well as due its high 

compatibility with micro and nanotechnologies, requiring low volumes of 

clinical samples. Glycoproteins have a poor electroactivity due to, in near-

physiological conditions, their carbohydrates components (glycans) are 

electrochemically inactive. To solve this problem, the use of Os(VI) 

complexes as electrochemical probe was proposed.  

On the one hand, screen-printing electrodes (SPEs) have emerged as 

miniaturized tools that respond to the growing need for rapid in situ 

analysis, and as a choice for mass production of disposable POCT. SPEs are 

suitable to make effective, high versatile, and low-cost miniaturized devices. 

Furthermore, one of their main advantages is that the surface of electrodes 

can be tailored modified by selected (bio) and (nano)-materials. 

On the other hand, the miniaturization of laboratories, which finds its 

greatest exponent in the lab-on-a-chip (LOC) technology also provides a 

great opportunity to create devices capable of outperforming analysis in an 

incredible variety of applications. In this field, electrochemical microfluidics 

is also a strong candidate for providing all the required characteristics for in 

situ clinical analysis and for fabricating truly POCT devices, due to the 

possibility of integration of multiple analytical steps in the same device. This 

technology presents several advantages such as accurate liquid handling, 

short analysis times, low-sample and reagent consumption, and low-waste 

generation in line with green chemistry standards.  
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Specifically, microchip electrophoresis (ME) is a mature microfluidics 

technology with a wide range of possibilities in LOC applications. In recent 

years, the scientists have looked for several ways to create low-cost, ease-to-

manufacture, flexible, and disposable microfluidics devices. In this sense, 

capillary-driven microfluidics devices are an alternative approach for 

miniaturized fluid handling in which liquid samples are passively pumped 

by capillarity. This technology represents a great advance towards the 

development of simple and easy-to-use POCT. 

Under these considerations, the general objective of this Doctoral 

Thesis has been focused on the design, development and evaluation of 

(ultra)-miniaturized analytical approaches (electrochemical sensors screen-

printed based, microchip electrophoresis with electrochemical detection 

(ED) and capillary-driven electrochemical microfluidics) for fast and 

reliable analysis of glycoproteins with high significance in clinical diagnosis: 

α1-acid glycoprotein (AGP) in inflammatory diseases and transferrin (Tf) in 

congenital disorders of glycosylation (CDG)), in order to achieve POCT 

devices for these diseases.  

To reach the general objective stated before, three specific objectives 

have also been defined: 

1. To develop screen-printed based electrochemical sensors for selective 

and sensitive determination of the target glycoprotein biomarkers (AGP and 

Tf) in clinical samples.  

2. To develop an approach based on microchip electrophoresis with 

electrochemical detection (ME-ED) for the separation and analysis of AGP 

and Tf in serum samples. 

3. To design and fabricate low-cost capillary-driven electrochemical 

microfluidics devices for the labeling and analysis of AGP and Tf in clinical 

samples.  
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According to the objectives exposed above, the following milestones have 

been identified related with the main goals of this Doctoral Thesis: 

1.1. Development of an electrochemical sensor using disposable screen-

printed carbon electrodes (SPCEs) and Os(VI) complex as electrochemical 

tag for the determination of AGP in serum samples.  

1.2. Fabrication of a disposable SPCEs based on carbon nanomaterials 

with improved analytical performance for AGP quantification in serum 

samples.  

1.3. Proposal and evaluation of a novel electrochemical index of 

glycosylation (EIG) for the assessment of carbohydrate deficient transferrin 

as biomarker of CDG on board on (magneto) SPCEs-based electrochemical 

sensors. 

2.1. Optimization of a ME-ED approach for the separation and analysis 

of AGP and Tf in serum samples. 

3.1. Design and development of a passive low-cost electrochemical 

microfluidics for the labeling and detection of AGP in serum samples.  

3.2. Design and development of a passive low-cost electrochemical 

microfluidics for EIG assessment in clinical samples.  

 

 

 

 

 



Hypothesis, motivation, and milestones  
 

7 
 

 

Scheme I.1. Schematics to achieve the central objective of this 

Doctoral Thesis. 
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II. Introduction 

II.1. Glycoproteins as clinical biomarkers: 
state of the art 

Glycoproteins are a group of proteins which suffer a post-translational 

process in which oligosaccharide chains are covalently attached to them. 

This type of proteins is present in almost all tissues and fluids of animals, 

including humans (where more than 70 % of proteins are glycosylated), in 

plants and in microorganisms (1,2). There are a lot of examples of 

glycoproteins in the nature: hormones (thyrotropin and the follicle 

stimulating hormone), antibodies, some enzymes (pancreatic ribonuclease 

B), blood plasma proteins (ceruloplasmin, α1-acid glycoprotein, transferrin, 

prothrombin) or growth factors, among others (3). 

The molecular weight of glycoproteins ranges from tens of thousands to 

several millions of Da and hydrocarbon content ranges from fractions of 1 

to 80 %. Depending to the amino content, you can find two types of 

glycoproteins: (a) those containing the usual assortment of amino acids and 

small amounts of carbohydrates (3 to 40 %); (b) those containing a specific 

variety of amino acids with predominant of serine and threonine and a high 

carbohydrate content (60 to 80 %). 

With the aim of advancing in disease diagnosis, drug development, and 

personalized medicine, researchers have put all their efforts into 

discovering new biomarkers, which are indications of medical state 

observed from outside the patient and can be measured accurately and 

reproducibly. In this sense, the common post-translational modifications 

(PTMs), which include but are not limited to glycosylation, 

phosphorylation, sulfation, and acetylation (Figure II.1.1), may increase 

the specificity of existing biomarkers or lead to the discovery of new 

biomarkers with greater accuracy for detecting human diseases, due to these 

PTMs play important roles in biological processes, including regulation of 

proper protein folding, host pathogen interactions, immune responses, and 

also inflammation (4–6). 
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Figure II.1.1. Different protein post-translational modifications (7).  

 

Although other PTMs have a higher percentage of incidence as shown in 

Figure II.1.2, glycosylation is one of the most important and complex post-

translational process, which has been found in almost all known organisms 

and has been widely studied by scientists.  

 

Figure II.1.2. Summary of the top experimental post-translational 

modifications carried out. The data shown were obtained from 

reference (8), which used Swiss-Prot database. 
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In this process, covalent attachment to the peptide is via glycosidic 

bonding to the side chain of serine, threonine, or asparagine residues. 

Depending on which amino acid is involved in the sugar bonding, we can 

find two different types of glycosylation: when the oligosaccharide group is 

attached to the -OH group of serine and threonine are called "O-linked", 

whereas those attached to the -NH2 amide group of asparagine are called 

"N-linked" (the most common interaction) (Figure II.1.3) (3,9).  

 

Figure II.1.3. Different types of glycoprotein depending where the 

sugar bond with the protein occurs.  

  

In the case of N-glycoprotein biosynthesis, this takes place through a 

metabolic via in three different compartments of the cell: the cytosol, the 

endoplasmic reticulum (ER) and Golgi apparatus. 

Unlike the protein sequence, which is determined by DNA template, 

sugars are linked to proteins by the catalysis of highly specific enzymes that 

recognize the adequate site to bind sugar (10). The first step consists in 

adding, one by one and in a determinate order, different monosaccharides 

to a lipid molecule, which is in the membrane, with the help of 

glycosyltransferases (enzymes that transfer sugars). Then, new changes in 

glycan composition are performed progressively (assembly), in the cytosol 

and subsequently in the ER. In this step, the glycan chain is transferred to 

the target proteins. When the process is finished, the glycoprotein continues 

to Golgi apparatus, where it is produced the remodulation of the glycans 

chains, until it acquires its definitive composition (processing). Once the 

bond between protein and glycan has occurred, glycoprotein is ready to 

perform its function (2,11) (Figure II.1.4).  



Chapter II. Introduction  
 

14 
 

 

Figure II.1.4. Glycoconjugate biosynthesis process and cell surface 

recognition. The process starts with exogenous monosaccharides 

which are converted to monosaccharides "building blocks" inside the 

cell. In the case of N-linked glycoproteins, a core oligosaccharide is 

assembled in the cytosol and then transported into the ER where it is 

processed (glycosidases) and then transported into the Golgi apparatus 

where it is produced a finish remodulation (glycosyltransferases). 

Finally, the glycoconjugate is fully mature form and is ready to carry 

out its functions (11). 

 

The expression of glycans is specific to each tissue and cell and also 

depends on the presence of pathological states. An abnormal expression of 

a single enzyme participating in that process can alter the following steps 

and cause aberrant oligosaccharides structures. The types of cells that 

contained these biomolecules, determine the enzymes expressed and 

therefore, the variation of glycans reflects both cellular or tissue origin and 

(bio)-chemical and physiological conditions at that time (12). 

Furthermore, due to the great variety of sugars, which contain a great 

quantity of functional groups in diverse conformations, it is possible to find 

a diverse potential binding sites, which means that glycoproteins present an 

enormously variety and complexity in their structure (13). In addition, there 
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are many factors that can influence in the glycan complexity, including 1) 

different specific expression of glycosyltransferases and glycosidases; 2) 

availability of monosaccharides; 3) age; 4) gender; 5) environment (health, 

diet, smoking or alcohol consumption); 6) disease processes. Therefore, 

glycoproteins synthesized by cells usually exist as complex mixtures of up to 

hundreds of glycoforms (or glycosylated variants, glyco-variants). These 

variants differ in glycosylation site occupancy and glycan structures (giving 

rise to macroheterogeneity and microheterogeneity, respectively) 

(10,14,15). 

The presence of carbohydrate part in protein is a chemical label that helps 

to differentiate between proteins that must be kept in the cytoplasm (non-

glycosylated proteins) and those that must leave the cell (glycosylated 

proteins). Furthermore, the covalent attachment of large hydrophilic 

carbohydrates modulates protein stability, as well as determine its 

conformation and help in the interaction with other proteins. In addition, 

this carbohydrate part protects the protein against intracellular proteolysis 

during biosynthesis and transport (16,17). 

Protein glycosylation is a costly process for the organism in terms of 

energy and materials, it is estimated that the cell allocates 1 % of its genome 

to glycosylation machinery, but despite this, the process continues to move 

forward what it is a reflection of the relevance of these units. In fact, glycans 

have important biological functions, such as cell signaling, cell-cell 

interaction, immune recognition, cell proliferation and differentiation, 

among others (14,18). 

Glycoproteins perform transcendental functions as sites of intercell 

recognition, since many receptors on the cell surface are able to recognize 

specific sequences of oligosaccharides. In the nature, we can find two well-

known examples of recognitions that occur through oligosaccharides 

chains: one of them is the recognition between egg cells and sperm cells, 

necessary for the phenomenon of fertilization to occur in pluricellular 

organisms with sexual reproduction (19,20). Another, it is found in the 

blood groups, because these depend on the type of glycoprotein that 

contains the membrane of erythrocytes. So, blood group A has N-
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acetylgalactosamine as oligosaccharide, while blood group B has a chain of 

galactose, and therefore the blood group AB presents the two types of 

glycoproteins and blood group O lacks both. To determine the blood group, 

antibodies that recognize a certain type of membrane glycoprotein are used. 

Knowledge of the blood group not only is it important for transfusions, but 

also for preventing the formation of clots that cause fatal heart attacks and 

thrombosis (21). 

On the other hand, some viruses, which can be potentially dangerous for 

many mammals, including humans, present glycoproteins in their surface 

that work in the processes of adhesion of the viral particle to parasitizing 

cells (22). Such is the case of the GP120 protein of the Human 

Immunodeficiency Virus or HIV, which interacts with a surface protein of 

human cells known as GP41 and which contributes to the entry of the virus 

into the cell (23,24). 

Glycoprotein levels, structures, and locations are different depending on 

the stage of the disease development. Glycoproteins can be also affected by 

environmental factors such as nutrition status and chemotherapy. 

Furthermore, the alterations of glycosylation profile are often associated 

with diverse diseases, including cancer, rheumatoid arthritis, and other 

kinds of inflammation stages. All of this opens up the possibility to use these 

proteins as biomarkers for disease diagnosis, prognosis, and monitoring 

(25). Furthermore, these can be used as therapeutic targets for the design of 

diagnostic methods, next-generation therapies, and even for the design of 

vaccines (26).  

There are a great number of glycoproteins which can be used as 

biomarkers of several cancers (ovarian, breast, prostate, etc.), because 

glycosylation plays an important role in cancer development, progression, 

and metastasis (27,28). For example, P-glycoprotein has been identified to 

be closely associated with carcinogenesis and functional processes in the 

tumor (29–31). Besides the US Food and Drug Administration (FDA) have 

approved several glycoprotein based biomarkers such as CA125 (mucin 16) 

for ovarian cancer and prostate-specific antigen (PSA) for prostate cancer 

(32).  
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In addition, recent studies have reported the relevance of glycoproteins 

in pathogen recognition, inflammation, innate immune responses, and the 

development of autoimmune diseases, which are a chronic inflammatory 

disorder arising from a wide range of abnormalities of the immune system. 

The P-glycoprotein over-expression can be proposed as mechanism of drug 

resistance in patients with these autoimmune diseases. Aberrant protein 

glycosylated have been confirmed as biomarkers of human 

neurodegenerative diseases, such as Creutzfeldt-Jakob disease, Alzheimer’s 

disease, and Parkinson’s disease (33,34). These diseases are characterized 

by the progressive degeneration of the structure and function of the central 

nervous system. 

Due to the abundance and the diversity of glycoproteins in biological 

fluids such as serum, saliva, or urine, as well as the unique changes that may 

occur in some diseases and not others, glycoproteins can be perfect 

biomarkers. In Table II.1.1, we can see different biological fluids use for 

the detection of glycoprotein biomarkers. Although serum is considered a 

primary source of biomarkers; urine and saliva are increasingly being 

explored and used as rapidly accessible samples, because they are non-

invasive biofluids, which requiring minimal sample processing and posing 

fewer biohazard risks. 
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Table II.1.1. Examples of glycosylation studies for various clinically 

relevant biological fluids (5). 

Body Fluid Disease Description 

Serum 

Alzheimer’s disease 
Increased O-GlcNAcylation levels and 

decreased global glycosylation 

Hepatocellular Carcinoma 
Increase in the levels of Golgi 

glycoprotein GP73 in HCC patient serum 

Ovarian cancer 
Changes in serum glycome profile of 

ovarian cancer patients 

Breast cancer 
Abundant fucosylation in metastatic 

breast cancer patient sera 

Inflammatory diseases, such as 

neonatal sepsis or Crohn 

disease 

Levels of α1-acid glycoprotein can 

increase two or three times during 

disease or injury 

Inflammatory disorders 
Levels of transferrin decrease when 

disease appear 

Congenital disorders of 

glycosylation and chronic 

alcohol abuse 

The amount of glycans in serum 

transferrin is lower than normal 

Saliva 

Oral ulcer 

Proteomic and N-glycoproteomic 

quantification reveal aberrant changes in 

the human saliva of oral ulcer patients 

Control 
Analysis of age and gender associated N-

glycoproteome in human whole saliva 

Control 
Identification of N-Linked Glycoproteins 

in Human Saliva 

Cerebrospinal 

fluid 

Alzheimer’s disease 

Unusually glycosylated 

acetylcholinesterase in CSF samples of 

AD patients as a diagnostic molecule 

Schizophrenia 

Identification of N-glycosylation changes 

in the CSF and serum in patients with 

schizophrenia 

Urine 

Prostate cancer 

Characterization of glycoproteins from 

urine samples of prostate cancer patients 

with different Gleason scores 

Prostate cancer 

Investigation of glycoproteome to 

discriminate prostate cancer from benign 

prostatic hyperplasia 

HCC: Hepatocellular carcinoma; CSF: Cerebrospinal fluid; AD: Alzheimer disease. 
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As mentioned above, glycoproteins also play important roles in 

inflammatory process, which is the response to infections as well as the 

pathogenesis of metabolic and cardiovascular diseases. Because it is not 

possible to determine the level of inflammation in apparently healthy people 

with the use of clinical signs or symptoms, the World Health Organization 

(WHO) has recommended measuring several proteins in order to determine 

these processes. During the inflammation, the post-translational 

modifications in glycan include changes in the number of antennary 

branches, increased sialylation and fucosylation and decreased 

galactosylation, among others process. Inflammation is the basis for many 

autoimmune and chronic low-grade inflammatory diseases such as 

cardiovascular disease (CVD), type 2 diabetes (T2DM) and cancer. 

Furthermore, inflammation is associated with altered metabolism of both 

micro- and macronutrients. As a result, many clinical tests used 

glycoproteins as biomarkers for diagnostic and/or prognostic purposes or 

for monitoring response to therapy. 

Inflammatory glycoproteins are predominantly synthesized and secreted 

by hepatocytes but can be produced by activated macrophages and 

neutrophils in the periphery. As it can see in Table II.1.2, there a lot of 

glycoproteins which can be used as biomarkers in inflammatory problems. 
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Table II.1.2. Human inflammatory glycoproteins modified during an 

acute phase response. 

Category 

Positive and 

negative 

acute phase 

proteins 

Molecular 

weight 

(KDa) 

Glycosylation 

sites 

Adult 

concentration 

in serum 

Binding or 

transport 

proteins 

α1-Acid 

glycoprotein 
41-43 5 0.2 - 1.0 mg mL-1 

Haptoglobin 100 4 0.3 - 3.0 mg mL-1 

Ceruloplasmin 151 6 0.2 - 0.6 mg mL-1 

Antiproteases 

α1-Antitrypsin 52 3 0.9 - 2.0 mg mL-1 

α2-

Macroglobulin 
179 8 1.3 - 3.0 mg mL-1 

Coagulation 

system 

Fibrinogen α, β, 

γ 
340 5 N-, 2 O-linked 1.5 - 4.0 mg mL-1 

Plasminogen 92 1 N-, 2 O-linked 
plasma 120 - 200 

μg mL-1 

Vitronectin 140 3 
plasma 110 -140 μg 

mL-1 

Miscellaneous 

Fibronectin 220-440 7 N-, 3 O-linked 0.3 mg mL-1 

C-reactive 

protein (CRP) 
115-120 1 

hsCRP < 1.0 μg 

mL-1 

≥3.0 μg mL-1 risk 

for CVD 

Transferrin 76-81 3 N-, 1 O-linked 1.7 - 3.7 mg mL-1 

Transthyretin 55 1 0.2 - 0.4 mg mL-1 

α- Fetoprotein 

(AFP) 
70 1 < 15 ng mL-1 
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II.1.1. α1-acid glycoprotein 

Among these proteins, α1-acid glycoprotein (AGP) is typically used in 

conjunction with C-reactive protein (CRP) to establish the time course and 

severity of infections. CRP is an acute protein primarily expressed and 

secreted by the liver; whose concentrations can increase from baseline levels 

of less than 1 µg mL-1 within 48 h. Although CRP is widely used in clinical 

practice, and there are papers in which do not find evidence that AGP would 

be a better biomarker of mortality risk for inflammatory diseases, the WHO 

has recommended measuring AGP and CRP as co-biomarkers in 

inflammatory process because they reflect different stages of the acute-

phase response (35–37). AGP has some properties that is important take 

them into account: 1) a longer half-life than CRP (60-120 vs 19 h), AGP rises 

more slowly and stays elevated longer than CRP, so that it can better reflect 

long-term chronic inflammation; 2) typically higher prevalence in 

population due to these kinetics; and 3) higher concentrations in serum, 

urine and saliva. 

AGP, also known as orosomucoid, is a serum glycoprotein which was first 

described in 1950 by Karl Schmid and Richard J. Winzler. AGP contains a 

single chain of 183 amino acids with two disulfide bridges. The carbohydrate 

content represents 45 % of the molecular weight (41-43 KDa) attached in 

the form of five to six highly sialylated complex-type-N-linked glycans 

(Figure II.1.5). The protein, which belongs to a group of acute phase 

proteins, presents a low isoelectric point (pI = 2.8-3.8) (38,39). 12-20 

glycoforms of AGP can be detected in normal human serum and this micro-

heterogeneity is strongly dependent on the pathophysiological conditions 

(40). 
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Figure II.1.5. Crystal structure of human AGP at 1.8 Å resolution. 

Secondary structure is colored yellow (β-strands), pink (α-helix), and 

gray (coils), while the two disulphide bridges (connecting Cys residues 

5-147 and 72-165) are shown in orange. Loop 1 (A/B), loop 2 (C/D), 

loop 3 (E/F), and loop 4 (G/H) at the open end of the β-barrel are 

highlighted in cyan. The bound Tris molecule inside the cavity is shown 

as a stick model in green, with the amino nitrogen is colored blue. The 

Asn side chains of the five N-linked glycosylation sites (Asn15, Asn38, 

Asn54, Asn75, and Asn85) in the native protein (41). 

 

AGP is a major plasma protein with diverse physiological roles such as 

immune modulation, binding and transporting basic or neutral compounds 

including drugs, capillary barrier function maintenance, and metabolic 

regulation (38,42). 

This glycoprotein is expressed by the liver and secreted in a monomeric 

form into the circulation, where it is observed in concentrations between                          

0.2-1 mg mL-1. However, its serum concentration rises in response to 

systemic tissue injury, inflammation or infection, potentially increasing the 

concentration two- to four-fold (43). In fact, AGP levels have been evaluated 

as serum biomarker for inflammatory bowel diseases, and even for early 

diagnosis of neonatal sepsis (44), yielding excellent results in prognosis of 

Crohn disease. Changes in glycosylation of AGP are not restricted to acute 

inflammatory conditions, but also occur in a wide variety of other 

pathophysiological conditions like pregnancy, severe rheumatoid arthritis, 

alcoholic liver cirrhosis, and hepatitis.  

Interestingly, AGP glycan modification appears to occur in some 

inflammatory diseases, but not others. For example, increased AGP glycan 
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branching has been observed in patients with asthma and rheumatoid 

arthritis, but not in patients with ulcerative colitis. The regulation of AGP 

activity is complex: the inflammation induces not only an increase in AGP 

serum concentration, but also a qualitative change in its carbohydrate 

moiety, generating a multitude of glycoforms, each of them with different, 

and sometimes opposite and contradictory activities (45).  

 

II.1.2. Transferrin  

In the context of glycoprotein biomarkers, transferrin (Tf) has received a 

lot of attention. In this case, Tf, which contains 679 amino acid residues, has 

a higher point isoelectric and molecular weight than AGP (pI = 5.2-5.6 and 

molecular weight = 70-95 KDa). This glycoprotein exhibits only two N-

linked disialylated biantennary oligosaccharide chains (Asn413 and Asn611) 

and an average glycosylation content of about 6 % w/w (Figure II.1.6) 

(46,47). Furthermore, it is mainly produced in the liver and has a half-life 

of approximately 8 days in the serum. Tf has been detected in various body 

fluids including serum, plasma, bile, amniotic, cerebrospinal, lymph, and 

breast milk. Tf is the most important and abundant iron glycoprotein in 

serum, and it well-known for its function in the transport and metabolism 

of iron in the body (48). 

 

Figure II.1.6. Crystal structure of transferrin. The Tf molecule is 

divided into two evolutionary related lobes, designated the N-lobe (336 

amino acids) and C-lobe (343 amino acids), which are linked by a short 

spacer sequence. Each lobe contains two domains comprising a series 

of α-helices, which overlay a central β-sheet backbone (49). 
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Iron circulates in the plasma until it attaches to a Tf receptor. This can be 

supposing a problem, due to free iron can be toxic, promoting free radical 

formation via the Fenton and Haber–Weiss reactions, thus resulting in 

oxidative damage to tissues. For example, levels of Tf tend to decrease 

during radiotherapy treatment, and they promote oxidative stress by 

increasing the levels of redox reactive iron in the circulation. For these 

reasons, it is vital that iron is transported in a redox-inactive form (Tf 

promotes auto-oxidation reactions involving CHO aldehyde groups and 

protein amino groups leading to the formation of glycated products). Tf has 

the capacity to bind two atoms of iron and thus prevents the participation 

of iron in redox reactions with ensuing formation of toxic reactive oxygen 

species (ROS). Once iron is bound to Tf, it is transported for all biological 

tissues. In this sense, Tf level testing is used to determine the cause of 

anemia (high level circulation of Tf iron-free in the body signifies low iron 

and revealing a possible iron deficiency), examine iron metabolism and 

determine the iron-carrying capacity of the blood (50,51). 

Although the primary role of Tf is to transport iron safely around the body 

to supply growing cells, Tf has other different functions. For example, it 

plays a critical role in host defense, by depriving iron from invading 

pathogens or the binding of Tf to iron impedes bacterial survival. Tf also has 

the ability to modulate differentiation and growth of cells, being important 

in different activities including myotrophic, embryo-morphogenic 

proliferative, mitogenic, neurotropic, chemotactic, and angiogenic activities 

(46,51). 

Furthermore, Tf is negative acute phase protein, so a concentration 

decrease is observed during inflammation processes. For example, Tf levels 

in Type I diabetes patients are typically 10 % lower than those in normal 

individuals (52,53).  

As we mentioned before, the main Tf glycoform contains two N-

biantennary glycans with a total number of four sialic acids (tetrasialo-Tf, 

pI = 5.4). However, there are other minority glycoforms with two (disialo-

Tf, pI = 5.7), three (trisialo-Tf, pI = 5.6), five (pentasialo-Tf, pI = 5.2) and 

six (hexasialo-Tf, pI = 5.0) sialic acids (Figure II.1.7). Under certain 
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pathological states or due to genetic defects, the profile of glycoforms can 

suffer modifications and minority glycoforms with lower amount of glycans 

(asialo-, disialo- and trisialo-Tf) are increased respect to the main glycoform 

(tetrasialo-Tf). This low glycosylated Tf is called carbohydrate deficient 

transferrin (CDT) and it is the clinically used biomarker for the detection of 

congenital disorders of glycosylation (CDG), chronic alcohol abuse and 

cerebrospinal fluid loss (54,55). 

 

Figure II.1.7. Different glycoforms of transferrin depending on the 

number of sialic acids present in the glycoprotein. Asialo-Tf with any 

sialic acids; diasialo-Tf with two sialic acids; trisialo-Tf with three sialic 

acids; tetrasialo-Tf with four sialic acids; pentasialo-Tf with five sialic 

acids; and hexasialo-Tf with six sialic acids. 

 

CDG, which were first reported in 1980, are a group clinically and 

genetically diverse of metabolic disorders, which are due to defects in the 

synthesis of glycoproteins (mutation in any of the many genes specifying 

enzymes or proteins involved in their synthesis) and/or in the attachment 

of glycans to proteins and lipids. Inheritance mode in most types is 

autosomal recessive but subtypes linked to the X chromosome and with 

inheritance autosomal dominant have been described. Over 150 types have 

currently been described, most of which involve defects of N-glycosylation, 

but this family of metabolic diseases is still growing since about 17 % of the 

actual number have been reported in the last three years (56–58). The 
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Orphanet database reports a collective prevalence at birth of 1.5/100000 

(59).  

Most CDG patients have dysmorphic facial features, abnormal fat 

distribution, and variable coagulation and endocrine defects. However, in 

other patients, it can be found neurologic, cardiac, gastrointestinal, hepatic, 

renal, hematologic, and/or immunologic problems (we recommended to see 

the review “Therapeutic approaches in Congenital Disorders of 

Glycosylation (CDG) involving N-linked glycosylation: an update” Genetics 

in Medicine, 2019 about the different symptoms present in CDG).  

The analysis of this rare disease is still a challenge by the fact that most 

analysis are based on small groups of patients where an extreme phenotype 

is identified, skewing our appreciation of the disease (60,61). The clinical 

presentation of these defects is very variable and, therefore, any patient with 

unexplained multisystemic disease should be selected for differential 

diagnosis CDG. So, there are not unique and precise symptoms which can 

be relate with these diseases (62). However, it seems clear that, due to the 

extremely severe symptoms, early and accurate diagnosis of CDG is crucial 

for timely implementation of appropriate therapies and improving clinical 

outcomes (63). Diagnosis is suspected for these clinical manifestations and 

confirmed by laboratory test, including biomarker such as abnormal serum 

Tf profiles. The diagnosis is also supported by genetic study that identifies 

the gene responsible for the defect (64). 

CDG due to a modification in N-glycosylation are the most abundant and 

are classified into two types depending on what stage of the glycosylation 

process the defects occur: CDG-I and CDG-II (65). CDG-I are referring to 

defects in the assembly of the lipid-bound oligosaccharide chain and their 

transfer to the protein. In this case, the defects are characterized by 

unoccupied glycosylation points in proteins, so they are completely free of 

N-glycans. On the other hand, CDG-II are referring to defects during the 

subsequent process of binding glycans to the protein that occur in the 

cytoplasm and Golgi apparatus and are characterized in the truncated or 

incomplete N-glycan chains (66). Different profile of Tf glycoform appears 

depending on what type of CDG occurs. In CDG-I glycoforms asialo- and 
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diasialo-Tf are increased, whereas in CDG-II monosialo- and trisialo-Tf are 

increased. 

As for therapies used against this pathology, CDG is still a poorly 

treatable family of disorders. On one hand, we can find better known and 

conservative therapies, such as nutritional therapies and transplantation. 

On the other hand, a few emerging therapy options are under preclinical 

investigation with promising preliminary results: enzyme therapy, the use 

of pharmacological chaperones, or gene therapy. We recommend reading 

two new reviews on current and future therapies used against this 

pathology: “Therapeutic approaches in Congenital Disorders of 

Glycosylation (CDG) involving N-linked glycosylation: an update” Genetics 

in Medicine, 2019 and “Congenital disorders of glycosylation: Still “hot” in 

2020” BBA - General Subjects, 2021. 

In sum, glycoproteins are considered perfect candidates as biomarkers, 

which assist in the diagnosis and follow-up of different diseases, such as 

inflammation process or genetic diseases, among others.
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II.2. Electroanalysis of glycoproteins.        
Point-of-care testing devices based on 
electrochemical detection 

II.2.1. Methods for glycoprotein determination 

The development of techniques and methods for the separation, 

purification, and detection of biological macromolecules, such as proteins 

and glycoproteins, has been an important prerequisite for many of the 

advancements made in (bio)-science and (bio)-technology. Among other 

macromolecules, proteins and glycoproteins has been being investigated by 

scientists for decades, not only for the large number of functions that these 

molecules have, but also they have been associated with various congenital, 

metabolic, neurodegenerative, and immune diseases and cancer. 

The development of methodologies to detect and quantify proteins, 

specifically protein biomarkers, has increasingly become essential for 

detection and treatment of certain diseases, which can be correlated with 

changes in concentration of a protein biomarker in biological fluids. In 

many cases, proteins must be detected in very low concentrations, so 

researchers have developed several strategies to carry out accurate and 

simple diagnosis methodologies, using different recognition elements (e.g., 

antibodies, aptamers) and different sensing principles and techniques (e.g., 

optical, electrochemical). For total quantification of proteins, we find 

different methods which include, but are not limited to Biuret method (Cu2+ 

binds to the peptide binding of proteins and produces a purple color; 

proteins are quantified spectrophotometrically), Lowry method (depends 

on the concentration of tyrosine (Tyr) and tryptophan (Trp) sample), 

turbidimetry (depends on protein precipitation) and UV absorption 

(absorption at 270 nm of the aromatic rings of Tyr and Trp). Analytical 

techniques such as 2D-gel electrophoresis, high-performance liquid 

chromatography (HPLC), capillary electrophoresis (CE) coupled with mass 

spectrometry (MS), and laser-induced fluorescence detection (LIF) are also 

employed in proteomics (67,68). 

However, chemical and biochemical analysis are often impeded by the 

small amounts of sample available and, in the case of glycoproteins, the vast 



II.2. Electroanalysis of glycoproteins 
 

29 
 

structural heterogeneity of glycans. As it was aforementioned, multiple sites 

of glycosylation are present in a protein, and the site occupancy can vary 

under different conditions, both leads to glycosylation macroheterogeneity. 

But also, glycans occupying a glycosylation site are complex and can vary 

significantly in terms of size, charge state, glycosidic linkage, and branching 

pattern. This leads to another level of heterogeneity, namely 

microheterogeneity (69). The combination of two levels of heterogeneity 

results in complex mixtures (70). Even for a single protein sequence, these 

mixtures can contain more than one hundred differently glycosylated 

isoforms (glycoforms). It is for the extreme complexity and diversity of 

glycoprotein structures that grow the necessity of highly sensitive and 

efficient methods for separation, detection, and structural investigation.  

In the case of glycoprotein-based biomarkers, the total concentration of 

these glycoproteins in biological fluids is sometimes used (for example, PSA 

for prostate cancer follow-up) and, in other cases, the presence of a certain 

glycoform or the profile of glycans of glycoprotein (for example, MUC1 for 

monitoring the breast cancer treatment).  

In this sense, there are different ways to characterize their glycosylation 

profile depending on the goal (glycan profiles, glycan structures and 

heterogeneity, glycosylation site(s), content of specific glycans…). In 

general, there are two general strategies for glycoprotein analysis. One is the 

“top-down” strategy in which the intact glycoproteins are detected without 

extensive separation or digestion. This methodology provide the protein 

sequencing ladders and in situ localization of complex glycans (71). The 

other is the “bottom-up” strategy, which is the most widely applied to 

analysis of glycoproteins. It includes two common analytical approaches. 

One approach is to the release of glycans from the glycoproteins by chemical 

or enzymatic methods, and then the carbohydrates and proteins are purified 

and analyzed, respectively. In this methodology the structures of glycans 

and sequences of proteins can be obtained. But unfortunately, the 

information of binding sites of carbohydrates on proteins could be lost. The 

other approach is to directly digest glycoproteins with endoproteases 

(trypsin is the most commonly used protease in shotgun proteomics studies 

because of its high cleavage specificity to the carboxyl side of arginine and 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/arginine
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lysine), and then digested glycopeptides are characterized. The 

glycosylation sites can be determined.  

Ideally, glycoprotein analysis should involve simpler procedures which 

modified minimally the test samples. For example, glycan release from the 

glycoprotein can hamper the elucidation of the structural–functional role 

that glycans may play on the protein and vice versa. However, there are 

occasions that released N-glycans is necessary for different reasons, 

although this means including more steps. In these cases, the first step was 

a cleavage of glycan moiety from a protein or a peptide backbone either 

enzymatically or chemically. The second step was the separation of 

carbohydrates released from the glycan by chromatographic, 

electrophoretic, and other techniques. The final step was the detection of 

separated carbohydrates by MS, fluorescent or electrochemical detection. 

In order to release intact glycans from the protein or peptide backbone, 

either enzymatic or chemical methods can be employed (72). Each of these 

procedures has certain advantages and disadvantages. Enzymatic release 

yields intact oligosaccharides and peptides or proteins but depending on the 

substrate specificity of the enzyme employed. It is for that reason that not 

all types of glycans are liberated. N-glycosidase F (PNGase F) is the most 

commonly used enzyme, because it liberates a great variety of N-linked 

glycans (73) (Figure II.2.1). On the other hand, chemical procedures may 

lead to partial or complete destruction of non-carbohydrate substituents 

and of the polypeptide backbone.  

 

Figure II.2.1. Schematic representation showing mechanism of 

glycan release from proteins of N-glycans by PNGase F (74). 
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Following their release from the glycoprotein, free glycans are usually 

found in a solution that contains salts, detergents, proteins, peptides, amino 

acids, and so forth. Before further analysis, these contaminants must be 

removed. There are several methods for glycan desalting and purification. 

For example, the graphitized carbon desalting method is based on the ability 

of oligosaccharides to bind to carbon beads, while unbound simple 

monosaccharides, salts, and detergents can be washed away with water (75). 

As mentioned above, sometimes efforts are directed, not so much to the 

total quantification of glycoproteins, but to the separation and identification 

of glycoforms present in the glycoproteins. In this aspect, a series of 

techniques used in these cases will be discussed below. 

Mass spectrometry (MS) has become a powerful tool to determine 

glycoproteins due to its sensitivity, stoichiometry, specificity and speed, 

which facilitates the identification of the glycoproteins, glycosylation sites, 

and structures of glycans (71,76). Instrumental improvements and the 

availability of reliable commercial instrumentation to numerous 

laboratories have also driven new developments in terms of ionization and 

fragmentation techniques and of selective ion monitoring. Electrospray 

ionization (ESI) and matrix-assisted laser desorption ionization (MALDI) 

are two soft ionization technologies which are widely applied to the analysis 

of glycoproteins and glycans (77). Since most carbohydrates do not possess 

any chromophores, spectroscopic labels must be introduced through 

derivatization, usually at the reducing end, being this technique not only 

useful for separation but also as detection method of glycoproteins. 

Although there is no universal method for comprehensive identification of 

glycoproteins, MS has the great advantages in structural analysis of 

glycoproteins. 

Liquid Chromatography (LC) continues to play a very important role in 

glycomic and glycoproteomic research with its different retention modes, 

column dimensions, and formats and its use as either an analytical profiling 

technique or a micropreparatory tool (78). The use of fluorescence 

derivatization has become routine in conjunction with conventional HPLC 

columns and increasingly with the UHPLC (ultrahigh performance liquid 
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chromatography) columns packed with particles smaller than 2 μm in 

diameter (79). Due to the wide range of adsorbents and solvent systems 

available as well as the speed and reproducibility of separation HPLC has 

proved to be of great value in profiling and separation of glycans (73). 

Different chromatographic separation techniques have been applied to 

glycan analysis, including reversed-phase (80), normal phase (hydrophilic 

interaction) (81), and porous graphitized carbon (PGC) chromatography 

(82). 

Another high-resolution separation technique, which is used for 

achieving an unequivocal identification and a comprehensive 

characterization of glycoprotein, is capillary electrophoresis (CE) and, in a 

lesser extent, microchip electrophoresis (ME) (83). In CE charged analytes 

are separated according to their migration velocity in an electric field placed 

across the ends of a capillary column. The benefits of CE are high separation 

efficiency and speed of analysis (84). Whereas the high resolving power of 

CE is undoubtedly very useful for comparative monitoring the glycoform 

populations of, for example, recombinant glycoproteins, it does not allow 

per se any conclusions on the nature of glycan chains attached (85). 

Last but not least, as one of the most efficient protein separation 

techniques, SDS-PAGE and, more recently, 2-dimensional (2D) gel 

electrophoresis is often employed as the first step for isolation or analysis of 

glycoproteins. Fractionation by gel electrophoresis is based on sizes, shapes, 

and net charges of macromolecules. In 2D-gels, glycoproteins often produce 

characteristic “trains” of protein spots reflecting different isoelectric points 

and/or molecular masses of the glycoforms (86). A significant drawback of 

this technique, however, is the frequent under-representation of membrane 

(glyco)proteins in common 2D-gel electrophoresis due to a low solubilizing 

power of the non-ionic and zwitterionic detergents generally used in 

isoelectric focusing for hydrophobic proteins (73). In addition, many of 

them are only weakly stained by conventional dyes due to the high 

carbohydrate content. Therefore, alternative approaches have to be applied 

for isolation, purification and/or characterization of membrane 

(glyco)proteins including blue native electrophoresis, 2D benzyldimethyl-n-

hexadecylammoniumchloride/SDS-PAGE or SDS-PAGE in conjunction 
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with nano-HPLC after solubilization of the membrane proteins with 

ionic/non-ionic detergents and chaotropic agents. Additional information 

on the type of glycans attached can be obtained by combining gel 

electrophoretic separation and/or lectin probing. 

To obtain a comprehensive picture of a glycoprotein in terms of its 

structure, conformation and stability, numerous analytical strategies with 

different principles are needed and, in many cases, it is necessary the use of 

intact glycoproteins. The analysis of intact glycoproteins has the advantage 

of providing access to the complete protein sequence and the ability to locate 

and characterize post-translational modifications. In addition, application 

of enzymes in glycan cleavage can be expensive, when extensive 

characterization of glycans has to be performed, and thus cost-effective 

methods are continuously evolving.  

Many of the separation techniques discussed above can be used to 

measure intact glycoprotein (87). However, it is found diverse problems. 

For example, the extensive microheterogeneity of the glycoproteins makes 

that MS characterization of intact glycoproteins more difficult than MS 

analysis of proteins. Furthermore, glycoproteins are less efficiently ionized. 

Although matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry (MALDI-TOF-MS) is in principle capable of recording spectra 

of intact glycoproteins, resolution of individual glycoforms can only be 

achieved for small proteins (≌ 40 KDa) (73). 

On the other hand, laser-induced fluorescence (LIF) is the most used 

detector coupled to separation techniques in proteomics and clinical 

analysis. The sensitivity shows by LIF detection is high but, in general, 

proteins, peptides, and amino acids are not fluorescent and need the use of 

fluorescence tags, making this method more laborious and expensive. 

Regarding glycoproteins, a high number of chemical derivatization 

procedures involving the reducing end-aldehyde group of glycans have been 

developed. Using reductive amination, chromogenic, or fluorescent groups 

can be introduced which enable highly sensitive detection during 

chromatographic separation, whereas incorporation of ionizable functional 

groups may mediate a uniform charge thus allowing a highly efficient 
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electrophoretic separation (73). In addition, the peptidic part can be also 

labeled through terminal amine groups, using fluorescence tags such as 

fluorescein isothiocyanate (FITC), aminopyrene trisulfonic acid (APTS), 

4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY), mnaphthalene-2,3- 

dicarboxaldehyde (NDA), o-phthaldialdehyde (OPA), 3‐(2‐

furoyl)quinoline‐2‐carboxaldehyde (FQ) (88,89). Native LIF of proteins 

and glycopeptides at 275 nM has shown to be feasible (90), but it is difficult 

to achieve good sensitivity because of the intense background produced by 

fluorescent impurities that are usually present in real-world samples (91). 

Regarding the determination of total concentration of glycoprotein 

biomarkers, the techniques more commonly employed are (bio)-sensors, 

enzyme-linked immunosorbent assay (ELISA) or lectin assay, which will be 

briefly discussed below. 

(Bio)-sensors based on electrochemical transduction mechanisms have 

recently made advances into the field of glycan analysis. These glycoprotein 

(bio)-sensors offer simple, rapid, sensitive, and economical approaches to 

the measurement of biomarkers related to cancer and disease diagnostics, 

and bioprocess monitoring of therapeutic glycoproteins (92).  The most 

common types of glycobiosensor design are presented in Figure II.2.2. All 

of them use selective binding agents; the most common of which are lectins 

(carbohydrate binding proteins), which will be discussed below, and a redox 

probe combined with one of the electrochemical transduction techniques, 

being the most common electrochemical impedance spectroscopy (EIS) and 

differential pulse voltammetry (DPV). Typically, when EIS is used (Figure 

II.2.2 A), the electrode (bare or modified with a nanomaterial coating) is 

modified with a glycan-binding agent (lectin), which imparts selectivity and 

affinity. In the case of a lectin biosensor sandwich assay (Figure II.2.2 B), a 

surface-bound lectin selectively attracts a glycan target to the electrode 

surface, and a second redox active lectin conjugate binds to the captured 

target. Lastly, in the case of cell surface carbohydrate analysis, the cell is 

often captured at an electrode surface (bare or modified with a nanomaterial 

coating), and a lectin-enzyme conjugate in the presence of substrate 

selectively binds to cell surface carbohydrates and provides the 

electrochemical signature (Figure II.2.2 C). 
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Figure II.2.2. Schematic showing the most common types of 

electrochemical (bio)-sensors for glycan analysis: (A) electrochemical 

impedance spectroscopy-(EIS) based assay; (B) a lectin biosensor 

sandwich assay; (C) surface cell carbohydrate assay using a binding 

lectin/enzyme conjugate to provide the electrochemical signature (93). 

 

Talking about selective binding agents, a very efficient tool to 

characterize glycoprotein-glycans is offered by lectin affinity 

chromatography (LAC), in which labeled or non-labeled carbohydrates can 

be used. Due to their ability to specifically recognize distinct oligosaccharide 

epitopes, lectins bound to appropriate matrices like agarose, membranes, or 

magnetic beads, lectins allow the isolation, fractionation as well as the 

characterization of glycoproteins on the basis of their different glycan 

structures (73,94). In conjunction with other separation techniques, LAC 

can help to separate structural isomers and provides substantial 

information on their structural features. 
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On the other hand, ELISA is the most widely used type of immunoassay 

for detecting or quantifying due to its simplicity and sensitivity. Lectin-

ELISA assays have been developed to analyze glycosylation changes of 

proteins from serum samples (95,96). 

As we can see, current methods such as mass spectrometry (MS), liquid 

chromatography (LC), capillary electrophoresis (CE), and liquid 

chromatography coupled to mass spectrometry (LC–MS) have been 

routinely applied for glycoproteins analysis (97). Furthermore, biosensor, 

ELISA method and lectin assay, are commonly employed to determinate the 

total concentration of glycoproteins. However, these methods have 

adequate sensitivity but usually suffer from high cost, time-consuming 

procedure, and professional operation. It is for that reason, that throughout 

this research contained in this Doctoral Thesis, efforts will focus on 

electrochemical detection for glycoproteins. 

 

II.2.2. Direct electroanalysis of glycoproteins 

Direct electrochemical detection (ED) of glycoproteins can be a simple 

and cheap strategy for glycoprotein biomarker determination, because it 

avoids the use of bio-reagents such as enzymes, lectins, etc., and it offers 

intrinsic advantages such as high sensitivity, fast response time, simple 

instrumentation, and low-cost. In addition, ED is among the most flexible 

analytical tools with instrumentation that can be miniaturized and 

integrated with microfluidics separation techniques, such as microchip 

electrophoresis (ME). However, finding a review on electrochemical 

techniques for protein analysis is rather difficult, and the use of ED for 

glycoprotein determination is extremely scarce. Nevertheless, ED of 

saccharides, amino acids, and peptides has been successfully implemented 

and this experience could be transferred to glycoprotein analysis. 

Regarding carbohydrates, one of the main advantage of using ED is the 

possibility of direct detection (without any labeling step), and thus a 

simpler, faster, and more efficient carbohydrate analysis is possible 

compared to fluorescent/optical reading (98–100). However, there are 

intrinsic limitations of this approach including possible epimerization and 
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degradation of carbohydrates at elevated pH needed for ED and a need to 

know molar response for each carbohydrate to be assayed. Moreover, the 

method requires quite pure carbohydrates free from amino acids residues, 

peptides, and organic acids, to avoid interference with ED. Another 

problem, which was a challenge for some time, was unwanted adsorption of 

products of carbohydrate oxidation on the electrode surface (radical 

intermediates, formed through interfacial electrode reaction with 

carbohydrates, can rapidly foul the electrode) (99). This problem was 

effectively solved in 1981, when Hughes and Johnson first introduced a 

pulsed amperometric detection (PAD) of carbohydrates at Pt electrodes 

using a triple-pulse potential wave form allowing detection of carbohydrates 

with frequency of at least 1 Hz (101,102). Then, with the passing years, ED 

of carbohydrates was also performed on electrodes made from transition 

metals (Cu, Ni, Co, and Ru) at a constant potential. These transition metal 

electrodes require strongly alkaline conditions which produce oxide or 

hydroxide surfaces that provide electrocatalytic properties against 

carbohydrate oxidation (103,104). In the case of Cu and Ni electrodes, their 

high oxidative states (NiO(OH) and CuO(OH)) act as redox mediator for 

carbohydrate oxidation (105). These types of electrodes decreases the risk 

for surface poisoning by carbohydrate oxidation by products (103,106–108) 

and have contributed to the growth of carbohydrates electroanalysis. 

Electrochemistry of proteins has focused on the electroactivity of non-

protein redox centers (such as metal ions). At the beginning of the 1980s, it 

was shown that tyrosine (Tyr) and tryptophan (Trp) residues produced 

voltammetric oxidation signals at carbon electrodes (not only as free amino 

acids, but also Tyr and Trp residues yield oxidation signals in proteins) at 

positive potentials far from zero (Figure II.2.3), while other amino acids 

did not produce any oxidation signal at these electrodes in a pH range 4−10 

(109–111). In the first decade after this discovery, the oxidation signals of 

proteins exhibited low sensitivity, but later by using different carbon 

electrodes and ED techniques (constant current chronopotentiometry 

stripping (CPS)), these signals became more useful tools in electrochemical 

protein analysis and were applied in biomedical research (112). Moreover, 

it was found that proteins are strongly adsorbed at carbon electrodes, which 
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made it possible to prepare protein-modified electrodes without covalent 

binding of the protein to the surface. Furthermore, it was found that using 

adsorptive transfer stripping voltammetry (AdTSV), which are two-step 

electrochemical technique (first, analytes are accumulated on an electrode 

and then, the amount of an accumulated species is measured by 

voltammetry (113)), microliter volumes of proteins were sufficient for the 

analysis at carbon electrodes (99). 

 

Figure II.2.3. Schemes of electrochemical oxidation of tyrosine (Tyr) 

and tryptophan (Trp) (114). 

 

More efficient direct electron transfer (DET) can be obtained for proteins 

by introducing a redox center into more hydrophobic regions far from 

aqueous environment, thus lowering the reorganization energy (99). In this 

sense, there are several derivatization agents (label-based detection) that 

can help in the protein determination, because, covalent and non-covalent 

labeling of proteins can improve the selectivity and sensitivity of the 

method.  

For example, a derivatization step is needed for amino acids and peptides 

detection. The family of dialdehyde compounds (NDA and OPA) combined 

with a nucleophile (CN−, sulfur derivatives) are clearly the most used, but 

other electrochemical tags such as 6-aminoquinolyl-N-hydroxysuccinimidyl 

carbamate (6-AQC) and naphthalene-2,3-dicarboxaldehyde (NDTE) have 

been also explored (115). These compounds react with primary amines to 

form an electroactive and fluorescence derivative (Figure II.2.4). 
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Figure II.2.4. Reactions of electrochemical derivatization reagents 

with amino acids. 

 

On the other hand, Palecek’s group explored the use of osmium 

complexes as electrochemical tag for the ED of carbohydrates, peptides, 

proteins, and glycoproteins. In the first work published by this group, they 

demonstrated that complex of osmium tetraoxide with 2,2 -bipyridine 

(Os(VIII)-bipy) can be used for the modification and ED of peptides at 

neutral pH (116). This complex form adducts with Trp residues (Figure 

II.2.5 A), which yields a catalytic peak at -1.2 V (vs Ag/AgCl) using 

differential pulse adsorptive stripping voltammetry (DPAdTSV) at a 

hanging mercury drop electrodes. By this technique, two peptide hormones 

(salmon luteinizing hormone and human luteinizing hormone) were 

detected at 1 ng mL-1 concentration. Authors extended this methodology to 

Trp containing proteins (avidin, streptavidin, lysozyme) (117). Again, 

DPAdTSV technique was employed along with a pyrolytic graphite electrode 

(PGE) instead of a mercury electrode. Os(VIII)-bipy-protein adduct yielded 

a specific signal at -0.54 V at a PGE. Using this signal, a limit of detection 

(LOD) of tens of nanomolars were achieved for the studied proteins.  



Chapter II. Introduction  
 

40 
 

Later, the same group demonstrated that the Os(VI) complexes react with 

diol groups from saccharides to form osmate ester, which yields two redox 

couples in carbon electrodes (118,119). In another work, they modified 

glycoproteins with Os(VI) complexes (bipy and N,N,N,N-

tetramethylethylenediamine (TEMED)) (120). Furthermore, they 

demonstrated that Os(VI) complexes selectively bind to the carbohydrate 

part and not to the polypeptidic backbone (120). Os(VI) complex reacts with 

hydroxyl groups from glycans to form a stable adduct (Figure II.2.5 B), 

which generates two peaks at a PGE using adsorptive transfer stripping 

square wave voltammetry (AdTSWV). Depending on the complex agent 

linked to Os(VI), the oxidation potentials of both peaks varied (-0.84 and -

0.35 V for Os(VI)TEMED, -0.43 and -0.1 V for Os(VI)-bipy vs Ag/AgCl). 

This method was applied to the detection of RNaseB and avidin achieving 

LODs ranging from 25 to 50 nM. 

 

Figure II.2.5. Reaction of electrochemical derivatization reagents 

with proteins (A) and glycoproteins (B). 

 

Additionally, it is worth mentioning that this electrochemical tag was 

devised by Palecek’s group for carbohydrate sensing and they developed 

excellent applications in glycomics and transcriptomics (121,122). 
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Other advantages of using Os(VI)L (L=ligand) are that they did not 

produce any electroactive adducts with DNA and proteins, suggesting high 

specificity in the glycoprotein measurements. Furthermore, the reaction is 

very simple and does not require any special equipment. The complex can 

be only mixed with the carbohydrate at room temperature, and the adduct 

is formed within hours. Using a ligand exchange process or elevated 

temperature (75 ºC), the reaction can proceed in about 15 min (119,123). 

Another advantage of this labeling protocol is that a complex with a redox 

label can be formed after biorecognition, not disturbing the binding event. 

Properties and ED behavior of Os(VI)L adduct can be significantly 

influenced by the nature of the chosen ligand. Table II.2.1 shows some 

ligands that are useful in ED using Os(VI)L adduct. For example, by using 

Os(VI)bpds (bpds = bathophenanthrolinedisulfonic acid), negative charges 

can be introduced in the adduct. Using Os(VI)bipy, electrocatalytic peaks 

can be obtained allowing the determination at the picomolar level (124). The 

reaction of Os(VI)TEMED produces adducts particularly interesting, 

because these adducts can be determined using adsorptive stripping 

methods, without any purification step (125).  
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Table II.2.1. Nitrogenous ligands (L) applied in Os(VI)L complexes. 

Ligand Abbreviations 
Appreciable 

catalytic 
peak 

Structure 

Pyridine py no 

 

2,2’-bipyridine bipy yes 

 

bathophenanthroline 
disulfonic acid 

bpds yes 

 

N,N,N´,N´- 
tetramethylethylened

iamine 
TEMED yes 

 

 

Excess of the reagent may interfere with the ED determination, and 

mostly a purification step, such as dialysis or separation on a 

chromatographic column or membrane, is necessary. This step can be 

omitted when the adsorptive transfer stripping (ex situ) method (125) is 

used with carbon electrodes (126). In adsorptive transfer stripping 

experiments, the electrode with strongly adsorbed adduct is washed to 

remove the weakly adsorbed Os(VI)L complex. The modified electrode is 

then transferred to the electrolytic cell containing blank background 

electrolyte followed by voltammetric measurement. In this way, the 

purification step is avoided, and the adsorption can be performed from a 

small analyte drop (e.g., 3−10 μL, depending on the electrode size). Using 

adsorptive transfer stripping, an abundance of monomeric carbohydrates 

(e.g., glucose) does not interfere in the determination as it can be easily 

washed away from the electrode (127,128). 
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II.2.2.1. Nanomaterials in the electroanalysis of 
glycoproteins 

Considering the importance of selectivity and sensitivity toward the 

efficiency of detection approach, it is important create economical and 

stable synthetic receptors. In this sense, the choice of electrode material is 

nearly always a critical one. In the case of glycoproteins is not an exception 

and in many cases a popular approach to ultrasensitive detection is driving 

the enhancement of sensitivity with signal amplification. One of the earliest 

efforts to describe the beneficial properties of nanomaterials in the field of 

glycomics was published by Reichardt et al. in 2013, applying nanomaterials 

as support for the delivery of vaccines, cellular imaging, (bio)-

sensors/diagnostics, glycan isolation, and enrichment (129). Since this 

review was published, there has been an explosion of papers focusing on the 

integration of nanomaterials in the field of glycomics. 

Nanomaterials are often incorporated into sensor designs either to 

increase the surface area and subsequently the signal generated at the 

electrode, or as a redox agent. In general, nanomaterials-based 

electrochemical immunosensors amplify the sensitivity by facilitating 

greater loading of biorecognition molecules due to the larger sensing surface 

as well as by improving the electrochemical properties of the transducer 

(130,131). 

Carbon-based nanostructures (CNMs) (carbon nanotubes, graphene, 

nanospheres) (132) and magnetic/metallic nanoparticles (nanowires made 

of inorganic materials (mainly metal oxides and metals)) (133) have been 

successfully applied as carriers/tracers to develop amplified 

electrochemical bioassays. Not only as support for the fabrication of 

sensitive and selective sensors, but also as materials for the preparation of 

stationary phases (134). 

The appearance of nanomaterials revolutionized the electrochemistry, in 

general, and the electroanalysis, in particular. A large number of 

electrochemical sensors was developed using carbon and metallic 

nanoparticles, nanotubes, nanohorns, nanowires, and graphene (135,136). 

Recently, graphene like 2D nanostructures such as transition metal 
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dichalcogenides and phosphorene were joined to this group (137,138). In 

addition, the analytical performance of electrochemical detectors coupled to 

flow systems were dramatically improved due to these nanomaterials (139–

141). Among the properties of these materials, the high active surface, high 

conductivity, high passivation resistance, and the electrocatalytic properties 

(142,143) should be noted. But the most important feature of these materials 

is the ability to control and shape their size and structure and, therefore, the 

properties of such materials opening up great possibilities when designing 

new sensors and bioanalytical tests. The use of nanomaterials yields an 

improvement of electrochemical methods in terms of sensitivity, selectivity, 

and reproducibility (144,145). 

The choice of electrode not only affects the cost of the assay or biosensor, 

but also the sensitivity of the detection method. Therefore, the electrode 

material and design must be optimized for each application.  

Nanomaterials can be classified based on their geometric shape into 

(Figure II.2.6): 

➢ Nanoparticles; spheres 1-50 nm in size. 

➢ Nanowires: cylinders with diameters on the nanometer scale and 

lengths up to several microns. 

➢ Nanotubes: hollow cylinders with sizes similar to nanowires, carbon 

nanotubes being the most representative structures. 

➢ Nanobelts or nanorods: cone trunks with shapes similar to a cane or 

bell. 
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Figure II.2.6. Types of nanomaterials depending on their geometric 

shape (A) nanoparticles; (B) nanowires; (C) nanotubes; (D) nanorods. 

 

In the case of the determination of glycoproteins, it is found in the 

bibliography various interesting reviews about the topic (146–148). 

We will focus on carbon nanotubes (CNTs), one of the most widely used 

nanomaterials. CNTs were rediscovered by Iijima in 1991 (149,150) and 

these can be classified into two large groups based on their structure: single-

walled carbon nanotubes (SWCNT) consisting of a simple sheet of graphite 

rolled over itself forming a hollow cylinder; and multi-walled carbon 

nanotubes (MWCNT) that are concentrically grouped as if it were the trunk 

of a tree (Figure II.2.7). 

 

Figure II.2.7. Types of carbon nanotubes (A) SWCNT; (B) MWCNT. 
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Due to the unique and extraordinary catalytic, geometric, mechanical, 

electronic, and chemical properties of CNTs, these structures are the subject 

of extensive study in many scientific areas and taking advantage of these 

properties new devices have been developed. The properties that make 

CNTs an interesting electrodic material are the improvement of electron 

transfer (electrocatalytic properties) and their enormous adsorption 

capacity. Its large active surface area, which generates an increase in the 

electrochemical signal and its anti-fouling properties that improves the 

stability of the electrode, are other characteristics that make CNTs a very 

attractive material (151–153). 

The properties of CNTs, such as their high electronic conductivity and 

mechanical resistance and their ability to catalyze redox reactions of certain 

compounds have revolutionized electroanalytical chemistry, generating, in 

recent years, a huge number of publications based on these nanomaterials 

(154–157).  

 

II.2.3. Point-of-care testing devices based on 
electrochemical detection 

Traditionally, and still today, diagnostic tests are usually performed at 

central laboratories equipped with bench-top equipment and operated by 

trained personnel. Most of the analytical methods depend largely on 

laboratory-based analytical techniques, including LC–MS, gas 

chromatography coupled to mass spectrometry (GC–MS), and other 

techniques. The employment of these analytical instruments in clinical 

diagnosis incurs costly tests. Moreover, they require relatively time-

consuming and complicated sample pretreatment processes (e.g., digestion 

or clean-up steps), complicated equipment operations, trained personnel, 

and specific consumables, finally lengthen the detection process, and lead 

to the potential loss of the target analyte. Additionally, sample transports 

are also needed, as experiments cannot be performed outside specialized 

laboratories. Furthermore, patients and physicians usually have to wait for 

days to receive the test results and therefore, physician can spend a lot of 

time to make a treatment decision, which in many cases is too late. 
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In contrast to the centralization and increased efficiency in laboratory 

diagnostics, there has been a recent trend towards a more decentralized 

diagnostic analysis, called point-of-care testing (POCT), which is commonly 

described as bedside, near-patient, remote, and decentralized laboratory 

testing. This can be performed in a hospital, emergency department, in a 

physician’s office, or at home. The number of analytes (e.g., metabolites, 

proteins, microorganisms, physical and chemical parameters) that can be 

detected by POCT is enormous. POCT systems have made it possible to have 

different diagnostic tests near the patient that improve response time to care 

and speed up decision-making (158–160). 

Table II.2.2 shows the main differences between carry out the analysis 

in central laboratories or using a POCT. 

Table II.2.2. Comparison of laboratory-based blood testing and 

point-of-care system (161). 

Laboratory based system Point-of-care system 

1. Test is ordered 1. Test is ordered 

2. Test request is processed 2. Nurse draws blood sample 

3. Nurse draws blood sample 3. Sample is analyzed 

4. Sample is transported to the lab 
4. Results are reviewed by a 

nurse 

5. Sample is labelled and stored 5. Clinician acts on results 

6. Sample is centrifuged  

7. Serum sample is sorted to analysts  

8. Sample is analyzed  

9. Results are reviewed by the lab staff  

10. Results are reported to the department  

11. Clinician acts on results  

 

 

The foundation of today’s POCT began in the late 20th century with 

portable glucose meters. At that time, its future seemed uncertain. Now 

POCT is an integral component of healthcare delivery due to real and 

perceived benefits including expanded access beyond traditional healthcare 
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settings, less blood required, improved patient and clinician 

communication and satisfaction. The global POCT market is anticipated to 

reach USD 35.3 billion by 2024 from 18.6 billion in 2016 (162). In this sense, 

Spanish Society of Laboratory Medicine (SEQCML) has launched the first 

POCT Test Database in Spain, called POCT ONLINE, with more than 1200 

registrations and available on Internet (163). Likewise, the affordability of 

POCT devices is an opportunity to improve health technology in developing 

countries, democratizing access to diagnostic tests. 

It offers the advantages of widening accessibility to diagnosis, minimal 

sample volumes, reduced costs, and rapid analysis times. Ideally, POCT 

devices must provide first results within minutes using a simple protocol 

with one or two steps for the analysis of whole blood, urine, or other 

biological samples. They are equipped with single-use test cartridges or 

strips that provide qualitative or quantitative results with in-built readers, 

while others are designed for multiple-use cartridges with quantification 

conducted on bench-top readers. 

POCT has the potential to provide a faster result, but whether that faster 

result translates into improved patient care is another question. While some 

of the tests are important for patient care, others are sometimes 

unnecessary and duplicate pre-existing methods. POCT without quality 

control can give false results, to the patient’s detriment, and increasing the 

overall cost of care. Therefore, it is important to develop new point-of-care 

platforms, which show real advantages over pre-existing methods. In this 

sense, the guidelines generally required for developing efficient POCT 

devices are provided by the WHO and are very clear. These guidelines are 

known as ASSURED, in which the acronym ASSURED stands for affordable, 

sensitive, specific, user-friendly, rapid/robust, equipment-free or minimal, 

and delivered to the greatest need (164). Recently, they extent the criteria: 

real-time connectivity and ease of sample collection (REASSURED). 

Rigorous requirements are set for POCT diagnostic systems in order to 

satisfy the needs for POCT as follows: (a) rapid test results to allow patients 

to receive follow-up treatment at the point-of-care; (b) accurate, 

quantitative results that could be comparable to the ones from bench-top 
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analyzers at central laboratories, in order to avoid false diagnostics; and (c) 

easy-to-use systems that could be run by a non-expert, with minimum user 

interventions. In that sense, a ‘‘sample-to-answer’’ system is a desirable 

format because users only need to load a sample to the systems and then 

obtain the test results after pushing a start button (159). 

The advantages and disadvantages of POCT over core laboratory testing 

are summarized in Table II.2.3. 

Table II.2.3. Advantages and disadvantages of point-of-care testing. 

Advantages Disadvantages 

Portable Quality of results 

Rapid results Clinically focused operators 

Small sample volume Inappropriate and overutilization 

Unprocessed samples Regulatory compliance 

Ease of use Costs 

 

 

The growth of POCT is supported by new analytical technologies (e.g., 

miniaturization, nanoparticle techniques, multiplexing, wireless 

connectivity, and novel biomarkers) (165). Electrochemical devices have 

traditionally received the major share of the attention in biosensor 

development producing simple and yet accurate and sensitive platforms for 

patient diagnosis and have been a promising approach for POCT diagnosis, 

mainly due to its inexpensive instrumentation and easy miniaturization.  

In the next chapters of this Doctoral Thesis, three different technologies 

related to POCT for glycoprotein electrochemical detection, will be 

discussed. These technologies are screen-printed electrodes and two kind of 

microfluidics techniques: microchip electrophoresis and capillary-driven 

microfluidics devices. 
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II.2.3.1. Screen-printed technology 

The screen-printed technology provides a cheap and easy means to 

fabricate disposable electrochemical devices in bulk quantities which are 

used for rapid, low-cost, on-site, real-time, and recurrent industrial, 

pharmaceutical, or environmental analysis.  

Specifically, screen-printed electrodes (SPEs), which was first introduced 

in the 1990s, thanks to their ability to be functionalized and customized for 

the detection of different analytes (e.g., DNA, proteins), have acquired a 

predominant importance in the last decade. Specially, when we talk about 

miniaturization of electrochemical analytical systems (166). 

SPEs represent a successful approach to develop low-cost solutions, with 

the possibility to increase the level of standardization. In addition, this 

technology allows analysts to reduce sample volumes required for each 

analysis and to customize the surface for a more efficient functionalization, 

due to the surface of SPEs can be easily modified with various materials to 

fit multiple purposes related to each analyte and to achieve a variety of 

improvements in their sensitivity, selectivity and stability (167,168).  

Literature reports different studies based on SPEs to realize 

electrochemical sensors addressing the sensitive and specific quantification 

of different proteins and biomolecules. 

 

II.2.3.2. Microfluidics technology 

Lab-on-chip (LOC) technology is basically defined as a miniature 

chemistry laboratory that can perform various laboratory operations on a 

miniaturized scale including sampling, preparation, preconcentration, 

filtration, derivatization, reaction, isolation, and detection. In other words, 

LOC is a device which is capable of scaling the single or multiple laboratory 

functions down to chip-format (169–171). 

One of the pillars of LOC systems is microfluidics, which is defined as the 

science and technology that process or manipulate small amounts of fluid 

(from 10−9 to 10−18 L) using channels measuring from tens to hundreds of 

micrometers (172). The technology was popularized in the early 1990s for 
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applications related to chemical separations, but in the intervening years it 

has been applied to an incredible array of applications, ranging from 

genomics to synthesis.  

Microfluidics-based devices use channels to transport small amounts of 

fluid precisely by actuation forces. Multiple approaches to fluidic transport 

have been developed, and these fall into two categories: passive (e.g., 

gravity, surface tension, capillary force) and active (e.g., micropump, 

electric force, centrifugal force) approaches. A particularly attractive vision 

for the microfluidics community has been the development of integrated 

LOC systems that reproduce laboratory-scale processes with reduced cost, 

less time, and with substantially smaller footprints than their conventional 

counterparts.  

Microfluidics diagnostic devices can analyze diverse clinical samples, 

including blood, oral fluid/saliva, and urine. Disposable devices can be 

produced, eliminating the need for washing processes between sample 

separations and making them easy-to-use even in remote regions. Several 

materials are available for constructing effective microfluidics-based 

devices. These materials fall into three broad categories: inorganic materials 

(silicon, glass, ceramics), polymeric materials (elastomers, thermoplastics), 

and paper. The choice of material depends on the function(s) the device will 

execute, the processing cost, and its compatibility with bulk manufacturing 

techniques. 

On one hand, ME is not only the miniaturized format of CE but also a 

technology that provides additional functionalities such as parallelization 

(higher throughput), integration of multiple analytical steps and portability, 

and also several advantages such as shorter analysis times, lower sample 

and reagent consumption, and lower waste generation (green chemistry). In 

consequence, ME has become a good alternative to more conventional 

methods, which are time-consuming and expensive (173,174). Moreover, 

ME is a mature technology with a wide range of possibilities in LOC 

applications (175). ED is an excellent approach for ME due to its easy 

miniaturization without losing analytical performance (unlike optical 
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methods), and good sensitivity and moderate selectivity. Also, 

derivatization step is not widely needed (176,177). 

On the other hand, capillary-driven microfluidics devices are an 

alternative scheme for miniaturized fluid handling in which liquid samples 

are passively wicked (or ‘‘pumped’’) by lateral flow through paper 

substrates. Instead of using an external pump to induce flow, capillary-

driven devices use the surface tension of a fluid acting on the channel wall 

(or fibers in the case of paper) to drive flow. Whitesides’ group popularized 

this phenomenon as being a member of the ‘‘microfluidics’’ family in 2007 

(178,179), but similar ideas have been used for many decades and indeed, 

products relying on lateral flow are widely available to consumers in the 

form of pregnancy tests.  

These devices are implemented by forming hydrophobic/hydrophilic 

patterns to guide fluid movement through paper. A variety of creative 

techniques have been developed to form such patterns including wax 

printing, inkjet printing, photolithography, flexographic printing and many 

others; paper can also be cut to a specific geometry to guide fluid movement 

(180,181) and in others cases, it can be used as pump.  

Furthermore, several ways to create pump-free microfluidics have 

become popular due to its very low-cost, ease-to-fabrication, flexibility, 

disposability, and the convenience of liquid transport without applying an 

external driving force. For these reasons, there is great enthusiasm for using 

microfluidics for POCT diagnostic assays, with particular interest in their 

use as a low-cost platform for delivering medical diagnostics in resource-

limited settings (182,183). 

As explained in the review “Electrochemistry, biosensors and 

microfluidics: a convergence of fields” (184), electrochemistry, biosensors, 

and microfluidics have become increasingly linked together, making it 

difficult to conceive of them as separate entities.  

As shown in the Venn diagram in Figure II.2.8, these intersections can 

be sub-divided into four application areas: (A) electrochemistry and 

microfluidics, (B) electrochemical biosensors, (C) microfluidics biosensors, 

and (D) microfluidics electrochemical biosensors.  
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Throughout the papers presented, an attempt will be made to combine 

these three technologies with an emphasis on how they are combining to 

form new application areas, including so-called ‘‘point-of-care’’ diagnostics, 

in which measurements traditionally performed in a laboratory are moved 

into the field. Microfluidics electrochemical biosensors, is a particularly 

attractive subject, with great promise for point-of-care diagnostics and 

other advances that are shaping the world that we live in. 

 

Figure II.2.8. Ven diagram,: electrochemistry, biosensors, and 

microfluidics (A) electrochemistry & microfluidics; (B) 

electrochemical biosensing; (C) microfluidics biosensing; (D) 

microfluidics electrochemical biosensing (184). 

 

In each of the following chapters of this Doctoral Thesis, three POCT 

technologies (SPE, ME and capillary-driven microfluidics) have been 

explored for the electrochemical determination of two relevant glycoprotein 

biomarkers: AGP and Tf. In addition, the suitability of developed 

methodologies has been demonstrated in real samples (plasma and serum) 

and applied to the diagnosis of diseases (congenital disorders of 

glycosylation). 
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III. Electrochemical sensors 
screen-printed based for 
glycoprotein determination  

III.1. Introduction and objectives 

Since years ago, the Analytical Chemistry must face one of the main 

challenges, which is the development of methods that respond to the 

growing need to perform rapid in situ analysis. Furthermore, these methods 

must be sensitive and accurate. In recent years, many of the methods 

developed with this end have been based on the use of electrochemical 

techniques due to their high sensitivity and selectivity, low-cost and 

portable size (1,2). 

Traditionally, conventional solid electrodes (glassy carbon electrode 

(GCE), carbon paste electrode, etc.) have been used for multiple 

electroanalytical works. They are very attractive due to their characteristics 

and properties such as their high chemical stability, wide potential window, 

and low background current, among others (3). However, nowadays when 

scientists are focused on developing POCT devices, these electrodes have 

several drawbacks, such as high cathodic residual current, low resistance 

towards mechanical damage, and electrochemical polymerization of 

analytes (electrode passivation). Furthermore, the modifiers in these 

sensors are in loose association or physical contact with the electrode (4,5). 

For that reason, the use of screen-printed technology, which consists of 

layer-by-layer depositions of ink upon a solid substrate, for electrode 

fabrication has received a lot of attention by the researchers. This 

technology has advantages of design flexibility, process automation, good 

reproducibility, and a wide choice of material. For this, since the 1990s 

screen-printed electrodes (SPE) has made a breakthrough and has recently 

become very popular in many applications (6). In the past few years, 

innovative SPEs implemented in sensors and biosensors have experienced 

a remarkable progression with a large number of scientific papers published 

on this issue (7). Recently, considerable advancement has been made 
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towards integration of SPEs and fluid-handling and/or sample-processing 

tools to ensure portable POCT devices. Consequently, screen-printing 

technology has emerged as the method of choice for mass production of 

POCT disposable (bio)-sensors. SPEs are suitable to make effective, 

versatile, and low-cost miniaturized devices, capable of giving reproducible 

results with high sensitivity in (bio)-chemical detection. 

The substitution of more conventional electrodes for new disposable tests 

is an alternative that presents many advantages for these determinations. 

Electrodes with these dimensions (in many case microelectrodes and 

ultramicroelectrodes) offer advantages such as the ability to measure small 

currents in the range of picoamperes to nanoamperes (pA-nA), rapid 

response to changes in applied potential, low ohmic reduction in electric 

potential, efficient diffusional mass transport, and steady-state response at 

diffusion-controlled potential. Furthermore, screen-printed technology 

allows to carry out the mass production in a highly reproducible way with a 

reduced costs (7,8). An additional advantage of screen-printed is that it 

enables the implementation of a variety of configurations (single working 

electrodes, arrays of working electrodes, 3-electrode configurations, etc.) 

with different electrode geometries and sizes, opening a great field of 

applications for these electrodes (9). In addition, SPEs are disposable 

devices. This advantage avoids the tedious polishing (or electrochemical 

treatment) step to reuse the working electrode that is required for most solid 

electrodes to overcome passivation and/or contamination on their surfaces. 

SPEs usually contain three electrodes: working (WE), counter/auxiliar 

(CE/AE) and reference (RE). WE is the main one on which the 

electrochemical reactions take place. RE and AE electrodes are also 

employed to complete the electronic circuit. Screen-printed technology 

consists of layer-by-layer depositions of ink upon a solid substrate, using 

screen or mesh, defining the geometry of the sensor. During the printing 

process of SPEs (Figure III.1.1 A), the most commonly used pastes are 

silver and carbon ink. Silver ink is printed as a conductive track while the 

working electrodes are often printed using carbon-based inks (10,11). This 

technology has advantages of design flexibility, process automation, good 

reproducibility, and a wide choice of materials (7). 
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SPEs can be produced in-house using commercial screen-printing 

equipment by printing different inks on various types of plastic or ceramic 

holdings. Alternatively, a large variety of carbon or modified SPEs is 

commercially available from different manufacturers (e.g., Dropsens, 

PalmSens, Micrux Technologies, etc.) (Figure III.1.1 B and C). 

 

Figure III.1.1. (A) Manufacturing process of SPEs. First, a template 

was used to fabricate working and counter electrodes with carbon ink. 

Second, reference electrode was printed with silver paint. (B) 

Commercial SPEs used for microchip electrophoresis in this Doctoral 

Thesis. (C) Commercial SPEs with working, counter and reference 

electrodes and minimal cell volume (50 μL). 

 

One of the main advantages of SPEs is their high versatility. This feature 

is largely due to the wide range of ways in which the surface of electrodes 

can be modified by changing the ink composition or depositing various 

substances on the electrodes surface such as metal films, polymers, 

enzymes, etc (11–13). The bulk modification of SPEs is very simple 

compared with ordinary GCE, which need several preparation and 

refreshment steps (14,15). 

Besides, major development has been accomplished in the fabrication of 

SPEs by employing nanostructures materials. More recently, metallic 
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nanoparticles, nanowires, carbon nanotubes, and graphene, and their 

nanocomposites have also been included either in these pastes or as a later 

stage on the working electrode (15). These materials are used to enhance the 

immobilization efficiency of biological molecules and accelerate the charge 

transfer rate on the electrode surface. Furthermore, they can increase the 

electrochemical mediation to amplify signals from SPEs. 

These disposable sensors can be easily modified in various ways and are 

also suitable for measuring multiple biological samples, as only a small 

sample volume is required. However, the selection of the different materials 

as inks of SPEs is very important according to the specific purpose of the 

electrochemical sensor (14). 

The well-known electrochemistry of carbon nanomaterials (CNM) has 

opened an opportunity for the customization of the sensors. Several 

approaches to the fabrication of modified SPEs have been applied, such as 

drop casting, ink-printed, electrodeposition, among other manufacturing 

strategies (16). 

Commonly, the building of CNM-based detectors has been carried out 

using thin film coating (drop casting approach). The design of CNM thin 

film electrodes is very simple and a wide range of underlying electrodes can 

be chosen (17). Although this approach has widely been used with 

satisfactory results, it has some limitations. Mainly, nanomaterial 

distribution on the electrode surface leads to a fragile modification and the 

analytical response is still dependent on both the nanomaterial and the 

electrode substrate (18,19).  

As alternative to casting approach, our group has recently proposed a 

novel methodology that enables the manufacture of electrodes in which the 

transduction is based exclusively on CNM (18,20). To this end, the 

transducers were fabricated by filtering carbon nanomaterials solutions 

through a Teflon filter, and then they were retained on the filter, creating a 

conductive film over the non-conductive filter (carbon nanotubes scaffold 

films (CNSFs)) (Figure III.1.2). In this approach, the electronic transfer 

occurs directly on the target nanomaterial so that it is the only transducer 
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in the electrochemical sensing and, consequently, the analytical advantage 

of these nanomaterials is directly exploited. 

 

Figure III.1.2. Strategy to make carbon nanotubes scaffold films 

(CNSFs). (a) Nanomaterial were dispersed in N,N-

dimethylformamide. (b) Dispersion was filtered using a 0.1 µm Teflon 

filter. (c) The membrane, which contains the nanomaterial, was cut, 

and stuck in double-sided adhesive tape and put in the electrode. (d) 

Conductive silver paint was used to create the electric contact. (e) 

Finally, epoxy protective overcoat was used for the isolation. 

 

On the other hand, and as it is mentioned in the introduction Chapter, 

adsorptive transfer stripping voltammetry (AdTSV) is one of the more 

sensitive electroanalytical techniques using in glycoprotein detection. This 

technique consists of two steps. First a pre-accumulation step of the analyte 

on the working electrode surface by an adsorption process (physical or 

chemical) followed by an electrochemical detection step, which can be 

performed using different voltammetry modes for oxidation or reduction of 

the accumulated substance (21) (Figure III.1.3). 

AdTSV using SPEs benefits from the simplicity of application as reported 

in many electroanalytical methods (22,23), for example, allowing a good 

performance for determination of substances in biological samples as urine 

and serum. 
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Figure III.1.3. Analysis by the AdTSV technique using a SPEs. 

 

Taking into account all stated before, this Chapter III was focused on 

two main objectives. On one hand, the development and optimization of a 

derivatization protocol of glycoproteins with an Os(VI) complex 

(electrochemical tag), which allows the electrochemical measurement of 

these macromolecules by AdTSWV. On the other hand, the analytical 

possibilities offered by SPEs for the determination of glycoproteins will be 

explored. In addition, the analytical behavior of these glycoproteins will be 

evaluated using different CNMs.  
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III.2. Results and discussion 

This Chapter has been focused on the use of electrochemical sensors 

screen-printed based for glycoprotein determination, in concrete α1-acid 

glycoprotein (AGP) and transferrin (Tf), both related to inflammatory 

diseases, among other applications. Firstly, these glycoproteins are labeled 

with an electrochemical tag (Os(VI) complex), which help in the 

electrochemical detection, and then they are quantified by adsorptive 

transfer stripping square wave voltammetry (AdTSWV). 

The combination of screen-printed technology and electrochemical 

detection, in order to develop suitable electrochemical methods for these 

target analytes, constitutes the core of this Chapter. Furthermore, we prove 

that the inherent advantages of screen-printed electrodes technology (low 

sample consumption, low-cost and point-of-care testing) make this 

methodology very attractive in this field and can be very helpful in 

determining glycoproteic biomarkers. 

Taking these aspects in mind, a simple and cheap electrochemical 

method for total AGP determination using disposable screen-printed 

carbon electrodes (SPCEs) and using a selective acidic precipitation of the 

rest of proteins has been developed to achieve sensitive, accurate, and 

reliable determination in a commercial serum sample (III.2.1). 

In the next section (III.2.2), the great advantages provided by carbon 

nanomaterials in screen-printed technology, specifically in increasing 

analytical signal, as well as an improvement in electrode passivation will be 

demonstrated. Different carbon nanotubes scaffold films (CNSFs) were 

applied to AGP determination in serum samples, being multi-walled carbon 

nanotubes scaffold films (MWSFs) those that yielded the best analytical 

performance in terms of sensitivity. 

Finally, a new way to measure carbohydrate deficient transferrin (CDT) 

using SPCEs will be showed (III.2.3). Labeled Tf with Os(VI) complex 

generates two voltammetric signals: one from carbohydrates 

(electrochemical signal of Os(VI) complex at -0.9 V/Ag) and one from the 

amino acids present in glycoprotein (intrinsic electrochemical signal of 



Chapter III. Electrochemical sensors screen-printed based  

80 
 

glycoprotein at +0.8 V/Ag). The relationship between the two analytical 

signals (carbohydrate signal/protein signal) is an indicator of the degree of 

glycosylation (electrochemical index of glycosylation (EIG)). A new 

approach to measure the level of CDT was proposed, relied on the Os(VI) 

signal/protein signal ratio (EIG). In addition, the suitability of the proposed 

electrochemical sensor was evaluated by analyzing serum samples from 

congenital disorders of glycosylation (CDG) patients.
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III.2.1. Article 1: Total α1-acid 
glycoprotein determination in serum 
samples using disposable screen-
printed electrodes and osmium (VI) as 
electrochemical tag 

 
Tania Sierra, María Cristina González, Begoña Moreno, Agustín 

G. Crevillén, Alberto Escarpa 
 

Talanta 180 (2018) 206–210 
 

Abstract: α1-acid glycoprotein (AGP) or orosomucoid is a serum glycoprotein 

which belongs to the group of acute phase proteins. It is a potential biomarker for 

inflammatory bowel diseases. In this sense, there is a need for developing fast and 

cheap analytical methods for diagnosis, prognosis, and follow-up of these diseases. 

In this work, we propose a simple and cheap electrochemical method for total AGP 

determination using disposable screen-printed carbon electrodes (SPCEs) and 

using a selective acidic precipitation of the rest of proteins. This method avoids the 

use of biological components, decreasing dramatically the analysis cost. Firstly, 

AGP is labeled with an electrochemical tag (osmium (VI) complex) and then the 

total amount of AGP is quantified by adsorptive transfer stripping square wave 

voltammetry. The method optimized showed a good linear correlation (r = 0.9992) 

and limit of detection of 1.6 mg L−1. The methodology was successfully applied to 

quantify AGP in a commercial serum sample. This methodology could be useful in 

clinical diagnosis because of AGP levels increase two or three times when 

inflammatory processes happen. Moreover, the inherent advantages of SPCE 

technology (low sample consumption, low-cost. and point-of-care testing) make 

this methodology very attractive in this field. 
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1. Introduction 

α1-acid glycoprotein (AGP) or orosomucoid is a serum glycoprotein with 

a molecular weight between 41-43 KDa. Human AGP presents five N-linked 

glycans attached to the protein structure. It is also negatively charged (pI = 

2.7-3.2) due to the presence of sialic acids (1,2). Additionally, AGP belongs 

to a group of acute phase proteins that may play a role in the modulation of 

the immune system in response to stress, along with many other functions 

such as drug binder and carrier (1,2). AGP concentration in healthy humans 

is 0.2-1 g L−1, whereas during disease or injury it can increase two to three 

times (3). In this sense, total AGP content has been studied as serum 

biomarker for inflammatory bowel diseases (4) and for early diagnosis of 

neonatal sepsis (5); specifically, it showed excellent results in prognosis of 

Crohn disease (6) and good correlation with endoscopic activity (occurrence 

of aphthous lesions, nodularity, erythema, ulcerations, stenosis in bowel 

wall) (7). The follow-up of Crohn disease patients is carried out by 

colonoscopy and cross-sectional imaging, but both techniques are time 

consuming and expensive and, also, colonoscopy is an invasive procedure. 

For these reasons, there is a great interest in finding reliable biomarkers and 

in developing fast and cheap analytical methods for detecting them (8).  

In this way, screen-printed electrode (SPE) technology offers disposable, 

low sample consumption and cheap electrochemical platforms for in situ 

analysis and/or point-of-care testing (9). These features make SPE an 

attractive tool for clinical analysis (10,11). With respect to protein 

biomarkers detection, all developed methods employ a recognizing element 

(aptamer, antibody, molecular imprinted polymer) and, the majority of 

them, a signal transducer (usually, an enzyme) which detects the binding of 

the complementary species (11). In the case of AGP, there are several 

commercial kits for its total amount determination based on a turbidimetric 

immunoassay (12). These biomolecules (enzymes, antibodies, and 

aptamers) increase the analysis cost. 

On the other hand, direct electrooxidation of proteins is possible thanks 

to the presence of electroactive amino acids; mainly, cysteine, tyrosine, and 
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tryptophan. In fact, limits of detection in nanomolar level can be obtained 

for proteins employing square wave voltammetry (SWV) and 

chronopotentiometric stripping analysis (CPS) (13,14). But, in the case of 

glycoproteins, the electrochemical detection is less sensible because their 

carbohydrate parts (glycans) are electrochemically inactive under 

conditions close to physiological (15).  

Intact glycoproteins can be electrochemically detected by two strategies: 

label-free and label-based detection. The usual electrochemical techniques 

employed for a label-free analysis include electrochemical impedance 

spectroscopy (EIS) and capacitance (14). These methods employ lectins as 

recognizing element but their application in complex and real samples is 

scarce although there is one interesting example in human serum (16). 

Respect to label-based detection, there are several works in which 

nanomaterials were used as electrochemical tags for glycoproteins. For 

example, chicken ovomucoid was labeled with ZnO quantum dots (17) and 

an IgGs with black phosphorus nanoparticles (18) and MoSe2 nanoparticles 

(19). But real samples were not analyzed in these works. Recently, Palecek's 

group proposed the use of osmium (VI) complexes as electrochemical probe 

for oligo- and polysaccharide detection (20). The osmium (VI) complexes 

react with diol groups from saccharides to form osmate ester which yields 

two redox couples in carbon electrodes (21). Later, this group extended its 

application to glycoproteins detection demonstrating Os(VI) complexes 

selectively bind to the carbohydrate part and not to the polypeptidic 

backbone (15). It is worth to mention that glycan isomers can be 

distinguished using this electrochemical tag (22,23).  

In this work, we propose a simple and cheap electrochemical method for 

total AGP determination using disposable SPCEs and using a selective acidic 

precipitation of the rest of proteins to avoid interferences (24). To achieve 

the electrochemical detection of AGP, the protein was labeled with an 

osmium (VI) complex. An adsorptive transfer stripping square wave 

voltammetry (AdTSWV) was chosen as electrochemical technique. Several 

parameters such as frequency, amplitude, and accumulation time were 

optimized. Additionally, precision and accuracy of the method were studied. 

Finally, the developed method was applied to serum samples. 
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2. Material and methods  

2.1. Reagents  

α1-acid glycoprotein (AGP), potassium osmate (VI) dihydrate, N,N,N′,N′-

tetramethylethylenediamine (TEMED), and human serum were acquired 

from Sigma-Aldrich (Darmstadt, Germany). Perchloric acid, hydrochloric 

acid, acetic acid, disodium hydrogen phosphate, and sodium dihydrogen 

phosphate were purchased from Panreac (Barcelona, Spain). Sodium 

acetate and borax were purchased from Merck (Darmstadt, Germany). Boric 

acid was acquired from Fluka (Darmstadt, Germany). All solutions were 

prepared in Milli-Q water (Merck Millipore, Darmstadt, Germany).  

2.2. Instrumentation 

Potentiostat Autolab PGSTAT101 (Methrom-Autolab, Utrecht, The 

Netherlands) was used for all electrochemical measurement. This 

instrument was controlled by the software Nova 1.6.  

Screen-printed carbon electrodes (SPCE) (DRP-110, Dropsens, Oviedo, 

Spain) were employed for electrochemical detection (single use). They 

consist of carbon working electrode (4 mm diameter), carbon counter 

electrode, and silver reference electrode. This kind of SPCEs works as an 

electrochemical cell which needs a minimum volume of 50 µL. Centrifuge 

Multifuge Heraeus3 L-R (Thermo Fischer Scientific, Waltham, MA, USA) 

was employed for sample ultrafiltration by Amicon® Ultra-2 mL centrifugal 

filters (cutoff 10 KDa) (Merck Millipore, Darmstadt, Germany).  

Mass spectrometry analysis were carried out in an Ultraflex III (Bruker, 

Billerica, MA, USA) using positive linear mode, 2,5-dihydroxyacetophenone 

(DHAP) as matrix in presence of ammonium citrate and 2 % TFA in water. 

2.3. Procedures 

2.3.1. Preparation of Os(VI)O2(OH)2TEMED complex  

The preparation of Os(VI)O2(OH)2TEMED complex was carried out 

according to bibliography (20). Briefly, 18.4 mg of potassium osmate (VI) 

dihydrate (50 µmols) were suspended in 1.22 mL of water. Then, 5.8 mg of 
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TEMED (50 µmols) and 0.41 mL of a 0.2 M sodium phosphate pH = 7.0 

solution were poured into the previous solution. Finally, 10 µL of 10 M HCl 

solution were added. The solution was shaken for one hour to allow the 

formation of Os(VI)O2(OH)2TEMED complex (reddish color) and finally, 

the solution was filtered using a syringe Nylon filter 0.22 µm (Tecno-Air, 

Barcelona, Spain). The final concentration of Os(VI) complex obtained was 

30.3 mM.  

2.3.2. AGP labeling with Os(VI)O2(OH)2TEMED complex  

AGP-Os(VI) adduct was prepared as follow: 1.02 mg of AGP (2.5 × 10−8 

mols) were dissolved into 234 µL of 50 mM sodium phosphate pH = 7.0 

buffer using a “protein low bind” Eppendorf tube (Hamburg, Germany). 

Then, 16.5 µL of Os(VI)O2(OH)2TEMED solution were added in the 

previous solution (mol ratio 1/20 between AGP and Os(VI)) and it was kept 

under agitation 16 h at 37 °C and 950 r.p.m. using a thermo shaker (Biosan 

TS-100C, Riga, Latvia). The final concentration of AGP-Os(VI) adduct 

obtained was 100 µM. Then, this solution was filtered through Amicon® 

Ultra-2 mL centrifugal filters (cut-off 10 KDa) in order to remove the non-

reacted Os(VI)O2(OH)2TEMED complex (centrifugal parameters: 4 °C, for 

40 min at 4500g). The filters were washed twice with 250 µL of 50 mM 

sodium phosphate pH = 7.0 solution to ensure the complete removal of 

Os(VI)O2(OH)2TEMED complex. The Amicon filters were inverted and 

centrifuged (5 min at 2000g) to recovery the AGP-Os(VI)TEMED adduct 

solution (final volume 250 µL, stock solution). The stock solution was stored 

at −16 °C for a maximum of four days (stability was studied). Finally, 

working solutions were prepared by dilution of stock solution (previously 

thawed) in Britton-Robinson buffer (BR) or 50 mM sodium phosphate 

buffer pH = 7.0.  

The labeling protocol of AGP was modified when serum samples were 

analyzed due to the high concentration of glucose and other carbohydrates 

in these samples. For ensuring the labeling of AGP with the electrochemical 

tag, the concentration of Os(VI)O2(OH)2TEMED complex in the solution 

was increased from 2 mM (as in the standard protocol) to 6 mM. The 

protocol was as follow; 200.5 µL of serum sample were mixed with 49.5 µL 
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of Os(VI)O2(OH)2TEMED solution and it was kept under agitation 16 h at 

37 °C and 950 r.p.m. using a thermo shaker (Biosan TS-100C, Riga, Latvia). 

Then, the solution was filtered using Amicon filters for removing not only 

the excess of reagent but also the glucose and other small carbohydrates 

labeled with Os(VI) present in serum. Later, AGP-Os(VI)TEMED adduct 

was isolated from the rest of proteins by a selective acidic precipitation (18). 

Briefly, 50 µL of serum labeled with the electrochemical tag Os(VI) and 100 

µL of 0.5 M perchloric acid were vortex mixed in a “protein low bind” 

Eppendorf tube for 20 s. The acidified serum was then centrifuged at 3000g 

for 20 min at room temperature (Microcentrifuge Mini Spin® Eppendorf, 

Hamburg, Germany). Finally, the supernatant was adequately diluted in 

Britton-Robinson (BR) buffer at pH = 3.0 buffer before the AdTSWV 

analysis. 

2.3.3. Electrochemical measurements  

Os(VI)O2(OH)2TEMED complex dissolved in 50 mM sodium phosphate 

pH = 7.0 buffer was electrochemically characterized by cyclic voltammetry: 

start potential −1.4 V, switching potential +0.4 V, and scan rate 1 V s-1. 

Nitrogen was used for oxygen removal (10 min). Electrochemical detection 

was performed using adsorptive transfer stripping square wave 

voltammetry (AdTSWV). In this case, 10 µL of sample were dropped onto 

the working electrode and, then, the analyte was adsorbed for accumulation 

time 5 min at open circuit potential. Then, the electrode was washed with 

water and finally, 50 µL of background electrolyte (0.2 M Britton-Robinson 

buffer pH = 3 or 50 mM sodium phosphate pH = 7.0 buffer) were dropped 

on the SPCE for voltammogram recording. Square wave voltammetry 

(SWV) parameters: start potential −1.4 V, end potential +0.1 V, step 

potential 5 mV, amplitude 50 mV, and frequency 100 Hz, if not stated 

otherwise. 

3. Results and discussion  

3.1. Characterization of Os(VI)O2(OH)2TEMED complex and 
AGP-Os(VI) adduct  

Firstly, 10 mM Os(VI)O2(OH)2TEMED solution prepared in 50 mM 

phosphate buffer at pH 7.0 was electrochemically characterized by cyclic 



 Chapter III. Electrochemical sensors screen-printed based  
 

88 
 

voltammetry using SPCE (see Figure III.2.1.1). As can be observed in this 

figure, the electrochemical tag Os(VI)O2(OH)2TEMED showed one quasi 

reversible redox couple at about −1 V (peaks 1 and 3) and one anodic peak 

at −0.2 V (peak 2). In addition, there are other minor anodic peaks between 

−1 V and −0.2 V.  

 

Figure III.2.1.1. Cyclic voltammogram of 10 mM 

Os(VI)O2(OH)2TEMED complex in 50 mM phosphate buffer pH 7. 

Scan rate 1 V s-1. 

 

Next, AGP standard was labeled with the electrochemical tag Os(VI) 

O2(OH)2TEMED (see Section 2.3.2) obtaining the corresponding adduct, 

hereinafter, AGP-Os(VI). A ratio 1/20 (protein/tag) was used to ensure the 

maximum labeling. To estimate the amount of Os(VI) complex molecules 

per protein, non-labeled AGP and AGP-Os(VI) adduct were studied by 

MALDI-TOF mass spectrometry in order to know the molecular weight 

(Supplementary information, Figure III.2.1.S1). Unexpectedly, the 

labeling with Os(VI) complex just generated a mass increase of 

approximately 789 Da in the protein corresponding to two molecules of this 

tag (Mw [Os(VI)O2(OH)2TEMED] = 372.4 Da). In spite of the tag excess 

added in the reaction and the five N-linked glycans present in the AGP, two 

electrochemical tags were just bonded to the protein. Maybe, there was 

some kind of steric impediments in the reaction.  

AGP-Os(VI) adduct was electrochemically studied using adsorptive 

transfer stripping square wave voltammetry (AdTSWV) employing standard 
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conditions (start potential −1.4 V, end potential +0.1 V, step potential 5 mV, 

amplitude 50 mV, frequency 100 Hz, accumulation time 1 min). Figure 

III.2.1.2 shows voltammograms of 50 mM phosphate buffer at pH 7.0 

(blank) (Figure III.2.1.2, red line), 400 mg L−1 AGP in phosphate buffer 

(control) (Figure III.2.1.2, blue line) and 400 mg L−1 AGP-Os(VI) in 

phosphate buffer (Figure III.2.1.2, black line). Clearly, a new peak rise 

from the background at −0.8 V corresponding to the AGP-Os(VI) signal. In 

fact, the potential is close to the free tag (−1 V). Apparently, this result is not 

in concordance with previous characterization of this tag (20) where two 

redox couples were obtained at about −0.70 and −0.25 V. However, it is 

important to underline that, in the work previously mentioned, a pyrolytic 

graphite electrode was employed instead of SPCE electrode and the osmium 

complex was dissolved in 0.2 M sodium acetate at pH 5.0 instead of 50 mM 

phosphate buffer at pH 7.0. 

 

Figure III.2.1.2. Voltammograms obtained by AdTSWV of 50 mM 

phosphate buffer at pH 7.0 (blank) (red line), 400 mg L-1 AGP in 

phosphate buffer (control) (blue line) and 400 mgL-1 AGP-Os(VI) in 

phosphate buffer (black line). Conditions: start potential −1.4 V, end 

potential +0.1 V, step potential 5 mV, amplitude 50 mV, frequency 100 

Hz, accumulation time 1 min. 
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3.2. Optimization and analytical performance of AdTSWV 
method for AGP detection. Application to serum samples 
analysis  

In order to find the best voltammetric signals for detecting AGP-Os(VI), 

pH studies were carried out. For this study, 400 mg L−1 AGP-Os(VI) was 

prepared in 0.2 M Britton-Robinson buffer ranging from pH 7.0 to pH 2.0. 

As can be observed in Figure III.2.1.3, a new peak ranging from −1.05 V 

to −0.85 V (named as 2) appeared in the voltammograms at pHs equal or 

lower than 5. This peak is presented too at pH 7.0 but it is difficult to notice 

because it is a shoulder in the current dropping zone. This finding is in 

concordance with the bibliography wherein detected other glycoprotein-

Os(VI) adducts (20). Additionally, a displacement of anodic peaks (1 y 2) 

towards more positive potentials when pH is decreased was also noticed. It 

means the redox reaction of the electrochemical tag is pH dependent as it 

was reported previously (25).  

As it is also shown in Figure III.2.1.3, the lower the pH the higher the 

signal (see peak 2). To explain this effect, two aspects should be taken into 

account; first, in AdTSWV only adsorbed protein is measured, and second, 

the main interaction between proteins and untreated carbon material is 

hydrophobic type (26), so the interaction is stronger at pH close to protein 

isoelectric point. As AGP isoelectric point is around 3, a decreasing of the 

pH value from 7.0 to 2.0 means an increasing of the protein adsorption and, 

therefore, the electrochemical signal obtained is higher. Between pH 2.0 

and 3.0 there is not significant difference in the signal, so pH = 3.0 was 

selected as optimum pH value. Peak 2 (Ep = −0.9 V) was chosen for 

quantitative purposes because it was clearly defined than peak 1 (Ep = −0.3 

V).  
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Figure III.2.1.3. Voltammograms obtained for AGP-Os(VI) (AGP 

400 mg L-1) in BR buffer at different pHs; 9 (a), 7 (b), 5 (c), 3 (d) and 

2 (e). Conditions: as in Figure III.2.1.2. Peaks 1 and 2 belong to AGP-

Os(VI) adduct.  

 

Several AdTSWV parameters were also optimized. Amplitude pulse was 

studied from 25 mV to 100 mV (accumulation time 1 min, frequency 100 

Hz) and frequency from 25 Hz to 200 Hz (accumulation time 1 min, pulse 

50 mV). The optimal values found were 50 mV and 100 Hz, respectively. 

Finally, the accumulation time was also optimized (0, 2 and 5 min) and 5 

min was chosen as optimal. Longer times were not studied because it is not 

considered useful from practical point of view.  

On the other hand, the capability of AdTSWV for sensing AGP in serum 

samples was carefully evaluated. In this way, calibration studies were 

carried out in the experimental conditions previously optimized. The 

linearity of the method was studied from 8 mg L−1 to 400 mg L−1 using the 

peak area. As it is expected in adsorptive methods (15), two different zones 

were observed. First, a linear dependence from 4.0 mg L−1 to 40.0 mg L−1 is 

found and then a quasi-plateau is reached (from 40 mg L−1 to 400 mg L−1) 

(results are not shown). At 40 mg L−1 protein concentration, the electrode 

surface is almost completely covered by protein and no more protein can be 

adsorbed on it. A good correlation coefficient was obtained from 4.0 mg L−1 

to 40.0 mg L−1 (r = 0.9992). The calibration curve slope was (1.07 ± 0.02) × 

10−7 A L mg−1 and the intercept (−4.0 ± 6.1) × 10−8 A (n = 3). The limit of 

detection obtained from the calibration curve was 1.6 mg L−1 (3 S/N 
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criterion). This LOD is similar to those obtained from turbidimetric 

immunoassay methods (about 1.2 mg L−1) (12). The analytical 

characteristics obtained show that AdTSWV method is adequate for AGP 

determination in serum samples in which AGP concentration in healthy 

humans ranged between 200–1000 mg L−1 (3).  

As it is well-known, one of the handicaps of labeling reaction is to label 

analytes at very low concentration (27). Keeping this in mind, a AGP 

standard solution prepared at concentration of 1.6 mg L−1 was labeled with 

Os(VI) complex and then analyzed by AdTSWV. As it is shown in Figure 

III.2.1.4, a small peak of AGP was obtained demonstrating that LOD of 

overall method (or concentration limit of detection as other authors stated) 

is 1.6 mg L−1.  

 

Figure III.2.1.4. Voltammograms obtained by AdTSWV of AGP 

solution labeled and analyzed at concentration 1.6 mg L-1. Controls: BR 

buffer at pH 3.0 (blank) (red line), 1.6 mg L−1 non-labeled AGP in BR 

buffer (control) (blue line). Conditions: BR buffer pH 3, start potential 

-1.4 V, end potential +0.1 V, step potential 5 mV, amplitude 50 mV, 

frequency 100 Hz, accumulation time 5 min. Peak 2 belongs to AGP-

Os(VI) adduct. 

 

Precision was also carefully studied using a AGP-Os(VI) solution (40 mg 

L−1 AGP) prepared in BR buffer at pH 3.0. RSD = 11 % (n = 4) was obtained 

using the same batch and employing different SPCEs. Batch-to-batch 



III.2.1. AGP determination using SPCEs 
 

  

93 
 

solutions reproducibility was also evaluated yielding a RSD value of 21 % (n 

= 4). The origin of this variability using the same batch could be related with 

differences in active surface between SPCEs. Reproducibility values 

obtained are acceptable for AGP determination because, as it is well-known, 

AGP levels in serum can increase two or three times during disease or injury 

(3). Therefore, it is important to underline that this method could 

discriminate between healthy and sick individuals.  

Recovery studies were performed to evaluate the method accuracy. A 

serum sample was diluted ten times in BR pH 3 to minimize the signal of 

the endogenous AGP and then, a known amount of AGP standard was added 

to this solution to reach a final AGP concentration of 4 g L-1. Next, this 

sample was treated following the protocol showed in Section 2.3.2 (serum 

samples).  

The sample was adequately diluted and analyzed by AdTSWV obtaining 

a recovery of 81 ± 6 % (n = 5) using external calibration. This result was 

similar to those obtained by Stumpe et al. (79.1 %) employing the same 

sample treatment (acidic precipitation) for AGP isolation in plasma samples 

(24). Finally, a commercial serum sample was also analyzed (sample was 

adequately diluted after derivatization protocol) obtaining a value of 0.48 ± 

0.09 g L-1 for AGP (n = 5), which is within the normal physiological range.  

Finally, a simplification of the developed method was explored by 

eliminating the ultrafiltration step which is a long and expensive 

methodology. It basically consisted in replacing ultrafiltration by a washing 

step in which the SPCE was immersed in water for 1 min after AGP 

deposition step. This strategy was previously employed in the bibliography 

for eliminating the reagent excess (15,20) but we were worried about the 

glucose and other carbohydrates present in serum which could be adsorbed 

on SPCE. The serum sample was analyzed employing both methodologies 

(water washing and ultrafiltration steps) and also without any cleaning step. 

These new methodologies were compared with ultracentrifugation ones 

using a t-test at 95 % confidence level (P ≥ 0.05) (see Table III.2.1.1). It 

was not found significant differences between water washing and 

ultrafiltration methodologies (P = 0.14), so water washing step could replace 
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ultracentrifugation ones. Moreover, there was significant differences 

between ultracentrifugation and no cleaning methodology (P = 0.01). This 

means that there are other labeled compounds and/or rests of reagent in the 

sample which have to be eliminated before electrochemical readout. 

Table III.2.1.1. Comparison between cleaning methodologies in 

serum samples. 

 

 
* Ho: average area from ultrafiltration = average area from other methodology, t-test 

at 95 % confidence level, P=0.05. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Ultrafiltration Water washing No cleaning 

Average area 
(a.u.) 

5.0 x 10-7 4.3 x 10-7 12.2 x 10-7 

Standard 
deviation 

0.4 x 10-7 0.4 x 10-7 1.2 x 10-7 

Probability of null 
hypothesis (Ho)* 

- 0.14 0.01 
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4. Conclusions 

 In this work, a simple and cheap electrochemical method (AdTSWV) was 

developed for the determination of AGP in serum samples using disposable 

screen-printed carbon electrodes (SPCEs). Thanks to the selective acidic 

precipitation, AGP was isolated from the rest of proteins avoiding the use of 

biomolecules. Moreover, the methodology was simplified replacing 

ultrafiltration step by a water washing protocol which is faster, simpler, and 

cheaper. Taking into account overall mentioned before, the analysis cost 

could be practically reduced to the price of one SPCE. The main drawback 

of the method proposed is the long derivatization protocol (16 h) but we are 

working on it considering different ligands for Os(VI) as other authors did 

it. Finally, this methodology was successfully applied to quantify AGP in a 

commercial serum sample. In spite of batch-to-batch reproducibility (RSD 

= 21 %) and recovery (81 %) were not excellent, this methodology could be 

useful in clinical diagnosis (inflammatory bowel diseases and neonatal 

sepsis) because AGP levels increase two or three times when inflammatory 

processes happen. Moreover, the inherent advantages of SPE technology 

(low sample consumption, low-cost and point-of-care testing) make this 

methodology very attractive in this field. 
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Figure III.2.1.S1. MALDI-TOF mass spectra of unlabeled AGP (red 

line) and AGP-Os(VI) adduct (blue line). 
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III.2.2. Article 2: Disposable carbon 
nanotube scaffold films for fast and 
reliable assessment of α1-acid 
glycoprotein in human serum using 
adsorptive transfer stripping square 
wave voltammetry  
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Analytical and Bioanalytical Chemistry 411 (2019) 1887-1894 
 

Abstract: α1-acid glycoprotein (AGP) is a serum glycoprotein whose levels are 

increased two or three times during disease or injury. This makes it a potential 

biomarker for inflammatory bowel diseases and sepsis. Consequently, fast, simple, 

and cheap analytical methods for prognosis, diagnosis, and follow-up of these 

diseases are demanded. In this work, we propose a simple electrochemical 

approach based on carbon nanotubes scaffold films (CNSFs) for total AGP 

determination in serum samples. Firstly, AGP is labeled with an electrochemical 

tag (osmium (VI) complex), and then the total amount of AGP is quantified by 

adsorptive transfer stripping square wave voltammetry (AdTSWV). Multi-walled 

carbon nanotubes scaffold films (MWSFs) yielded the best analytical performance 

in terms of sensitivity with a good limit of detection of 0.6 mg L−1 for AGP 

determination in serum samples, in less than 20 min. A simplified AGP calibration 

and its sequential serum sample analysis strategy with good accuracy (81 %) and 

excellent reproducibility (RSD < 1 %) was additionally proposed to meet the point-

of-care/needs requirements. 
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1. Introduction 

α1-acid glycoprotein (AGP), also named orosomucoid, is a serum 

glycoprotein with a low isoelectric point (pI = 2.8-3.8), a molecular weight 

around 41-43 KDa, and a high carbohydrate content (40 % w/w) (1,2). The 

function of AGP is still not well-known, but it is considered as an anti-

inflammatory and immunomodulatory protein (3). AGP concentration in 

serum of healthy individuals is 0.2-1.0 g L−1 (4), but serum concentration 

can rise up to three or fourfold because of infection, rheumatic disorders, 

surgery, myocardial infarction, or nephritis (5). In fact, AGP levels have 

been evaluated as serum biomarker for inflammatory bowel diseases (6) and 

even for early diagnosis of neonatal sepsis (7), yielding excellent results in 

prognosis of Crohn disease (8) and endoscopic activity (occurrence of 

aphthous lesions, nodularity, erythema, ulcerations, stenosis in the bowel 

wall) (9). Typically, colonoscopy and cross-sectional imaging are employed 

for Crohn disease follow-up. However, both techniques are time consuming 

and expensive and, also, colonoscopy is invasive, so there is a high demand 

in finding reliable biomarkers and alternative methodologies for Crohn 

disease monitoring (10). 

In this sense, AGP determination is commonly carried out by separation 

techniques (1–3,11,12) and enzyme immunoassays (13). In addition, there 

are several commercial kits for its total amount determination based on a 

turbidimetric immunoassay (14). However, these techniques are time 

consuming and/or expensive. 

Electrochemical methods are an interesting alternative because of its 

low-cost, easy miniaturization (point-of-care testing), and high sensitivity 

(15,16). In fact, electrochemical detection of glycoproteins can be performed 

by two strategies: label-free and label-based detection. The most employed 

electrochemical techniques for label-free analysis are electrochemical 

impedance spectroscopy (EIS) and capacitance (17,18). These methods 

employ recognizing elements such as lectins or antibodies but their 

application in complex and real samples is scarce. With respect to label-

based detection, nanomaterials have been used as electrochemical tags for 
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glycoproteins in several works (19–21). However, real samples were not 

analyzed in these works. 

In this sense, Palecek’s group successfully employed osmium(VI) 

complexes as electrochemical probe for oligo- and polysaccharide detection 

(22) and then, they expanded its use to glycoproteins, demonstrating Os(VI) 

complexes specifically link to the carbohydrate part and not to the 

polypeptide backbone (23). The osmium (VI) complexes react with diol 

groups from saccharides to produce osmate esters, which generate two 

electrochemical signals in carbon electrodes (24). Recently, our group 

developed a simple and cheap electrochemical method for total AGP 

determination in serum using this electrochemical probe and disposable 

screen-printed carbon electrodes (SPCEs). However, the labeling protocol 

was too long (16 h), hindering its application as point-of-care testing (POCT) 

(25). 

Carbon nanomaterials (CNMs), such as graphene (26–31) or carbon 

nanotubes (CNTs) (32–35), have been used as electrochemical transductors 

in order to improve the analytical signal due to their unique physical and 

chemical properties. CNMs exhibit superior electrical and mechanical 

properties, thermal stability, electrochemical activity, ease-to-modify, 

chemical diversity, and biocompatibility, ensuring their wide applications 

in electrochemical (bio)sensors (36–38). They enhance the analytical 

performance in terms of selectivity, sensitivity, and reproducibility. Also, 

CNM based electrodes yield lower detection potentials for several 

compounds, while faradaic currents are increased and surface fouling is 

reduced (28,35,39). 

Commonly, the building of CNM-based detectors has been carried out 

using thin film coating (drop casting approach). The design of CNM thin 

film electrodes is very simple and a wide range of underlying electrodes can 

be chosen (40). Although this approach has widely been used with 

satisfactory results, however, it has some limitations. Mainly, nanomaterial 

distribution on the electrode surface leads to a fragile modification and the 

analytical response is still dependent on both the nanomaterial and the 

electrode substrate (41,42). 
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As alternative to casting approach and in order to exploit the advantages 

of the use of the CNMs, our group has recently proposed a novel technology 

which the transduction is based exclusively on them (41,43). To this end, the 

transducers were fabricated by filtering CNMs solutions through a Teflon 

filter, and then they were retained on the filter, creating a conductive film 

over the non-conductive filter. In this approach, the electronic transfer 

occurs directly on the target nanomaterial so that it is the only transducer 

in the electrochemical sensing and, consequently, the analytical advantage 

of these nanomaterials is directly exploited. This approach was successfully 

applied to the determination of neurotransmitters and uric acid (43) and L-

tyrosine in plasma and blood samples (44). 

On the other hand, one of the main drawbacks in electrochemical 

detection of proteins is that when proteins are oxidized on solid electrodes, 

these are easily poisoned by the strong adsorption ability of proteins. 

Furthermore, glycoproteins yield poor sensitivity in direct oxidation 

because their carbohydrate part is not electroactive in physiological 

conditions. In this sense, the use of CNMs can be a pertinent approach to 

overcome these problems. 

In the following sections, the analytical potency of disposable carbon 

nanotube scaffold film electrodes (CNSFs) for fast, simple, and cheap total 

AGP determination will be demonstrated. A future utility of these CNSFs for 

POCT is also envisioned. To our best knowledge, this is the first time that 

this technology is applied for glycoprotein detection. 

2. Material and methods 

2.1. Reagents 

α1-acid glycoprotein (AGP), potassium osmate (VI) dihydrate, N,N,N′,N′-

tetramethylenediamine (TEMED), boric acid, pyridine, N,N,-

dimethylformamide, certified human serum reference material (ERM-

DA470K/IFCC), [Ru(NH3)6]Cl3, K4Fe(CN)6·3H2O, K3Fe(CN)6, multi-walled 

carbon nanotubes (MWCNTs, ref. 659258), and single-walled carbon 

nanotubes (SWCNTs, ref. 704113) were purchased from Sigma–Aldrich 

(Darmstadt, Germany). Perchloric acid, hydrochloric acid, acetic acid, 
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disodium hydrogen phosphate, and sodium dihydrogen phosphate were 

purchased from Panreac (Barcelona, Spain). Sodium acetate was purchased 

from Merck (Darmstadt, Germany). Phosphoric acid was acquired from 

Scharlab (Barcelona, Spain). 

All solutions were prepared in Milli-Q water (Merck Millipore, 

Darmstadt, Germany). 

Teflon filters with a pore size of 0.1 μm (JVWP01300, Millipore 

Omnipore), double-sided cello tape (Fixo, Spain), silver conductive paint 

(Electrolube, UK), and epoxy protective overcoat (242-SB, ESL Europe) 

were used to build SPCEs. 

2.2. Instrumentation 

Potentiostat Autolab PGSTAT204 (Methrom-Autolab, Utrecht, The 

Netherlands) was used for all electrochemical and impedance 

measurements. This instrument was controlled by the software Nova 1.10.  

Screen-printed carbon electrodes (SPCEs) (DRP-110, Dropsens, Oviedo, 

Spain) were employed. They consist of carbon working electrode (4 mm 

diameter), carbon counter electrode, and silver reference electrode. This 

kind of SPCEs works as an electrochemical cell, which needs a minimum 

volume of 50 μL. 

Microcentrifuge MiniSpin® (Eppendorf, Hamburg, Germany) was 

employed for centrifugation. 

2.3. Procedures 

2.3.1. Electrode design and fabrication 

CNSFs consist of a working electrode (4 mm diameter), a carbon counter 

electrode, and a silver reference electrode. Two kinds of CNSFs were 

prepared using SWCNT (SWSFs) and MWCNT (MWSFs). 

The working electrode was fabricated as follows. Firstly, the carbon 

nanotubes were dispersed in N,N-dimethylformamide (0.5 mg/100 mL 

concentration). Dispersions were sonicated in ultrasonic bath for 1 h and 

then, a tip sonicator VCX130 (Sonics, Newtown, USA) was used for 15 min 
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at 100 % (130 W), to assure the maximum dispersion of CNMs. Then, 

MWCNT and SWCNT dispersions (5.0 mL) were separately filtered using a 

steel funnel on a 0.1 μm Teflon filter. This membrane was cut with a biopsy 

punch (circle of 4 mm diameter, Biopunch, Redding, USA) and stuck in a 

double-sided adhesive tape. This membrane was set on a ceramic slab and 

the adequate electric contacts were created with conductive silver paint. 

These electric contacts were isolated by using epoxy protective over coat 

(44). 

2.3.2. Preparation of Os(VI)O2(OH)2py complex  

The preparation of Os(VI)O2(OH)2py complex was carried out according 

to bibliography (24). 18.4 mg (50 μmol) of potassium osmate dihydrate were 

suspended in 4.97 mL water, then 8.9 μL (8.7 mg, 110 μmol) pyridine were 

added and followed by the addition of 10 μL 10 M HCl. The pH level was 

adjusted to 6.5–7.5 and the solution was filtered through a 0.45 μm 

membrane (Tecno-Air, Barcelona, Spain). The final concentration of 

Os(VI)py complex obtained was 10 mM. 

2.3.3. AGP labeling with Os(VI)O2(OH)2py complex and ligand 
exchange 

Briefly, AGP-Os(VI)py complexes were prepared as follows: 0.57 mg of 

AGP (1.40 × 10−8 mol) were dissolved into 225 μL of 50 mM sodium 

phosphate buffer at pH = 7 using a "protein low bind" Eppendorf tube 

(Hamburg, Germany) (24). Then, 25 μL of 10 mM Os(VI)O2(OH)2py 

solution were added in the previous solution and it was kept under agitation 

4 min at 25 °C and 950 r.p.m. using a thermo shaker (Biosan TS-100C, Riga, 

Latvia). For ligand exchange, four-fold molar excess of TEMED with respect 

to Os(VI)py was added (10 μL of 0.1 M TEMED solution prepared in 0.2 M 

acetate buffer pH 5.0) and agitated 8 min at 25 °C and 950 r.p.m. The final 

concentration of AGP-Os(VI) adduct obtained was 2.18 g L−1 . Finally, 

working solutions were prepared by dilution of stock solution in Britton–

Robinson (BR) buffer. 

The labeling protocol of AGP was modified when serum samples were 

analyzed due to the high concentration of glucose and other carbohydrates 

in these samples, according to our previously published work (25). The 
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protocol was as follows: 200.5 μL of serum sample was mixed with 49.5 μL 

of Os(VI)O2(OH)2py solution and it was kept under agitation 4 min at 25 °C 

and 950 r.p.m. using a thermo shaker (Biosan TS-100 °C, Riga, Latvia). 

Twenty microliters of TEMED (0.1 M TEMED solution prepared in 0.2 M 

acetate buffer pH 5.0) was added and agitated 8 min at 25 °C and 950 r.p.m. 

Later, AGP-Os(VI)TEMED adduct was isolated from the rest of proteins by 

a selective acidic precipitation (45). Briefly, 50 μL of serum labeled with the 

electrochemical tag Os(VI) and 100 μL of 0.5 M perchloric acid were vortex 

mixed in a "protein low bind" Eppendorf tube for 20 s. The acidified serum 

was then centrifuged at 7400 r.p.m. for 20 min at room temperature. 

Finally, the supernatant was adequately diluted in BR buffer pH = 3 before 

the AdTSWV analysis. 

2.3.4. Electrochemical measurements 

Electrochemical detection was performed using adsorptive transfer 

stripping square wave voltammetry (AdTSWV). In this case, 10 μL of sample 

was dropped onto the working electrode and the analyte was adsorbed for 

accumulation time 5 min at open circuit potential. Then, the electrode was 

washed with water during 1 min and finally, 50 μL of background electrolyte 

(0.2 M BR buffer pH 3) was dropped on the SPCE for voltammogram 

recording. Square wave voltammetry (SWV) parameters were start potential 

−1.4 V, end potential +0.1 V, step potential 5 mV, amplitude 50 mV, and 

frequency 100 Hz, if not stated otherwise. The buffer and the optimal 

electrochemical conditions were established from our previously published 

work (25).  

Electrochemical impedance spectroscopy (EIS) was performed using 5 

mM K4Fe(CN)6/K3Fe(CN)6 in 0.1 M KCl electrolyte as redox probe. The 

frequencies ranged from 100,000 to 0.01 Hz. 

2.3.5. Measurements of electrode surface area by using Randles–
Sevcik equation  

In cyclic voltammetry, a reversible process follows the Randles–Sevcik 

equation (at 25 °C):  

𝐼𝑝 = 2.69 𝑥 105 𝑛 
3
2 𝐴 𝐶𝑜 𝐷0

 1
 2 𝑣

1
2 
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where ip refers to the anodic peak current, n is the electron transfer 

number, A is the electrode surface area, Do is the diffusion coefficient of 

redox probe, Co is the concentration of redox probe, and v is the scan rate.  

Using a reversible redox probe, it is possible to measure the electrode 

surface area by calculating the slope of ip vs v1/2 plot. With this purpose, 

cyclic voltammograms of SPCE, SWSFs, and MWSFs (n = 3) were recorded 

from −0.8 to +0.6 V at different scan rates (from v = 0.01 to v = 0.1 V s-1) 

using 1 mM [Ru(NH3)6]Cl3 in 0.5 M KNO3 electrolyte (number of 

transferred electrons = 1 and Do = 7.74 × 10−6 cm2 s−1 (46)). 

2.3.6. X-ray spectroscopy analysis  

X-ray photoelectron spectroscopy (XPS) has been used to characterize 

the chemical composition of the working electrodes. XPS spectra were 

acquired at normal emission in an UHV chamber with a base pressure of  

10–10 mbar equipped with a hemispherical electron energy analyzer (SPECS 

Phoibos 150 spectrometer, Berlin, Germany) and a 2D delay-line detector, 

using a Mg Al-Kα (1253.6 eV) X-ray source. The spectra were analyzed with 

the CasaXPS program using a Shirley method for background subtraction, 

for X-ray source satellite removal, and data processing for quantitative XPS 

analysis. The absolute binding energies of the photoelectron spectra were 

determined by referencing to the sp2 transition of C1s at 284.6 eV. 

For a detailed analysis, C1s high-resolution core level spectra were 

recorded using an energy step of 0.025 eV and a pass energy of 10 eV in high 

magnification mode to obtain the narrowest line shape analysis and proper 

core level fitting. XPS spectra fitting was done by using the deconvolution 

of several mixed percentage of Gaussian–Lorentzian components, keeping 

the fwhm and the Gaussian/Lorentzian ratio constant. The energy of the 

peaks and their relative heights were determined by a least squares method 

to account for the emission ascribed to the different chemical environment 

of carbon atoms according to the values reported (47,48). 
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3. Results and discussion  

3.1. CNSFs as exclusive electrochemical transducers for AGP-
Os(VI) sensing 

First of all, the new labeling methodology for AGP (Figure III.2.2.1 A), 

which relies on an exchange of ligands, was evaluated. The obtained AGP-

Os(VI) adduct was electrochemically studied using adsorptive transfer 

stripping square wave voltammetry (AdTSWV) and screen-printed carbon 

electrodes (SPCEs). Figure III.2.2.1 B shows voltammograms of blank 

(lower black line), AGP (upper black line), and AGP-Os(VI) (red line). 

Clearly, two peaks at −0.90 V and −0.30 V corresponding to the AGP-

Os(VI)TEMED adduct can be observed, which were not found neither 

unlabeled AGP nor blank. These results demonstrate that this new 

methodology is valid for the labeling of AGP and it just spends 12 min, 

reducing the labeling time with respect to our previous work (16 h) (25). 

This fact reduces dramatically the overall analysis time because labeling is 

the time-limiting step. 

 

Figure III.2.2.1. (A) AGP labeling with Os(VI) complex.                                                

(B) Voltammograms obtained by AdTSWV using SPCE for 0.2 M BR 

buffer at pH 3.0 (blank) (lower black line), 400 mg L−1 AGP in BR 

buffer (control) (upper black line) and 400 mg L−1 AGP-Os(VI) in BR 

buffer (red line). Conditions: start potential −1.4 V, end potential +0.1 

V, step potential 5 mV, amplitude 50 mV, frequency 100 Hz. 
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As it was aforementioned, the oxidation of proteins on solid electrodes 

causes electrode passivation. In addition, glycoproteins yield poor 

sensitivity in direct oxidation. In this sense, the use of CNMs can be a 

pertinent approach to overcome these problems. Consequently, MWSFs 

and SWSFs were explored as electrochemical transducers for AGP-Os(VI) 

detection. In these films, the transduction is exclusively based on the 

nanomaterial since Teflon filter is a nonconductive substrate (Figure 

III.2.2.2 A). 

As can be observed in Figure III.2.2.2 B, while that MWSFs and SPCE 

showed the best analytical responses, surprisingly, the SWSFs showed the 

poorest performance (peak 1 was selected for electrochemistry follow-up). 

To understand these differences, it must be taken into account that only 

adsorbed protein is determined by AdTSWV. Therefore, the active surface 

of working electrodes and chemical species on the carbon surface will play 

a prominent role in this case. 

 

Figure III.2.2.2. (A) CNSFs for sensing of AGP-Os(VI).                                                    

(B) Voltammograms obtained for AGP-Os(VI) (AGP 10 mg L−1 ) in BR 

buffer pH 3.0. SWSFs (blue line), SPCEs (red line), and MWSFs (black 

line). Conditions: as in Figure III.2.2.1. 

 

Firstly, CNSFs and SPCEs were analyzed by EIS. Based on Nyquist plots 

(Figure III.2.2.3), materials can be sorted according to the charge transfer 

resistance as follows: SPCEs > MWSFs > SWSFs, revealing the superior 

conductivity for SWSFs. 
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Figure III.2.2.3. Nyquist plots corresponding to SWSF (blue color), 

MWSF (black color), and SPCE (red color). Frequencies ranged from 

100,000 to 0.01 Hz using 5 mM K4Fe(CN)6/K3Fe(CN)6 in 0.1 M KCl 

electrolyte as redox probe. 

 

As it was aforementioned, AdTSWV measures only adsorbed protein, so 

the greater the electrode surface, the higher the electrochemical signal. 

Therefore, the surface of every kind of electrode was electrochemically 

measured by cyclic voltammetry and using Randles–Sevcik equation. The 

surface areas of SPCEs, MWSFs, and SWSFs were 0.091 ± 0.004 cm2, 0.110 

± 0.008 cm2, and 0.11 ± 0.01 cm2, respectively. CNSFs exhibited higher 

active surface than SPCEs (approx. 20 %). Based on electrochemical 

characterization, CNM-based films showed the best features; however, 

specifically, SWSFs showed the lowest sensitivity for AGP sensing. This 

means that there is another factor controlling the process. 

To this end, the surface of all electrodes was analyzed by XPS (C1s 

analysis, Electronic Supplementary Material, Figure III.2.2.S1). 

According to these results (Table III.2.2.1), SPCE contains more oxygen 

species, carbons with higher oxidation state, and more defects on its surface 

than the rest. Furthermore, SWSF is the lowest oxidized one. Although the 

hydrophobic, π–cation, and π–π stacking interactions are the main forces 

in the protein adsorption on carbon materials (49, 50), hydrophilic 

interactions cannot be disregarded because of the high glycosylation degree 

of AGP (40 % w/w). We hypothesize that hydrophilic interaction (e.g., 
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hydrogen bonding) between carbohydrates from AGP and oxygen 

containing species from carbon surfaces occurs. This fact could explain why 

SPCE adsorbs higher amount of AGP than SWSF yielding higher 

electrochemical signal for AGP despite the lower active surface. 

Table III.2.2.1. Relative percentage of peak areas for each type of 

atomic bonding obtained by XPS C1s analysis of the studied electrodes. 

Functional Group SPCE MWSF SWSF 

C-C 59.5 80.0 85.3 

C-H or defective graphite 12.4 12.9 7.5 

C=O 
(carbonyl group) 

23.6 6.9 7.2 

COOR 
(carboxylic group) 

4.5 0.2 0.01 

 

3.2. Simplified calibration and sequential determination of AGP 
in human serum samples  

Intra-MWSFs/SPCEs and inter-MWSFs/SPCEs precision was carefully 

studied. Figure III.2.2.4 shows intra-MWSFs/SPCEs for AGP-Os(VI) 

peak area (n = 3): MWSFs (black) and SPCEs (red). In the second 

measurement (2nd in Figure III.2.2.4), AGP-Os(VI) signal drops 44 % for 

SPCE and only 8 % for MWSF. This higher fouling resistance behavior was 

attributed to the high surface of MWCNTs. 

 

Figure III.2.2.4. Peak 1 area variation for three consecutive 

measurements by AdTSWV using MWSFs (black) and SPCEs (red). 
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Inter-MWSF/SPCE precision was also carefully studied using an AGP-

Os(VI) solution (40 mg L−1 AGP) prepared in BR buffer at pH 3.0. In SPCEs, 

RSD = 11 % (n = 4) is obtained using the same batch and employing different 

SPCEs, whereas in MWSFs, RSD = 5 % (n = 4) was obtained. The origin of 

this variability using the same batch is mainly due to differences in the 

electrode active surface. This means that our fabrication protocol is more 

reproducible than that used for the commercial screen-printed electrodes. 

Finally, batch-to-batch solutions reproducibility was also evaluated yielding 

a RSD value of 21 % (n = 4) for SPCEs and 13 % (n = 4) for MWSFs. 

Then, MWSF capabilities for determination of AGP in serum samples 

were carefully evaluated. A good linear correlation coefficient was obtained 

(r = 0.9994) for the concentration range assayed (from 0.8 to 40 mg L−1 

using the peak 1 area) with a slope of (7.06 ± 0.08) × 10−8 A L mg−1 and the 

intercept (1.2 ± 1.4) × 10−8 A (n = 3). The limit of detection (LOD) obtained 

from the calibration curve was 0.6 mg L−1 (3 S/N criterion). Interestingly, 

this LOD was three times lower than that obtained with SPCEs (1.6 mg L−1) 

(25), and it meets the AGP detection requirements in serum samples (AGP 

concentration in serum is in 0.2-1.0 g L−1 range). 

In addition, because of (i) the demonstrated linearity, (ii) the intercept 

obtained was zero from a statistical point of view and, (iii) the MWFSs anti-

fouling capabilities, and in order to use our approach in extremely simple 

use as POCT, a simplified calibration and sequential AGP analysis was 

proposed (namely single-point calibration). The strategy consists of two 

steps using the same MWSF: first, an AGP standard solution of known 

concentration is measured (obtaining a single-point calibration curve) and, 

second, serum sample is quantified. 

A certified human serum reference material was analyzed for method 

validation using both calibration approaches (Table III.2.2.2). In the first 

case, the value obtained was 505 ± 20 mg L−1 (RSD = 4 %) for AGP (n = 3), 

whereas the value obtained by single-point calibration was 498 ± 7 mg L−1 

(RSD = 1 %, n = 3). Interestingly, there was no statistical difference (P = 

0.05) between both strategies but the precision was improved by using the 

simplified calibration. Furthermore, this strategy provides a checking of the 
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MWSF analytical performance for quality control purpose. With respect to 

method accuracy, the value of the reference material is 617 ± 13 mg L−1 so 

protein recoveries of 82 % and 81 % were obtained for external and single-

point calibrations, respectively. These results were similar to those obtained 

by Stumpe et al. (79.1 %) employing the same sample treatment (acidic 

precipitation) for AGP isolation in plasma samples (45). 

Table III.2.2.2. Determination of AGP in serum sample using 

MWSFs. 

Calibration 

Protocol 
x ± s (mg L-1) 

RSD 

(%) 

Recovery 

(%) 

External 505 ± 20 4 82 

Simplified 498 ± 7 1 81 

 

4. Conclusions  

MWSFs exhibited an excellent analytical performance for fast and 

reliable assessment of AGP in clinical samples. The combination of smart 

AGP-Os(VI) adduct electrochemistry on board of transducers, exclusively 

constituted by MWCNTs, in connection with a simplified calibration and 

analysis route, allowed AGP determination in less than 20 min with good 

accuracy. MWSFs become a disposable electroanalytical tool for the 

determination of complex molecules such as glycoproteins, opening the 

door for future clinical and POCT applications. 
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Supplementary Information 

 

 

Figure III.2.2.S1. XPS spectra of the C1s corresponding to the 

working electrodes (SPCE, MWSFE and SWSFE) together with fit 

composed of chemically shifted components associated to different C 

chemical bonding, respectively. XPS spectra were normalized to 

maximum intensity peak in each case for better visual inspection and 

direct comparison between the samples in order to emphasize subtle 

line-shape differences, and quantity its contribution for each C 

environment. Data points in every spectrum are represented as black 

symbols, and Shirley background and component peaks using solid 

lines. The fitting curve (red line) resulted from the addition of five 

contributions belonging to: C=C graphitic structures (yellow), C-H or 

C-C defective graphitic, sp3 configurations (green), C-O carbonyl 

groups (magenta), C=O carboxylic groups (orange), and -* 

transitions coming from graphitic structures (cyan). 
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III.2.3. Article 3: Electrochemical 
sensor for the assessment of 
carbohydrate deficient transferrin: 
application to diagnosis of congenital 
disorders of glycosylation 
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Abstract: Carbohydrate deficient transferrin (CDT) is used as biomarker of 

different health problems as, for example, congenital disorders of glycosylation 

(CDG). We propose a screen-printed-based electrochemical sensor for the 

determination of carbohydrate deficient transferrin using an Os(VI) tag-based 

electrochemistry. When transferrin is labeled with Os(VI) complex, it generates 

two voltammetric signals: one from carbohydrates (electrochemical signal of 

osmium (VI) complex at -0.9 V/Ag) and one from the amino acids present in 

glycoprotein (intrinsic electrochemical signal of glycoprotein at +0.8 V/Ag). The 

relationship between the two analytical signals (carbohydrate signal/protein 

signal) is an indicator of the degree of glycosylation (electrochemical index of 

glycosylation), which has shown an excellent correlation (r = 0.990) with the 

official parameter % CDT obtained by CE-UV. The suitability of this approach was 

demonstrated by analyzing serum samples from CDG patients. 
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1. Introduction 

Transferrin (Tf) is the most important iron transport protein and the 

most abundant glycoprotein in human serum. It has a molecular weight 

between 70-95 KDa with an isoelectric point between 5.2-5.6 and consists 

of a simple polypeptide chain with 679 amino acids. In addition, it has two 

carbohydrate chains attached to the amino groups of asparagine (Asn in 

position 413 and 611) (1–3). The main transferrin glycoform contains two 

N-biantennary glycans with a total number of four sialic acids (tetrasialo-

Tf, pI 5.4) but other minority glycoforms with two (disialo-Tf, pI 5.7), three 

(trisialo-Tf, pI 5.6), five (pentasialo-Tf, pI 5.2) and six (hexasialo-Tf, pI 5.0) 

sialic acids have been determined in serum (3,4) (Figure III.2.3.1). 

 

Figure III.2.3.1. Different glycoforms of transferrin depending on 

the number of sialic acids present in the glycoprotein. Asialo-Tf with 

any sialic acids; diasialo-Tf with two sialic acids; trisialo-Tf with three 

sialic acids; tetrasialo-Tf with four sialic acids; pentasialo-Tf with five 

sialic acids; and hexasialo-Tf with six sialic acids. 

 

Under certain pathological states or due to genetic defects, the minority 

glycoforms of Tf with lower amount of glycans (asialo-, disialo- and trisialo-

Tf) are increased respect to the main glycoform (tetrasialo-Tf). This Tf with 

lower amount of glycans in its structure is called carbohydrate deficient 

transferrin (CDT). CDT is the clinically used biomarker for the detection of 
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congenital disorders of glycosylation (CDG) (5–7), chronic alcohol abuse 

(2,3), and cerebrospinal fluid loss (8,9). In addition, the ratio between two 

transferrin glycoforms present in cerebrospinal fluid has been recently 

proposed as a biomarker of neurological diseases (10).  

CDG is a kind of rare disease and represents a large family of autosomal 

recessive, mostly multi-systemic disorders. Clinical features include 

intellectual disability, seizures, muscle dystrophy, skeletal dysplasia, 

dysmorphic features, growth retardation, hematological and endocrine 

abnormalities (7). CDG due to a modification in N-glycosylation are the 

most abundant and are classified into two types depending on what stage of 

the glycosylation process the defects occur. CDG-I refers to defects in the 

assembly of the lipid-bound oligosaccharide chain and their transfer to the 

protein. CDG-II refers to defects during the subsequent process of binding 

glycans to the protein that occur in the cytoplasm and Golgi apparatus. 

CDG-I defects are characterized by unoccupied glycosylation points in 

proteins, so they are completely free of N-glycans, while CDG-II are 

characterized in the truncated or incomplete N-glycan chains (5–7,11). 

Due to the extremely severe symptoms, CDG must be quickly diagnosed 

in order to apply as soon as possible a medical treatment (when available) 

and/or symptomatic support therapy (12), making essential the 

development of neonatal or even prenatal screening methods. The most 

commonly used screening method is based on the determination of Tf 

glycoforms. Patients with CDG show a decrease in glycoform tetrasialo-Tf 

and an increase in species with fewer syalic groups. Abnormal Tf profiles 

allow clinicians to classify as CDG type I or type II, depending on whether 

glycoform asialo- and diasialo-Tf (CDG-I) are increased or if monosialo- and 

trisialo-Tf (CDG-II) glycoforms are also increased (7,11).  In this sense, the 

most employed analytical methods rely on separation techniques (HPLC 

and CE) that allow for separating Tf glycoforms and, in consequence, 

quantifying the loss of carbohydrates (% CDT) (3,11). But expensive 

instrumentation is needed that is not always available in all analytical 

laboratories. Immunoassay-based commercial kits have also been 

developed to determine the percentage of CDTs with different detection 

methods (turbidimetric, radiometric, and enzymatic) (13). These kits are 
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fast, do not require the use of complex equipment, and no sample treatment 

is required. However,  their use has not spread too much because they 

showed low accuracy and gave abnormal results when genetic variants of Tf 

appeared (14).  

On the other hand, screen-printed electrode (SPE) technology (15,16) 

offers disposable and cheap electrochemical platforms with low sample 

consumption and it is compatible with in situ analysis or point-of-care 

testing (POCT). Regarding the direct electrochemical sensing of 

glycoproteins, it must be taking into account that glycoproteins exhibit low 

sensitivity because their carbohydrate part (glycans) are electrochemically 

inactive under physiological conditions. However, the use of Os(VI) 

complexes as electrochemical tags overcame this limitation due to their 

inherent electroactivity and their ability to bind selectively the glycans of 

glycoproteins (17–20). In fact, there are several examples of direct 

electrochemical sensing of glycoproteins by employing SPE technology 

(18,19). 

In this work, Tf was labeled with Os(VI) complex (electrochemical tag) 

and it generated two signals on screen-printed carbon electrodes (SPCE) by 

adsorptive transfer stripping square wave voltammetry (AdTSWV): one 

from the intact protein itself (electroactive amino acids) and another from 

the electrochemical tag. Regarding this fact, we demonstrated that the 

amount of Os(VI) complex attached to the Tf is proportional to the amount 

of glycans that possesses. This allowed us to design and propose a new 

approach to measure the level of CDT, relied on the Os(VI) signal/protein 

signal ratio (electrochemical index of glycosylation, (EIG)). This approach 

is illustrated in Scheme III.2.3.1. First, Tf is tagged with Os(VI) complex, 

then this adduct was isolated from the sample by immunomagnetic beads 

and, finally, the isolated Tf-Os(VI) complex was analyzed by AdTSWV using 

a SPCE. EIG showed a high correlation with % CDT measured by CE-UV 

approach. In addition, the suitability of the proposed electrochemical sensor 

was evaluated by analyzing serum samples from CDG patients. 
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Scheme III.2.3.1. Strategy to measure the level of CDT by using EIG. 

Firstly, Tf is labelled with the electrochemical tag (Os(VI) complex) and 

then it is isolated by immunomagnetic beads. Finally, EIG is measured 

on a SPCE by AdTSWV.  

 

2. Materials and methods 

2.1. Chemicals 

α1-acid glycoprotein (AGP) (≥99 %), transferrin (Tf) (≥98 %), potassium 

osmate (VI) dihydrate, N,N,N′,N′-tetramethylenediamine (TEMED), N-

glycosidase F (PNGase F) (REF 11365169001), certified human serum 

reference material (ERM-DA470 K/IFCC), iron (III) chloride, and 1,4-

butanediamine (DAB) were purchased from Sigma–Aldrich (Darmstadt, 

Germany). Phosphoric acid, hydrochloric acid, acetic acid, disodium 

hydrogen phosphate, sodium dihydrogen phosphate, sodium borate, and 

boric acid were purchased from Panreac (Barcelona, Spain). Anti-

Transferrin antibody (ab66952) was purchased from Abcam (Cambridge, 

UK). Boric acid was acquired from Fluka (Darmstadt, Germany). 

Anonymized human serum from CDG patients were provided by Centro 

de Diagnóstico de Enfermedades Moleculares (CEDEM, Madrid, Spain). 

Samples were collected with the approval of research ethics committee of 

CEDEM. 

Magnetic beads (MBs) functionalized with protein G were acquired from 

Thermo Fisher Scientific (USA). Before use, MB suspensions were 
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homogenized and, for each assay, 1 µL was transferred to an Eppendorf tube 

and washed twice with 100 mL PBS solution pH 7.4. 

All solutions were prepared in Milli-Q water (Merck Millipore, 

Darmstadt, Germany). 

2.2. Instrumentation  

Potentiostat Autolab PGSTAT204 (Methrom-Autolab, Utrecht, The 

Netherlands) was used for all electrochemical measurements. This 

instrument was controlled by the software Nova 1.10. 

Screen-printed carbon electrodes (SPCEs) (DRP-110, Dropsens, Oviedo, 

Spain) were employed. They consist of a carbon working electrode (4 mm 

diameter), carbon counter electrode, and silver reference electrode. This 

kind of SPCEs works as an electrochemical cell, which needs a minimum 

volume of 50 μL. 

2.3. Procedures  

2.3.1. Preparation of electrochemical tag (Os(VI)O2(OH)2TEMED 
complex) 

The preparation of Os(VI)O2(OH)2TEMED complex was carried out 

according to bibliography (21). 18.4 mg of potassium osmate (VI) dihydrate 

(50 µmols) were suspended in 1.22 mL of water. Then, 5.8 mg of TEMED 

(50 µmols) and 0.41 mL of a 0.2 M sodium phosphate pH 7.0 solution were 

poured into the previous solution. Finally, 10 µL of 10 M HCl solution were 

added. The solution was shaken for one hour to allow the formation of 

Os(VI)O2(OH)2TEMED complex and finally, the solution was filtered using 

a syringe Nylon filter 0.22 µm (Tecno-Air, Barcelona, Spain). The final 

concentration of Os(VI) complex (electrochemical tag) was 30.3 mM. 

2.3.2. Labeling protocol of transferrin with 
Os(VI)O2(OH)2TEMED complex 

Tf-Os(VI) adducts were prepared as follow: 1.9 mg of Tf (2.7 x 10-8 mols) 

were dissolved into 234 µL of 50 mM sodium phosphate buffer at pH 7.0 

using a “protein low bind” Eppendorf tube (Hamburg, Germany). Then, 16.5 

µL of Os(VI)O2(OH)2TEMED solution were added in the previous solution 
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(mol ratio 1/20 between glycoprotein and Os(VI)) and it was kept under 

agitation 16 h at 37 °C and 950 r.p.m. using a thermo shaker (Biosan TS-

100C, Riga, Latvia). 

The labeling protocol of glycoproteins was modified when serum samples 

were analyzed. The protocol was as follows: 200.5 μL of serum sample were 

mixed with 49.5 μL of Os(VI)O2(OH)2TEMED solution and it was kept 

under agitation for 16 h at 37 °C and 950 r.p.m. using a thermo shaker 

(Biosan TS-100C, Riga, Latvia). 

2.3.3. Synthesis of carbohydrate deficient transferrin (artificial 
samples) 

To our best knowledge, there are not commercially available CDT 

samples, so we prepared CDT with different degrees of glycosylation. These 

artificial samples were synthesized following a protocol for glycan release. 

Firstly, 1.9 mg Tf was dissolved in 232 µL of 50 mM sodium phosphate 

buffer pH 7.0. Then 2 μL PNGase F (2 U) was added to release N-glycans. 

Afterwards, samples were incubated for different times at 37 °C. Reaction 

was stopped at 100 ºC for 5 min. Then, Tf with different degrees of 

glycosylation was labeled with Os(VI)O2(OH)2TEMED following the above 

protocol.  

2.3.4. Synthesis of anti-transferrin-protein G-MBs (anti-Tf-MBs) 

The optimized conditions for the synthesis of anti-Tf-MBs were as follow: 

1 µL of the protein G-MBs suspension was transferred to an Eppendorf tube 

and resuspended in 50 µL of a 7.46 µg mL-1 anti-transferrin solution 

prepared in PBS solution pH 7.4. After 45 min incubation at 25 ºC under 

stirring, the tube was placed on the magnet holding block for 2 min. Once 

MBs were deposited on the bottom of the test tube, the supernatant was 

removed and the beads bearing the antibodies were washed twice with 100 

µL of PBS solution pH 7.4. Each washing step consisted on a resuspension 

of the beads in the washing solution and gentle stirring for 1 min (up to 

homogenization), followed by separation with the magnet for 2 min to 

remove the solution. 
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2.3.5. Immunopurification procedure  

When serum samples were analyzed, Tf-Os(VI)TEMED adduct was 

isolated from the rest of components by immunomagnetic beads. Anti-Tf-

MBs were resuspended in 50 µL of Tf-Os(VI)TEMED containing sample. 

After 45 min incubation at 25 ºC under stirring, the tube was placed on the 

magnet holding block for 2 min. Then, the supernatant was removed, and 

two washing steps with two 100 µL of PBS solution pH 7.4. Subsequently, 

the Tf-Os(VI)TEMED-anti-transferrin-protein G-MBs was resuspended in 

10 µL of BR buffer at pH 3.0 and transferred onto the surface of SPCE. 

2.3.6. Electrochemical sensing and electrochemical index of 
glycosylation calculation 

Electrochemical sensor was based on AdTSWV. In this case, 10 µL of 

sample were dropped onto the working electrode and, then, the analyte was 

adsorbed for accumulation time 5 min at open circuit potential. Then, the 

electrode was washed with water and finally, 50 µL of background 

electrolyte (0.2 M Britton-Robinson buffer BR pH 3.0) were dropped on the 

SPCE for voltammogram recording. Square wave voltammetry (SWV) 

parameters: start potential −1.3 V, end potential +1.2 V, step potential 5 mV, 

amplitude 50 mV, and frequency 100 Hz. 

Then, to carry out the calculation of EIG, the height value of the 

electrochemical signal of Os(VI) complex (peak at -0.9 V) is divided by the 

height of the signal due to amino acid residues (Cys, Trp, Tyr) (peak at +0.8 

V) (equation 1). 

(1)         𝐸𝐼𝐺 =
ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑂𝑠(𝑉𝐼) 𝑠𝑖𝑔𝑛𝑎𝑙

ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑚𝑖𝑛𝑜 𝑎𝑐𝑖𝑑 𝑠𝑖𝑔𝑛𝑎𝑙
 

 

2.3.7. % CDT measurement by CE-UV 

CE-UV analysis was carried out using a Beckman P/ACE MDQ capillary 

electrophoresis system with a UV diode array detector, controlled by 32 

Karat software. New capillaries were conditioned with high-pressure rinses 

(20 psi) of 1 M NaOH followed by water. The CE-UV procedure for 



Chapter III. Electrochemical sensors screen-printed based 
 

132 
 

measuring % CDT was adapted from (22). The method was as follow: 3 min 

rinse with 0.5 M NaOH, a 6 min rinse with 500 mM borate buffer pH 8.5, a 

5 min rinse with the 3 mM DAB solution in 100 mM borate buffer pH 8.5, 

and sample injection at 0.7 psi for 10 s. Samples were saturated with Fe3+ to 

avoid charge variations resulting from a variable degree of Tf iron 

saturation. Separation was carried out at +30 KV for 30 min, using normal 

polarity (inlet was the anode), a typical current of approximately 60 µA was 

observed in all experiments. Capillaries were 80 cm total length (65.5 cm 

length to detector) x 50 µm i.d and they were maintained at 20 ºC during 

analysis. Transferrin glycoforms were measured by absorption at 200 nm. 

The % CDT measurement is calculated following the next equation 

(equation 2) (23): 

(2)         % 𝐶𝐷𝑇 =  
 𝑎𝑟𝑒𝑎 𝑜𝑓𝑎𝑠𝑖𝑎𝑙𝑜 𝑎𝑛𝑑 𝑑𝑖𝑠𝑖𝑎𝑙𝑜 𝑔𝑙𝑦𝑐𝑜𝑓𝑜𝑟𝑚

𝑡𝑜𝑡𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑔𝑙𝑦𝑐𝑜𝑓𝑜𝑟𝑚𝑠
 

 

3. Results and Discussion 

3.1. Electrochemical behavior of native and labeled transferrin 
on SPCE  

Firstly, native Tf and Tf-Os(VI) adduct were electrochemically studied by 

using AdTSWV on SPCE employing previously optimized conditions (19). 

Figure III.2.3.2 shows voltammograms of BR buffer at pH 3.0 (blank) 

(black line), Tf (control) (blue line) and Tf-Os(VI) (red line). Clearly, there 

are differences between labeled and native glycoprotein. In Tf-Os(VI), two 

peaks rise from the background at -0.9 V (peak 1) and at +0.8 V (peak 2), 

corresponding to the Tf-Os(VI) signal and the electrochemical oxidation of 

amino acid residues (Cys, Trp, Tyr) present in the protein, respectively. 

Whereas there is only the peak at +0.8 V (peak 2) in native glycoprotein.  
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Figure III.2.3.2. Voltammograms obtained by AdTSWV of BR buffer 

at pH 3.0 (blank) (black line), 3800 mg L−1 Tf (control) (blue line) and 

3800 mg L−1 Tf-Os(VI) (red line). Peak 1: Tf-Os(VI). Peak 2: amino 

acids residues. Conditions: BR buffer at pH 3.0, start potential −1.3 V, 

end potential +1.2 V, step potential 5 mV, amplitude 50 mV, frequency 

100 Hz. The background signal was linearized. 

 

3.2. Evaluation of immunopurification step 

Different experiments were carried out to evaluate the effectiveness of 

anti-Tf-MBs (supplementary information, SI). Firstly, the unspecific 

adsorption of Tf-Os(VI)TEMED adduct on protein G-MBs was evaluated 

and it was below 1 %, considering the signal at -0.9 V (Figure III.2.3.S1). 

In addition, the potential interference of protein G-MBs and anti-Tf-MBs in 

the signal at +0.8 V was evaluated. Protein G and IgG have electroactive 

amino acids so that they can yield a signal at this potential. Under our 

optimized conditions, both kind of MBs yield a signal at +0.8 V 

corresponding to the 6 % of Tf-Os(VI)TEMED signal, contributing to this 

peak. This background signal is the same throughout all experiments, 

because the same amount of MBs is used; therefore, it does not affect 

significatively to our approach. 

On the other hand, anti-Tf-MBs selectivity was checked in the presence 

of α1-acid glycoprotein (AGP), which is the other main glycoprotein in 

serum. Two concentrations of AGP was analyzed, 400 and 1000 mg L−1 

AGP-Os(VI)TEMED, because AGP concentration in healthy humans ranged 

between 200–1000 mg L−1. There were not significant differences between 
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the signals of Tf-Os(VI)TEMED obtained in the absence and in the presence 

of AGP, which demonstrated the excellent selectivity of anti-Tf-MBs 

(Figure III.2.3.S2). 

3.3. Analytical performance and validation of electrochemical 
index of glycosylation for CDT assessment   

Firstly, the analytical performance of the electrochemical sensor for Tf 

determination was evaluated. Calibration studies were carried out for Tf-

Os(VI)TEMED adduct using the peak at -0.9 V (Os(VI) signal) and at +0.8 

V (protein signal). In both cases, a good correlation coefficient was obtained 

from 1000 mg L-1 to 7600 mg L-1 (r = 0.995 and r = 0.990, respectively). The 

calibration curve slopes were (3.0 ± 0.1) x 10-6 A L mg-1 for the peak at -0.9 

V and (8.0 ± 0.6) x 10-7 A L mg-1 for the peak at +0.8 V, and the intercepts 

were (-3.0 ± 0.6) x 10-6 A and (-1.0 ± 0.2) x 10-6 A, respectively (n = 3) 

(Figure III.2.3.3). The limits of detection (LOD) obtained from the 

calibration curve were 590 mg L-1 and 940 mg L-1 (3 Sa criterion, where Sa is 

the standard deviation of intercept). These LODs were adequate for Tf 

determination in serum samples, because its concentration in healthy 

humans ranged between 1700-3700 mg L-1. For comparative purposes, the 

calibration curve for native Tf (without Os(VI) complex) was also built using 

the signal at +0.8V (Figure III.2.3.S3). The slope for native Tf was (6.8 ± 

0.5) x 10-7 A L mg-1 and the intercept was (-7.0 ± 0.6) x 10-7 A (n=3). Native 

Tf showed lower sensitivity in terms of calibration slope than Tf-

Os(VI)TEMED (15 % lower). This is due to Os(VI) complex electrocatalyzes 

the oxidation of Tf, yielding higher anodic current, as we previously 

reported (20).  
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Figure III.2.3.3. Analytical calibration. (A) Voltammograms of Tf-

Os(VI)TEMED from 1000 to 7600 mg L−1 (the background signal was 

linearized). (B) Calibration curve for the peak at -0.9 V. (C) Calibration 

curve for the peak at +0.8 V. Other conditions as in Figure III.2.3.2.  

 

Moreover, a certified human serum reference material ([Tf] = 2360 ± 80 

mg L-1) was analyzed to evaluate the method accuracy using both calibration 

curves. In the first case, (calibration curve at -0.9V), the value obtained was 

2280 ± 290 mg L-1, whereas the value obtained by calibration curve at +0.8 

V was 2340 ± 290 mg L-1. The method accuracy was excellent (Er ≤ 3 %). 

Once the good analytical performance of the sensor for Tf determination 

was demonstrated, we explored its possibilities for CDT assessment. Our 

hypothesis is that the amount of Os(VI) complex attached to Tf is 

proportional to the amount of glycans present in Tf. This allow us to propose 

a new approach to measure the level of CDT, relied on the Os(VI) 

signal/protein signal ratio, that is named EIG. If Tf is completely 

deglycosylated, the value of EIG will be zero. 

Artificial samples were created to demonstrate our hypothesis. With this 

purpose, Tf was treated with PNGase enzyme at different times (monitored 

by CE-UV, Figure III.2.3.S4) and then measured by AdTSWV. The longer 

the time, the lower the amount of carbohydrates. Therefore, EIG should 

decrease according to equation 1, because a lower signal will be obtained for 

Os(VI) because this signal is specific for protein carbohydrates. As it is 

shown in Table III.2.3.1, a decrease of Os(VI) signal (SOs) is obtained when 

the PNGase treatment time is increased, while the intrinsic signal of the 

glycoprotein (Sprotein) remains almost constant, except for 60 min. At this 

treatment time, the signal at -0.9 V disappears and the Sprotein is lower than 
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the other times. This means that Tf is fully deglycosylated and there is not 

Os(VI) complex to catalyze the oxidation of Tf, as it was aforementioned. 

Table III.2.3.1. Signals obtained for 3800 mg L−1 Tf Os(VI) treated 

with PNGase at different times and their corresponding EIG values 

(n=3). 

PNGase 
treatment 
time (min) 

SOs(E=-0.9V) 
(µA) 

Sprotein (E=0.8V) 
(µA) 

EIG 

EIG average ± 
standard 
deviation 

0 

10.12 3.76 2.69 

2.9 ± 0.2 10.52 3.43 3.07 

10.01 3.48 2.87 

5 

8.31 3.23 2.57 

2.4 ± 0.2 8.16 3.68 2.22 

7.56 3.22 2.35 

10 

6.31 3.01 2.06 

2.0 ± 0.2 6.51 3.23 2.01 

5.62 3.09 1.89 

13 

3.86 3.53 1.34 

1.5 ± 0.1 4.77 3.18 1.49 

4.86 3.15 1.54 

15 

2.83 

2.90 

2.69 

3.17 

3.89 

3.54 

0.89 

0.74 

0.76 

0.8 ± 0.1 

60 

- 

- 

- 

2.45 

2.88 

2.77 

0 

0 

0 

0 

 

To validate our proposed EIG, the artificial samples were also analyzed 

by CE-UV and their corresponding % CDT were calculated according to the 

literature (3,11). In the case of CE-UV analysis, the peak corresponding to 

asialo- and disialo-glycoforms grow when the PNGase treatment time is 

increase (Figure III.2.3.S4). Therefore % CDT should increase according 

to equation 2, since a greater signal will be obtained due to the low-

carbohydrate glycoforms of the protein. At 60 min, only a peak 

corresponding to low glycosylated Tf is observed. 
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Figure III.2.3.4 displays a comparison between the two parameters 

that measure the glycosylation level of Tf: EIG and % CDT. Both parameters 

showed an excellent correlation (r = 0.990), demonstrating the suitability 

of EIG for CDT assessment. 

 

Figure III.2.3.4. Correlation between EIG (using an electrochemical 

sensor) and % CDT (using CE-UV). 

 

3.5. Analysis of serum samples from CDG patients 

Finally, the screening capabilities of the electrochemical sensor for CDG 

diagnosis was evaluated.  

Two serum samples from CDG-I patients were analyzed, while a 

commercial serum was used as a control (Figure III.2.3.S5). It must be 

pointed out the difficulties in obtaining these samples because CDG is a rare 

disease. 10 measurements were made for each sample and the 

corresponding EIGs were calculated. It was found significant differences 

between the control sample and CDG samples using a t-test at 95 % 

confidence level (P ≤ 0.05) (Table III.2.3.2). This means that our sensor 

was able to discriminate between samples from healthy people and from 

CDG-I patients, so that it may be used as screening method for diagnosis of 

CDG.  
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Table III.2.3.2. Comparison between control sample and CDG 
samples. 

 
Control 
serum 

CDG Sample 1 CDG Sample 2 

EIG ± standard 
deviation 

2.1 ± 0.1 1.4 ± 0.1 1.5 ± 0.1 

 

 

4. Conclusions 

A disposable screen-printed-based electrochemical sensor was 

successfully developed to measure CDT in clinical samples. Two 

voltammetric signals were generated in the sensor by tagged transferrin: 

one is due to the carbohydrate part (Os(VI) complex) at -0.9 V/Ag and the 

second is due to the protein part (electroactive amino acids from 

transferrin) at +0.8 V/Ag. The ratio between both signals (carbohydrate 

signal/protein signal), called “electrochemical index of glycosylation (EIG)”, 

is proposed an alternative approach to assess CDT level. In fact, it showed 

excellent correlation (r=0.990) with the official parameter % CDT. 

This approach was successfully applied to discriminate between a control 

serum sample (healthy) and serum samples from CDG-I patients. The 

combination of SPCE technology (low-cost and disposability) and the 

proposed “electrochemical index of glycosylation” has an enormous 

potential to be used as screening method for CDG diagnosis, and even for 

other diseases such as chronic alcohol abuse, and cerebrospinal fluid loss. 

However, further experiments with higher number of samples would be 

necessary to establish cut-off values for this purpose. 

 

 

 

 

 

 



III.2.3. Rapid screening of carbohydrate deficient transferrin 
 

  

139 
 

Acknowledgments  

This work has been financially supported by the TRANSNANOAVANSENS 
program from the Community of Madrid (S2018/NMT-4349), Spanish 
Ministry of Economy, Industry and Competitiveness (CTQ2017-86441-C2-
1-R), MINECO (MAT2016-80394-R), Independent Thinking-Jóvenes 
Investigadores program from UNED (BICI, nº 34, 17/06/2019) and the 
Universidad de Alcalá [FPI fellowship (T.S)].  

 

Associated content  

Supporting Information 

Figure III.2.3.S1. Voltammograms obtained by AdTSWV of 3800 mg L−1 

Tf-Os(VI)TEMED treated with anti-Tf-MBs (red line) and with protein G-
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(red line), 1000 mg L−1 AGP-Os(VI)TEMED (black line), 3800 mg L−1 Tf-

Os(VI)TEMED and 400 mg L−1 AGP-Os(VI)TEMED (green line) and 3800 

mg L−1 Tf Os(VI)TEMED and 1000 mg L−1 AGP-Os(VI)TEMED (blue line). 

Figure III.2.3.S3. Analytical calibration for native Tf (without Os(VI) 

complex). (A) Voltammograms of native Tf from 1900 to 7600 mg L−1. (B) 

Calibration curve for the peak at +0.8 V.  

Figure III.2.3.S4. Electropherograms obtained by CE-UV of Tf treated 

with PNGase enzyme at different times. Peak 1: tetrasialo-Tf. Peak 2: low 

glycosylated-Tf. 

Figure III.2.3.S5. Voltammograms obtained by AdTSWV in different 

samples: control serum (red line), CDG sample 1 (green line) and CDG 

sample 2 (blue line). BR buffer at pH 3.0 (blank) (black line).  
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Supporting Information  

 

Figure III.2.3.S1. Voltammograms obtained by AdTSWV of 3800 mg 

L−1 Tf-Os(VI)TEMED treated with anti-Tf-MBs (red line) and with 

protein G-MBs without anti-transferrin (black line). Control using only 

anti-Tf-MBs (green line). Conditions: BR buffer at pH 3.0, start 

potential −1.3 V, end potential +1.2 V, step potential 5 mV, amplitude 

50 mV, frequency 100 Hz. 

 

 

Figure III.2.3.S2. Voltammograms obtained by AdTSWV after 

immunopurification with anti-Tf-MBs for: 3800 mg L−1 Tf-

Os(VI)TEMED (red line), 1000 mg L−1 AGP-Os(VI)TEMED (black 

line), 3800 mg L−1 Tf-Os(VI)TEMED and 400 mg L−1 AGP-

Os(VI)TEMED (green line) and 3800 mg L−1 Tf-Os(VI)TEMED and 

1000 mg L−1 AGP-Os(VI)TEMED (blue line). Other conditions as in 

Figure III.2.3.S1. 
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Figure III.2.3.S3. Analytical calibration for native Tf (without Os(VI) 

complex). (A) Voltammograms of native Tf from 1900 to 7600 mg L−1. 

(B) Calibration curve for the peak at +0.8 V. Other conditions as in 

Figure III.2.3.S1. 

 

 

Figure III.2.3.S4. Electropherograms obtained by CE-UV of Tf 

treated with PNGase enzyme at different times. Peak 1: tetrasialo-Tf. 

Peak 2: low glycosylated-Tf. 
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Figure III.2.3.S5. Voltammograms obtained by AdTSWV in different 

samples: control serum (red line), CDG sample 1 (green line) and CDG 

sample 2 (blue line). BR buffer at pH 3.0 (blank) (black line). Other 

conditions as in Figure III.2.3.S1. 
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IV. Microchip electrophoresis with 

electrochemical detection for 

analysis of glycoproteins 

IV.1. Introduction and objectives 

Microfluidics, which is a technology that facilitates the manipulation of 

small volumes (lower than 10-6 L), was popularized in the early 1990s for 

applications related to chemical separations (1). However, in recent years it 

has been applied to an incredible array of applications, such as genomics or 

synthesis (2). 

Microfluidic is most often implemented in planar substrates bearing 

enclosed channels with lengths, widths, and depths ranging from tens to 

hundreds of microns. These dimensions result in fluidic phenomena that 

exhibit increased importance of viscosity, surface tension, and diffusion 

when it compared to conventional systems. 

A particularly attractive vision for the microfluidics community has been 

the development of integrated "lab-on-a-chip" (LOC) systems that 

reproduce laboratory-scale processes with reduced cost, less time, and the 

possibility of development POCT devices (3). 

With this idea in mind, the development of microscale analytical systems 

has experienced an explosive growth during the past decades. Particular 

attention has been paid to microchip electrophoresis (ME), which 

represents the first generation of miniaturized electrophoretic devices. Due 

to their advantages, such as low sample consumption, low-cost, portability, 

fast analysis, and integration capability, ME has been widely employed for 

separation of a large number of biochemical species and has been enable in 

novel investigation in diverse areas, being ME one of the first strides 

towards a "true" LOC, which integrates all steps of an analytical process on 

a single compact microfluidics device (4). 
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As it is mentioned before, the small volumes used in ME reduce sample 

and reagent consumption (low to picoliter scale) and, in consequence, the 

costs. The small dimensions of microchip channels improve heat and mass 

transfer, minimizing the Joule heating due to the high voltage, and 

facilitating on-line derivatization reactions. In addition, shorter separation 

channels decrease analysis time (fast to sub-second), which, along with 

parallelization, can greatly increase throughput. Finally, applications like 

POCT can exploit the potential for portability of ME systems (5,6). 

Multiple approaches for fluidic transport have been developed, and these 

fall into two categories: passive (e.g., gravity, surface tension, capillary 

force) and active (e.g., micropump, electric force, centrifugal force). Among 

the latter group, electrokinetic flow is particularly advantageous because 

very little external equipment is required (only a high voltage power supply), 

but the range of reagents and solvents that can be used is limited. Other 

forms of fluid manipulation soon followed, including various types of 

pressure-driven flow controlled by external pumps, centrifugal forces, or 

on-chip peristaltic pumps (7). The same happen for sample injection, 

electrokinetically and hydrodynamically are the most used modes. The first 

is based on the application of voltage, and the second, on pressure (8). 

In addition, several materials are available for constructing effective 

microfluidics-based devices. These materials are classified in three 

categories: inorganic materials (silicon, glass, and ceramics), polymeric 

materials (elastomers, thermoplastics) and paper. The choice of material 

depends on the function(s) that the device will execute, the processing cost, 

and its compatibility with bulk manufacturing techniques. Each of these 

materials have a few of advantages. For example, glass or quartz are 

compatible with the high voltages necessary in many cases. Furthermore, 

glass have high electrical resistivity, high thermal conductivity, and broad 

light transmissivity, and its well-known surface chemistry and chemical 

resistance makes it one of the most widely used materials in these 

applications, despite the fact that the fabrication is expensive and time-

consuming (9,10). 
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On the other hand, polymer materials that can be molded such as 

polydimethylsiloxane (PDMS) are straightforward to fabricate but have 

limited chemical compatibility. Polymethylmethacrylate (PMMA) and cyclic 

olefin copolymer (COC) are also used in ME (6,11), but polymer microchips 

exhibit lower electroosmotic flow than those made of glass or quartz. In 

conclusion, the selection of one material or another depends on the 

analytical demands. 

These microdevices require a miniaturized and sensitive detection 

system. In proteomics and clinical analysis, laser-induced fluorescence 

(LIF) is the most used detector coupled to separation techniques (12). LIF 

detection offers the highest sensitivity but, in general, proteins, peptides, 

and amino acids are not fluorescents when they are excited in visible or 

near-infrared region, so it is necessary the use of fluorescence tags (13). 

Although LIF technique coupled to a separation technique can detect 

proteins until a concentration of 10−13 M, LOD of the overall method is 

hindered due to the difficulty of labeling analytes at extremely low 

concentrations (14). Native LIF of proteins at 275 nM has shown to be 

feasible, but it is difficult to achieve good sensitivity because of the intense 

background produced by fluorescent impurities that are usually present in 

real samples (15). 

ED is an excellent alternative to LIF because it offers several advantages 

such as inherent miniaturization, sensitivity, low-cost, portability, short 

measurement time, and compatibility with microfabrication technologies. 

In many cases, the electrochemical route allows for on-chip integration of 

the control instrumentation to produce self-contained truly portable 

microanalytical systems (16). 
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The electrochemical detection modes use in ME covers amperometry, 

potentiometry, and conductimetry. Although in recent years capacitively 

coupled contactless conductivity detection (C4D) (which includes a pair of 

electrodes that are physically isolated from the solution preventing chemical 

reactions, contamination, and corrosion) has been extensively applied in 

ME systems (17), amperometric detection continues being the most used 

electrochemical method. In this case, a stable voltage is applied to a working 

electrode relative to a reference electrode, and the current generated from 

the oxidation or reduction reaction of electroactive species at the working 

electrode surface is monitored (5,18). 

Figure IV.1.1 shows a typical design of a ME with a single cross injector 

(similar which is used in this Chapter of the Doctoral Thesis). In a typical 

configuration, we can find reservoirs for sample input (SR), for separation 

buffer (RB), and for waste (SW). The reservoirs usually have a capacity 

between 10-250 µL. Platinum electrodes, on which a potential difference is 

applied by a high voltage source (1-5 KV), are placed in the reservoirs to 

perform sample injection and electrophoretic separation.  

 

Figure IV.1.1. Design and dimensions of the simple cross microchip 

used in this Doctoral Thesis. The chip holder contained the reservoirs 

for sample (SR), sample waste (SW) and running buffer (RB), and the 

electrochemical detection cell (ED). 
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One of the major considerations in ME is the effect of the separation field 

and current on the electrochemical response. To minimize the interaction 

of the two fields, several configurations related to the position of the 

electrode respect the microchannel have been described. The three major 

configurations are end-channel, in-channel, and off-channel (Figure 

IV.1.2) (19,20). 

The most common configuration is end-channel, in which the working 

electrode is aligned at the end of the channel separation (Figure IV.1.2 a). 

With this type of configuration, low background noise at the working 

electrode is exhibited due to its isolation from the separation field. However, 

the separation voltage can cause a small but significant change in the 

potential of the working electrode. Therefore, it is necessary to optimize the 

distance between the electrode and the microchannel outlet. Furthermore, 

due to the existing distance between the end of the separation channel and 

the working electrode, a loss of separation efficiency and sensitivity is 

possible (21,22).  

In the case of in-channel configuration, the electrode is set inside the 

separation channel (Figure IV.1.2 b). With this configuration, band 

broadening is minimized, and higher separation efficiencies and sharper 

peaks are obtained. However, the separation voltage has a direct effect on 

the potential of working electrode because the electrode is placed directly in 

the separation channel. Furthermore, in-channel configuration usually 

leads to more background noise than end-channel configuration, because, 

in the first, the fluctuations of the high-voltage power supply affects to the 

working electrode, worsening the LOD (23). 

Off-channel alignment is the third configuration. In this case, a decoupler 

is placed ahead of the working electrode in the separation channel (Figure 

IV.1.2 c). With this configuration a low background noise is observed. 

However, if the distance between the decoupler and the working electrode 

is large, this can lead to significant band broadening, and a loss of resolution 

(19). 
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Figure IV.1.2. The most electrode alignments used with ME-EC. (a) 

End-channel detection. (b) In-channel detection. (c) Off-channel 

detection (19). 

 

Within the end-channel detection protocols, three configurations can be 

found taking into account the relative position between the working 

electrode and the flow direction: flow by, the flow direction is parallel to the 

electrode surface; flow onto, the surface of the electrode is perpendicular to 

the direction of flow; and flow through where the electrode is placed directly 

at the outlet of the channel (Figure IV.1.3) (22). 
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Figure IV.1.3. Common configurations of electrochemical detectors 

for ME depending on the position of the working electrode relative to 

the flow direction: (A) flow by (using 2 plates); (B) flow onto (with the 

surface normal to the flow direction); (C) flow through (with the 

detector placed directly on the channel exit) (22). 

 

One aspect that it is important in ME-ED is that performance and success 

in these systems are strongly influenced by the material of the working 

electrode. For that, the selection of the working electrode depends primarily 

on the redox behavior of the target analytes and the background current. In 

this sense, there are a lot of examples describing the use of ME with screen-

printed electrodes, which are cheap, mass producible, and disposable (25). 

Significant developments, particularly the introduction of new modified 

electrodes, the development of novel derivatization schemes, the integration 

of additional functional elements (e.g., processes such as clean-up and 

preconcentration) on a single microchip platform and the coupling on new 

detection schemes and assays (e.g., immunoassays), are expected to further 

enhance the power and scope of electrochemical detectors for microscale 

analytical systems. 

Taking into account all the above, this Chapter aims to explore the 

possibilities of microchip electrophoresis with electrochemical detection 

(ME-ED) for the separation and detection of two glycoproteins (AGP and 

Tf).  
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IV.2. Results and discussion 

The combination of microchip electrophoresis and electrochemical 

detection, in order to develop a separation and determination method for 

two glycoproteins, AGP and Tf, constitutes the core of this Chapter IV. 

This approach takes a further step towards the development of a point-

of-care testing for the simultaneous determination of multiple glycoprotein 

biomarkers. 
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IV.2.1. Article 4: Determination of 
glycoproteins by microchip 
electrophoresis using Os(VI)-based 
selective electrochemical tag  

 
Tania Sierra, Agustín G. Crevillén, Alberto Escarpa 

 
Analytical Chemistry 91 (2019) 10245–10250 

 
Abstract: Glycoproteins are excellent biomarkers for diagnosis and prognosis of 

several illnesses. α1-acid glycoprotein (AGP) and transferrin (Tf) are the main 

glycoproteins present in the serum, whose levels are increased during disease or 

injury. In this work, a selective detection of these glycoproteins using a microchip 

electrophoresis with electrochemical detection (ME-ED) platform is proposed for 

the first time. Because of the reduced sensitivity of glycoproteins, they were labeled 

with an electrochemical tag (osmium (VI) complex), which binds only to glycans, 

increasing the amperometric signal. Interestingly, oxidation potential of 

glycoprotein-Os(VI) adducts started at +0.50 V (vs Ag/AgCl) while nontagged 

glycoproteins started at +0.60 V. So, when the detection potential is set at +0.50 

V, only glycoproteins tagged with Os(VI) complex are detected, avoiding the 

interference of the rest of the proteins. Determination of AGP and Tf was 

successfully demonstrated in the analysis of a certified human serum reference 

material yielding excellent accuracy (Er ≤ 4 %) in just 400 s. This work offers new 

possibilities for ED for glycoprotein analysis in microfluidics systems, which has 

been dominated by fluorescence and MS detection until now. It is worth 

mentioning that ED has two interesting advantages with respect to others in the 

point-of-care testing field: easy miniaturization (bedside devices) and low-cost. 
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1. Introduction 

Glycosylation is the most common post-translational modification of 

proteins in nature (it is estimated that over 70 % of all human proteins are 

glycosylated). Glycoproteins play crucial roles in numerous biological 

events in living organisms, and the alteration of its glycosylation profile is 

associated with the occurrence of diverse diseases such as cancer, 

rheumatoid arthritis, and other kinds of inflammation stages (1,2). In fact, 

glycoproteins are excellent biomarkers for illness diagnosis and prognosis, 

so their identification and reliable quantitation has a lot of interest in 

clinical field (3,4). 

Transferrin (Tf) and α1-acid glycoprotein (AGP) are the main 

glycoproteins present in human serum, which have been used as biomarkers 

and therapeutic targets in clinical diagnosis (5,6). These glycoproteins could 

provide clinically relevant information for early recognition and monitoring 

of systemic inflammatory disorders such as Crohn’s disease and sepsis 

because their concentration can increase up to 2−3 times in some of these 

diseases (7−9). 

Regarding chemical structure, AGP is an acute phase glycoprotein with a 

low isoelectric point (pI = 2.8-3.8), a high carbohydrate content (40 % w/w), 

and 41-43 KDa of molecular mass. In addition, five glycosylation sites are 

present on this protein (10,11). On the other hand, Tf exhibits only two N-

linked disialylated biantennary oligosaccharide chains and an average 

glycosylation content of about 6 % w/w. Furthermore, its isoelectric point (pI 

= 5.2-5.6) and molecular mass (70-95 KDa) are higher than those of AGP 

(12). 

Many analytical techniques have been currently used for the analysis of 

glycoprotein biomarkers. There are interesting reviews about the use of 

liquid chromatography (LC) (13,14), mass spectrometry (MS) (15,16), and 

capillary electrophoresis (CE) (12,17). Also, glycoproteins determination is 

carried out by enzyme immunoassays or using lectin arrays (18,19). 

However, these techniques are time-consuming and/or expensive. 
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Currently, health care systems are demanding portable, reusable, and 

effective miniaturized platforms for clinical biomarker testing so that the 

test or analysis can be performed at or near the site of patient care. These 

systems are called bedside devices or point-of-care testing (POCT) and they 

provide physicians with timely diagnostic information, enabling faster, and 

better-informed decisions for diagnosis and treatment (20,21). In this 

sense, microfluidics or lab-on-a-chip systems are really an enabling 

technology for developing new POCT devices (22−24). Within these 

microfluidics systems, microchip electrophoresis (ME) is one of the earliest 

and most important examples. This technology offers fast analysis, low 

reagent and sample consumption, low waste generation (environmentally 

friendly), high throughput (parallelization), portability (for POCT), and 

lower cost (even disposability). In addition, ME has been successfully 

employed in biomedical and clinical analysis (25,26). 

The main detection modes applied in ME for protein determination are 

fluorescence and MS (27,28). Electrochemical detection (ED) has not been 

explored in spite of its interesting features such as easy miniaturization 

without losing analytical performance and lower cost, making this detection 

mode more adequate for developing POCT systems (29,30). Among the 

reasons, ED has some disadvantages such as it is not as sensitive as 

fluorescence or MS detection, and not all proteins are electroactive. 

However, these handicaps could be overcome by labeling the protein with 

an electroactive tag (in the same way as fluorescence detection) (31). In fact, 

there are excellent examples in the bibliography for peptide labeling using 

Biuret reagent (32) and naphthalene-2,3-dicarboxaldehyde (33), among 

others. 

In this sense, Palecek’s group published several works in which 

glycoproteins were detected using an osmium (VI) complex as 

electrochemical probe (34,35). They demonstrated that this Os(VI) complex 

specifically links to the carbohydrate part and not to the polypeptide 

backbone. Specifically, the Os(VI) complexes react with diol groups from 

saccharides and produce osmate esters, which generate two electrochemical 

signals in carbon and mercury electrodes at −0.70 and −0.25 V (36,37). 
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Recently, our group has demonstrated the usefulness of this Os(VI) complex 

in the off-chip determination of AGP in serum samples (38,39). 

In the following sections, we will demonstrate for the first time the 

analysis of glycoproteins by microchip electrophoresis with amperometric 

detection (ME-ED) using Os-based electrochemistry, under an oxidation 

potential so far completely unexplored in the literature. 

2. Experimental section 

2.1. Reagents 

α1-acid glycoprotein (AGP) (≥99 %), transferrin (Tf) (≥98 %), potassium 

osmate (VI) dihydrate, N,N,N′,N′-tetramethylethylenediamine (TEMED), 

and certified human serum reference material (ERM-DA470 K/IFCC) were 

acquired from Sigma-Aldrich (Darmstadt, Germany). Hydrochloric acid, 

disodium hydrogen phosphate, and sodium dihydrogen phosphate were 

purchased from Panreac (Barcelona, Spain). Sodium acetate and disodium 

tetraborate decahydrate were purchased from Merck (Darmstadt, 

Germany).  

All reagents are analytical grade. All solutions were prepared in Milli-Q 

water (Merck Millipore, Darmstadt, Germany). 

2.2. Instrumentation 

The single-channel glass microchip was used (Micronit, model 

CH_X8050, Enschede, The Netherlands). The microchip consisted of a 

glass plate (90 mm × 15 mm) with a four-way injection cross, a 80 mm 

separation channel, and side arms measuring 5 mm. The original waste 

reservoir was cut-off, leaving the channel outlet at the end of the chip to 

carry out end-channel amperometric detection. The channels were 50 μm 

wide and 20 μm deep. The glass chip was set in a homemade Plexiglas 

holder. The holder contained reservoirs for sample (SR), sample waste 

(SW), running buffer (RB), and electrochemical detection cell (ED) (Figure 

IV.2.1.1 B). 

The end-channel amperometric detector consisted of an Ag/AgCl 

electrode as a pseudoreference electrode, a platinum wire as counter 

electrode, and a screen-printed carbon electrode (SPCE) (Dropsens, Spain, 
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model DRP-C1XX) (10 × 1 mm) as working electrode. SPCEs are disposable 

electrodes so they were used only for one analysis, avoiding tedious 

protocols of electrode cleaning. In addition, other kinds of SPCEs (model 

DRP-110, Dropsens, Spain) were employed for cyclic voltammetry. They 

integrated the three electrodes system: carbon working electrode (4 mm 

diameter), carbon counter electrode, and silver reference electrode. 

Amperometric detection and cyclic voltammetry were performed using a 

Potentiostat Autolab PGSTAT204 (Methrom-Autolab, Utrecht, The 

Netherlands). This instrument was controlled by the software Nova 1.10. 

Voltage was applied using a LabSmith HVS448 high-voltage sequencer with 

eight independent high-voltage channels and programmable sequencing 

(LabSmith, Livermore, CA). Microcentrifuge MiniSpin (Eppendorf, 

Hamburg, Germany) was employed for centrifugation. 

Mass spectrometry characterization of labeled glycoproteins were carried 

out in an UltraflexIII (Bruker, Billerica, MA, USA) using positive linear 

mode, 2,5-dihydroxyacetophenone (DHAP) as matrix in the presence of 

ammonium citrate and 2 % trifluoroacetic acid in water. 

2.3. Procedures 

2.3.1. Preparation of Electrochemical Tag (Os(VI)- 
O2(OH)2TEMED Complex) 

The preparation of Os(VI)O2(OH)2TEMED complex was carried out 

according to the literature (41). Potassium osmate (VI) dihydrate (18.4 mg, 

50 μmol) were suspended in 1.22 mL of water. Then 5.8 mg of TEMED (50 

μmols) and 0.41 mL of a 0.2 M sodium phosphate pH 7.0 solution were 

poured into the previous solution. Finally, 10 μL of 10 M HCl solution were 

added. The solution was shaken for 1 h to allow the formation of 

Os(VI)O2(OH)2TEMED complex, and finally, the solution was filtered using 

a syringe Nylon filter, 0.22 μm (Tecno-Air, Barcelona, Spain). The final 

concentration of Os(VI) complex (electrochemical tag) was 30.3 mM. 

2.3.2. Glycoprotein-Tag Labeling (with Os(VI)O2(OH)2TEMED 
Complex) 

Glycoprotein-Os(VI) adducts were prepared as follows: 1.02 mg in the 

case of AGP (2.5 × 10−8 mol) and 1.9 mg of Tf (2.7 × 10−8 mol) were dissolved 
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into 234 μL of 50 mM sodium phosphate, pH 7.0, buffer using a “protein 

low bind” Eppendorf tube (Hamburg, Germany). Then 16.5 μL of 

Os(VI)O2(OH)2TEMED solution were added into the previous solution 

(mole ratio 1/20 between glycoprotein and Os(VI)) and it was kept under 

agitation for 16 h at 37 °C and 950 r.p.m. using a thermo shaker (Biosan TS-

100C, Riga, Latvia). Then these solutions were filtered through Amicon 

Ultra-0.5 mL centrifugal filters (cut-off 10 KDa) to remove the nonreacted 

Os(VI)O2(OH)2TEMED complex (centrifugal parameters: 20 min at 12 800 

r.p.m.). The filters were washed twice with 250 μL of the optimum 

electrophoresis buffer to ensure the complete removal of 

Os(VI)O2(OH)2TEMED complex. The Amicon filters were inverted and 

centrifuged (2 min at 5500 r.p.m.) to recover the glycoprotein-

Os(VI)TEMED adduct solution. This solution was diluted until a final 

volume of 250 μL. Final concentrations were 4000 mg L−1 for AGP and 7600 

mg L−1 for Tf (100 and 108 μM, respectively). Finally, working solutions 

were prepared by dilution of stock solution. The labeling protocol of 

glycoproteins was modified when serum samples were analyzed because of 

the high concentration of glucose and other carbohydrates in these samples. 

The protocol was as follows: 200.5 μL of serum sample was mixed with 49.5 

μL of Os(VI)O2(OH)2TEMED solution and it was kept under agitation for 16 

h at 37 °C and 950 r.p.m. using a thermo shaker (Biosan TS-100C, Riga, 

Latvia). Then the solution was filtered using Amicon filters for removing not 

only the excess reagent but also the glucose and other small carbohydrates 

labeled with Os(VI) present in serum. 

2.3.3. Microchip Procedure 

The glass microchip channels were treated before use and between 

groups of runs by rinsing them with 0.1 M NaOH for 20 min and then 

deionized water for 15 min. This procedure was carefully monitored to 

obtain reproducible results. RB, SW, and ED reservoirs were filled with 

running buffer (25 mM sodium tetraborate at pH 9.2) and sample reservoir 

with the sample. Afterward, the separation channel was filled with running 

buffer applying +3000 V for 5 min to RB reservoir while ED reservoir was 

grounded. 
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Sample and standard solutions were prepared in 2.5 mM sodium 

tetraborate at pH 9.2 (10 times diluted with respect to running buffer) to 

perform a field-amplified stacking injection. Samples were injected by 

applying +3000 V for 20 s to SR reservoir while ED reservoir was grounded 

(unpinched injection). 

A wall-jet configuration was used for amperometric detection (end-

channel detection). The working electrode was set at +0.50 V during 

electrophoretic separation. To avoid the coupling of separation electrical 

field and the detection potential, a spacer (easily removable adhesive tape, 

60 μm thick) was placed between the SPCE and the channel outlet. 

2.3.4. Safety Considerations 

The high-voltage supply should be handled with extreme care to avoid 

electrical shock. 

 

3. Results and discussion 

3.1. Analytical Strategy and Characterization of Glycoprotein-
Os(VI) Adduct 

First, glycoproteins were selectively labeled with an Os(VI) complex, 

yielding an adduct that generates an amperometric signal at +0.50 V (vs 

Ag/AgCl) (see Figure IV.2.1.1 A). Then glycoproteins were analyzed by 

ME-ED using a detection potential of +0.50 V, avoiding the interference 

from other proteins thanks to the selectivity of the electrochemical tag 

(Figure IV.2.1.1 B). 
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Figure IV.2.1.1. (A) Scheme of electrochemical glycoprotein labeling 

with Os(VI) complex. (B) ME microchip layout used (SR, sample 

reservoir; RB, running buffer reservoir; SW, sample waste reservoir; 

ED, end-channel electrochemical detection). 

 

The effectiveness of the label with the Os(VI) complex was verified. As 

was aforementioned, this electrochemical tag reacts selectively with diols 

groups from carbohydrates. To prove that Tf was labeled with this tag, 

MALDI-TOF characterization was carried out. The labeling reaction yielded 

a Tf mass increase of approximately 1023 Da corresponding to 2.7 molecules 

of Os(VI) tag (Mw [Os(VI)O2(OH)2TEMED] = 372.4 Da) (Figure IV.2.1.2). 

In a similar fashion, AGP labeling with Os(VI) was previously demonstrated 

and studied by our group (38). In that work, the number of electrochemical 

tag molecules per AGP molecule was estimated to be around 2, on the basis 

of mass increasing as measured by MALDI-TOF. This value is similar to Tf 

labeling in spite of the lower percentage of carbohydrate content of Tf. 
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Figure IV.2.1.2. MALDI-TOF mass spectra of Tf-Os(VI) adduct (blue 

line) and intact Tf (red line). 

 

Next the electrochemical behavior of Tf-Os(VI) (Figure IV.2.1.3 A) and 

AGP-Os(VI) adducts (Figure IV.2.1.3 B) were evaluated by cyclic 

voltammetry. As can be observed in Figure IV.2.1.3, glycoprotein-Os(VI) 

adducts (black line) exhibit a completely different behavior than the one 

obtained in the case of nontagged glycoproteins (red line). Glycoprotein-

Os(VI) adducts yield two voltammetric peaks at −0.10 V and at +0.80 V in 

the anodic sweep, while glycoproteins presented only one well-defined peak 

at +0.80 V (vs Ag). The latter is characteristic of proteins because of the 

electroactive amino acids present in its structure as Trp and Tyr (40,42). On 

the other hand, the peak at −0.10 V is due only to the electrochemical tag 

used (Os(VI) complex). In addition, glycoprotein-Os(VI) adducts yield a 

cathodic peak at −0.20 V, which forms along with the anodic peak at −0.10 

V a quasi-reversible system; surely, it is related to the electrochemistry of 

Os(VI) cation. Interestingly, glycoprotein-Os(VI) adducts generate higher 

faradic currents from −0.10 to +0.80 V compared to nontagged 

glycoproteins. 
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Figure IV.2.1.3. Cyclic voltammograms of glycoprotein-Os(VI) 

adducts and intact glycoproteins. (A) Tf-Os(VI) adduct (black line) and 

intact Tf (red line). (B) AGP-Os(VI) adduct (black line) and intact AGP 

(red line). Conditions: buffer Britton-Robinson at pH 3.0, scan rate 1 

V/s. All concentrations are 400 mg L−1. 

 

3.2. Tf and AGP Determination on ME-ED 

Hydrodynamic voltammograms (HDV) for each glycoprotein were built 

to select the optimal detection potential (see Figure IV.2.1.4). 

 

Figure IV.2.1.4. Hydrodynamic voltammograms of glycoprotein-

Os(VI) adducts and intact glycoproteins. Hydrodynamic 

voltammograms were performed in 25 mM sodium tetraborate, pH 

9.2; separation voltage +3.00 KV; injection voltage = +3.00 KV for 

20.0 s. (A) 7600 mg L−1 Tf-Os(VI) adduct (black line) and 7600 mg L−1 

intact Tf (red line). (B) 4000 mg L−1 AGP-Os(VI) adduct (black line) 

and 4000 mg L−1 intact AGP (red line). 

 

Interestingly, oxidation potential of glycoproteins started at +0.60 V 

while glycoprotein-Os(VI) adducts started at +0.50 V (vs Ag/AgCl). 



Chapter IV. Microchip electrophoresis with electrochemical detection  
 

170 
 

Furthermore, the electrochemical tag increased the anodic signal and, 

therefore, the method sensitivity. These results revealed that, at +0.50 V, 

only glycoproteins tagged with Os(VI) complex are detected, avoiding the 

interference of the rest of the proteins, even with higher sensitivity. 

The difference found in the HDV between the starting oxidation potential 

of glycoproteins-Os(VI) adduct and that of intact glycoprotein is not 

noticeable in the cyclic voltammograms shown in Figure IV.2.1.3. Surely, 

this is due to the broad oxidation peak of electroactive amino acids from 

glycoproteins (+0.80 V) covering the selective signal of electrochemical tag. 

To deepen this finding, glucose was selected as electrochemical probe 

because it is not electroactive in carbon electrodes, so the signal due to 

Os(VI) tag should be clearer. Os(VI) complex alone and tagged and 

nontagged glucose were characterized by cyclic voltammetry using the 

labeling reaction buffer for simplicity. As can be observed in Figure 

IV.2.1.5, there is no peak for nontagged glucose (red line). Os(VI) complex 

yields a small peak around +0.7 V (green line). However, when glucose is 

tagged with the Os(VI) complex, the corresponding adduct yields a high and 

well-defined peak around +0.40 (black line). This demonstrates that the 

reaction of Os(VI) tag with glucose is responsible for the appearance of this 

new peak in tagged glucose CV and, indeed, for the oxidation potential at 

+0.50 V in glycoprotein-Os(VI) adduct HDVs, so far completely unexplored 

in the literature. This interesting finding opens new directions for sugar 

electrochemical detection. 
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Figure IV.2.1.5. Cyclic voltammograms of 30.3 mM Os(VI) complex 

(green line), 4000 mg L−1 glucose-Os(VI) adduct (black line), 4000 mg 

L−1 glucose (red line), and 50 mM sodium phosphate buffer, pH 7.0 

(blue line). 

 

On the other hand, injection time, separation voltage, and injection 

voltage were also studied to obtain the best glycoproteins separation. At the 

optimal conditions (25 mM sodium tetraborate, pH 9.2, separation voltage 

+3000 V, injection at +3000 V for 20 s), AGP and Tf were well separated in 

less than 400 s with a baseline resolution (RTf-AGP = 1.3) at +0.50 V as 

detection potential. 

According to the HDVs, it is possible to develop two different approaches: 

one in which sensitivity is prioritized (detection potential at +1.00 V), and 

another in which selectivity is prioritized (+0.50 V). Figure IV.2.1.6 

reports both approaches. At +1.00 V detection potential (Figure IV.2.1.6 

A), glycoproteins-Os(VI) adducts (black line) yield higher signals than 

nontagged glycoproteins (red line), improving the sensitivity. At +0.50 V 

(Figure IV.2.1.6 B), only glycoproteins tagged with Os(VI) complex are 

detected. In both cases, electrophoretic peaks show tailing. This is common 

in microfluidics systems with end-channel detection. Slow heterogeneous 

electron-transfer rate causes peak broadening of the analyte zone within the 

detector because the detector volume is significantly larger than the volume 

of injected sample (43) and this may be our case. This problem can be solved 

using other kinds of electrode materials. 
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Figure IV.2.1.6. ME-ED detection of Tf (peak 1) and AGP (peak 2) at 

(A) +1.0 V and (B) +0.50 V. Protein-Os(VI) adducts (black line) and 

intact proteins (red line). Conditions: as in Figure IV.2.1.4. Tf: 7600 

mg L−1. AGP: 4000 mg L−1. 

 

3.3. Analytical Performance and Serum Analysis 

The capability of our method for determination of Tf and AGP in serum 

samples was carefully evaluated. In this sense, a detection potential of +0.50 

V was chosen for the rest of the experiments because of the complexity of 

serum, which contains a lot of proteins. External calibration parameters are 

reported in Table IV.2.1.1. The resulting calibration plots were linear (r2 > 

0.97) in the concentration range assayed. The LOD and LOQ obtained (3 

Sa/N and 10 Sa/N criterion, respectively) were adequate for Tf and AGP 

determination in serum samples because concentration ranges in healthy 

humans are between 1700 and 3700 mg L−1 for Tf and 200−1000 mg L−1 for 

AGP. 

Table IV.2.1.1. Analytical features of the ME-ED approach for 

glycoproteins determination. 

Glycoprotein 
IL 

(mgL-1) 

Intercept 

a ± sa           

(x 10-8) 

(A) 

Slope 

b ± sb           

(x 10-8) 

(ALmg-1) 

r2 
LOD 

(mgL-1) 
LQ 

(mgL-1) 

Tf 760-7600 -1,5 ± 1,1 0,003 ± 0,002 0,98 310 1031 

AGP 400-4000 -1,8 ± 1,9 0,009 ± 0,008 0,97 126 422 
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Method reproducibility (intermediate precision) was also evaluated by 

analyzing a solution containing 7600 mg L−1 Tf and 4000 mg L−1 AGP on 

different days (see Table IV.2.1.2). 

Table IV.2.1.2. Reproducibility of the method in different days (n=3). 

Glycoprotein 
Migration 

time (s) 
RSD (%) 

Peak 

height 

(x10-7 A) 

RSD (%) 

Tf 201 ± 25 12 3,5 ± 0,3 9 

AGP 277 ± 32 12 4,9 ± 0,6 11 

 

 

Although the peak height precision was not good (RSD ≤ 11 %), these 

values are typical for methods in which disposable electrodes are employed 

because of the variation between each SPCE. Considering migration times, 

it is worth mentioning that uncoated channels were used because of its 

simplicity but, as counterbalance, protein adsorption on surface channels 

may happen, affecting the migration time reproducibility. Anyway, RSDs 

were acceptable (≤ 12 %) for analyte identification and quantification. 

Finally, a certified human serum reference material (CRM) was analyzed 

to evaluate the method accuracy. As is shown in Table IV.2.1.3, the 

method accuracy was excellent, obtaining relative errors ≤ 4 %. 

Table IV.2.1.3. Analysis of a human serum certified reference 

material (CRM) (n=3). 

Glycoprotein CM (mg L−1) CR (mg L−1) Er (%) 

Tf 2452 ± 314 2360 ± 80 4 

AGP 604 ± 75 617 ± 13 2 

 

Figure IV.2.1.7 shows electropherograms corresponding to the serum 

analyzed at two different detection potentials. Interestingly, and as 

expected, a different profile was observed in the analysis of the certified 

human serum when the analysis was done at +0.50 V (black line) and at 

+1.00 V (red line). In the case of the profile at +1.00 V, other peaks occur in 

the electropherogram, interfering with AGP and Tf peaks because of the lack 



Chapter IV. Microchip electrophoresis with electrochemical detection  
 

174 
 

of selectivity at this potential. However, at +0.50 V only glycoproteins 

labeled with Os(VI) show signals, demonstrating the selectivity of our 

approach. 

 

Figure IV.2.1.7. Microchip electrochemical detection of AGP and Tf 

in a human serum certified reference material at +0.50 V (black line) 

and at +1.0 V (red line). Conditions: as in Figure IV.2.1.6. 

 

4. Conclusions 

For the first time, glycoproteins were separated and detected by ME, 

using a Os(VI) complex tag-based electrochemistry. This tag binds 

selectively to glycans present in glycoproteins and the corresponding 

synthesized adduct yields an anodic signal at +0.50 V. At this so far 

completely unexplored detection potential, there is no interference from 

other proteins. 

Our approach was evaluated by analyzing Tf and AGP glycoproteins in 

serum CRM. Both glycoproteins were determined with excellent accuracy 

(Er ≤ 4 %) in less than 400 s.  

This work opens the door to ME-ED for glycoprotein analysis which 

seemed to be reserved only for fluorescence and MS detection, exploiting 

the specific advantages of ED for POCT and bedside devices such as easy 

miniaturization and low-cost. 
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V. Capillary driven electrochemical 

microfluidics for analysis of 

glycoproteins  

V.1. Introduction and objectives 

In recent years, researchers have taken a further step in finding new 

methods and techniques that allow the determination of biomarkers in a 

faster, more accurate, and cheaper way. In this aspect, materials like paper 

or polymers, which were already used extensively in analytical and clinical 

chemistry (for example in paper chromatography, to separate and identify 

mixtures of small molecules, amino acids, proteins and/or antibodies) have 

become a good alternative to fabricate new microfluidics devices. 

The first functional paper device, which performed a glucose assay, was 

created by the Whitesides' Group at Harvard University in 2007 (1). Since 

this moment and due to its biocompatible properties with various 

substrates, lightweight, flexibility, low-cost, hydrophilic nature, ease-to-use, 

and availability (2), paper has become a popular substrate for both two-

dimensional (2D) and three-dimensional (3D) microfluidics paper-based 

analytical devices (µPADs) (3,4) (Figure V.1.1). The latter, obtained by 

stacking layers of the 2D patterned paper, offers potential advantages for 

multiplexing. Other fabrication strategies for 3D µPADs are spray 

adhesives, thermal adhesives (toner), cutting and lamination, and origami 

(5). In general, these µPADs provide cost-effective solutions for POCT 

diagnostics. 

 

Figure V.1.1. (A) An example of two-dimensional (2D) μPAD (6) (B) 

Three-dimensional (3D) μPAD (4). 
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Unlike conventional microfluidics devices, the spontaneous liquid flow 

on μPADs is driven by capillary action in the presence of the cellulose 

matrix, and it avoids the use of any pumping equipment or external power 

supply. Furthermore, paper has other advantages such as: (i) it is thin, 

lightweight (∼10 mg cm-2), available in a wide range of thicknesses (0.07-1 

mm), and easy-to-stack, store, and transport; (ii) paper is compatible with 

biological samples due to it is typically made of cellulose or cellulose-

polymer blends; (iii) paper can be easily chemically modified to incorporate 

a wide variety of functional groups, which can be covalently bound to 

proteins, DNA, or small molecules (7); (iv) paper is usually white and is a 

good medium for colorimetric tests because it provides strong contrast with 

a colored substrate; (v) paper is flexible and compatible with a host of 

existing printing technologies that could, in principle, be used to fabricate 

µPADs; and (vi) paper is available in a wide range of highly engineered 

forms with a very wide range of properties (6). 

There are various proposed approaches to create channels and barriers 

in paper and fabricate these microfluidics devices, including cutting, 

photolithography, plotting, inkjet etching, plasma etching, was printing, 

among others (3,6,8). In addition, there are several substrates for PADs 

such as filter paper, chromatography paper, nitrocellulose membrane, and 

paper/polymer or paper/nanomaterial composites (5). 

As for the detection methods used in these types of devices, it is found 

that two techniques are the most used: colorimetric and electrochemical. 

For the first, most chemical reactions with color change can be achieved on 

paper, such as acid-alkali reaction, precipitation reaction, redox reaction, 

enzymation reaction, etc. For qualitative detection, colorimetric changes in 

paper-based diagnostic assays can be visualized by the naked eye to yield a 

yes/no answer. In contrast, analysis by a handheld reader or a cell phone 

(by comparing the color change to a predetermined score) is used to report 

quantitative analysis. However, both qualitative and quantitative 

colorimetric strategies suffer in many cases low sensitivity and poor 

accuracy (3). In this aspect, paper-based electrochemical devices (ePAD) 

offer higher sensitivity and selectivity, more quantitative capability and 

faster response time, and they have attracted increasing attention among 



V.1. Introduction and objectives 
 

185 
 

other lab-on-a-chip systems to detect and quantify a wide variety of analytes 

from proteins and metabolites to nucleic acids and metal ions (9–11). For 

example, Whitesides et al. coupled simple ePAD with a commercial glucose 

meter to rapidly quantify the number of compounds relevant to human 

health (glucose, cholesterol, lactate and alcohol, in blood and urine) (12). 

In these devices, the electrodes are prepared from conducting inks 

(carbon or metal) by screen-printing, inkjet-printing, or pencil-drawing on 

paper or plastic (Figure V.1.2). 

 

Figure V.1.2. Fabrication technologies of paper-based 

electrochemical devices.  (A) Screen-printing. Three-electrode system 

was screen-printed on the detection zone of paper substrate using 

carbon ink. (B)  Inkjet-printing. Mixing of carbon nanotube ink in 

deionized water, followed by inkjet-printing the carbon nanotube ink. 

(C) Writing. Three-electrode system was drawn on the working zone 

using a commercial graphite pencil (10).  

 

However, paper has disadvantages in terms of its practical applicability 

for diagnostic applications, such as the porosity, and optical properties. So, 

although PADs have shown promise as diagnostic tools, the porous material 

has limitations in particle and reagent transport, low flow rate, and non-

uniform flow (13). 

Lamination-based devices have been recently introduced to overcome the 

limitations of conventional porous-based devices. In this approach, the 
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fabrication method is based on stacking multiple layers of pre-cut paper or 

polymeric film to form microfluidics channels. The channel geometry is 

defined on each layer and all layers are bonded by using adhesive, plasma 

bonding, or toner (13). Among several bonding approaches, double-sided 

adhesive (DSA) is a common material for the fabrication of lamination-

based microfluidics channels because using a cutting process it is possible 

generated the hollow channel at a direct way (13,14). Like porous-based 

devices, the flow is driven by capillary action in lamination-based devices. 

However, the fluid mixing in the latter is faster than in the former (15,16), 

as we will discuss below.  

In microfluidics devices, the flow is laminar and there is lack of 

turbulence, which makes molecular diffusion the primary mechanism for 

mixing. High mixing efficiency cannot be achieved with the help of only 

diffusion and can be one of the most difficult-to-achieve situations because 

the development of efficient mixing schemes is essential to increase the 

throughput of microfluidics systems and realizing the concept of micro-

total-analysis systems and LOC devices (17,18).  

In conventional microfluidics devices, mixing can be achieved using 

physical forces (pressure, magnetic, etc.) or through electrical forces 

(19,20). In the capillary-driven microfluidics devices, also called passive 

devices , instead of using an external pump to induce flow, utilize the surface 

tension of a fluid acting on the channel wall (or fibers in the case of paper) 

to drive flow. This reduces operational complexity at the point-of-use (21). 

In passive micromixers, the mixing performance is improved by 

increasing the interface area of the different liquids or by manipulating the 

laminar flow within the microchannel using serpentine or herringbone 

structures (14,22). Among passive mixing systems (3D serpentine structure, 

embedded barriers, surface-chemistry…), lamination-based micromixers 

are one of the most used. In these types of microfluidics devices, the mixing 

mechanism relies on overlapping channels to increase the interface area of 

two or more fluids (23,24). As can be seen in Figure V.1.3 depending on 

the geometry of these layers, the complete mixture could be obtained or not. 
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Figure V.1.3. (A) Three types of the Y-shaped device generating (i) 

non mixing, (ii) a concentration gradient, (iii) fully mixing 

concentration profile. (B) Different geometries of the middle 

transparency layers (13). 

 

In this aspect, passive microfluidics devices have been used in many 

applications, including the detection of drugs, viruses, or cancer 

biomarkers, among others. But the potential of these microfluidics devices 

is not only limited to healthcare; devices developed for environmental 

safety, detecting water, soil or air contamination, and for food and beverage 

control are also available (25,26). 

A recent laminated microfluidics device composed of transparency films 

and DSA showed for the first time that capillary-driven flow and rapid 

mixing could be achieved without porous media (Figure V.1.4). In this 

type of device, non-uniform flow and flow resistance caused by cellulose 

fibers is reduced, and accurate and rapid flow functionality can be realized. 

The hollow channel in this device was also made with transparent film so 

direct visualization of particles and flow is possible. 
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Figure V.1.4. Schematics of the passive device fabricated by 

lamination of double-sided adhesive and transparency film. (A) In this 

case consist in Y-shape device with two inlet channels placed in the 

different vertical positions. (B) Channel geometries of the Y-shape 

device defined on each layer (13). 

 

The main objective of the works presented in this Chapter is the design 

and development of low-cost microfluidics devices based on capillary-

driven flow for glycoprotein analysis. This approach allows us to carry out 

more analytical tasks (analyte labelling and detection) inside the 

microdevice, getting closer to a complete point-of-care testing system. The 

microfluidics devices used in these studies were fabricated using double-

sided adhesive (DSA) and transparency film layers and they were composed 

of multi-layered channels.  
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V.2. Results and discussion 

In the search for a point of care testing device that allows the determination 

of glycoproteins by electrochemical methods, this Chapter V has been 

focused on a new technology: capillary-driven microfluidics devices with 

electrochemical detection. 

We report a new, cheap, and pump-free microfluidics mixer with 

electrochemical detection for the determination of α1-acid glycoprotein 

(AGP) (V.2.1) and transferrin (Tf) (V.2.2). 

The passive mixer was fabricated by laminating transparency film and 

double-sided adhesive to form overlapping inlets. With the proposed 

geometry, we can carry out all the steps inside the device: labeling (with 

Os(VI) complex), washing, and detection by adsorptive transfer stripping 

square wave voltammetry.
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V.2.1. Article 5: Pump-free 
microfluidic device for the 
electrochemical detection of α1-acid 
glycoprotein 
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Abstract: α1-acid glycoprotein (AGP) is a glycoprotein present in serum, which is 

associated with the modulation of the immune system in response to stress or 

injuries and a biomarker for inflammatory diseases and cancers. Here, we propose 

a pump-free microfluidics device for the electrochemical determination of AGP. 

The microfluidics device utilizes capillary-driven flow and a passive mixing system 

to label the AGP with Os(VI) complex (an electrochemical tag) inside the main 

channel, before delivering the products to the electrode surface. Furthermore, 

thanks to the resulting geometry, all the analytical steps can be carried out inside 

the device: labeling, washing, and detection by adsorptive transfer stripping square 

wave voltammetry. The microfluidics device exhibited a linear range from 500 to 

2000 mg L-1 (R2= 0.990) and adequate limit of detection (LOD = 231 mg L-1). 

Commercial serum samples were analyzed to demonstrate the success of the 

method, yielding recoveries around 83%. Due to its simplicity, low sample 

consumption, low-cost, short analysis time, disposability, and portability, the 

proposed method can serve as a point-of-care/need testing device for AGP. 
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1. Introduction 

Glycoproteins play crucial roles in biological processes, such as the 

growth control, division and signaling of cells, protein-protein interactions, 

cellular differentiation, and cell migration (1–3). Almost 70 % of all proteins 

in the human body are glycosylated, having great structural diversity, and 

many of them have some specificity towards specific diseases (4,5). For that 

reason, the identification and quantification of glycoproteins are of 

significant interest in clinical chemistry. α1-acid glycoprotein (AGP) or also 

known as orosomucoid, is a serum glycosylated protein with an isoelectric 

point range from 2.8 to 3.8 and a range between 41–43 KDa as molecular 

weight (6). It is a glycoprotein that is considered to have a high carbohydrate 

percentage (40 % w/w). AGP is a perfect example of glycoprotein that can be 

used as a biomarker due to its relationship with inflammatory diseases 

where its concentration can increase by two to three times in the disease 

state (7). Furthermore, AGP was studied as potential biomarker for the 

diagnosis of neonatal sepsis in the early stages of the disease (8). 

There are many techniques used for glycoprotein analysis, including 

separation techniques (9–11) and enzyme immunoassays (12,13). In 

addition, glycoproteins such as AGP have been analyzed by separation 

methods, which include capillary electrophoresis (CE) and high-

performance liquid chromatoraphy (HPLC). For example, Zhang et al. were 

able to analyze nine AGP glycoforms within 20 min via CE by considering 

factors such as the pH, various techniques for preventing protein adsorption 

onto the capillary, and the use of a non-ionic surfactant in the running buffer 

(6). The same group was also able to detect up to eleven glycoforms using 

reversed polarity mode CE and a coated capillary with a low electroosmotic 

flow (14). In this case, the total analysis time is 40 min (acid precipitation 

plus electrophoretic injection and separation). Glycan-based antibodies and 

lectins have also been developed as analytical reagents for the detection and 

quantification of AGP. For example, Yazawa et al. developed an enzyme 

immunoassay  (EIA) bearing an anti-AGP antibody and a fucose-

binding lectin to detect AGP in samples from patients with cancer and 

healthy controls (13). The times used in this type of method are very long 
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(some stages need overnight). However, these techniques not only are 

expensive and/or time-consuming but also require trained personnel and 

specialized laboratories to perform the measurements. 

Unlike the centralization in laboratory diagnostics, today there is a trend 

towards a more decentralized analysis, known as point-of-care testing 

(POCT), also described as bedside, near-patient, remote, and decentralized 

laboratory testing (15–17). Ideally, only using a simple protocol (one or two 

steps) POCT device must provide accurate results using whole blood, urine, 

or other biological samples. The number of analytes which can be detected 

by POCT is substantial (e.g., metabolites, proteins, microorganisms, 

physical and chemical parameters), and in many cases can improve 

response time in diagnosing diseases and the overall level of care.  

Electrochemical detection is highly suitable for the POCT of 

glycoproteins because of the low-cost and ease-to-miniaturization without 

losing analytical performance. However, direct oxidation of glycoproteins is 

not simple because, under near-physiological states, the carbohydrate part 

of the glycoprotein (glycans) is inactive. To overcome this limitation, 

Palecek's group proposed the use of six-valent osmium complexes with 

nitrogenous ligands [Os(VI)L] as an electrochemical probe (18,19). The 

Os(VI) complex reacts with diol groups of the glycan and forms an osmate 

ester. This adduct generates two signals on carbon electrodes. 

Escarpa's group developed simple and inexpensive electrochemical 

methods for glycoprotein determination (20,21). In the first example (20), 

glycoprotein was labeled off-chip with Os(VI)TEMED complex. 

Quantification of AGP was carried out applying the method with successful 

results. However, the protocol to label the glycoprotein was too long (16 h), 

which complicates its implementation as POCT. In the second example (21), 

they took the advantage of the favorable kinetics of a chemical approach 

based in an exchange of ligands to achieve high stability of the products 

(AGP-Os(VI)TEMED), allowing a dramatic reduction in labeling time to 12 

min (off-chip).  
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Microfluidics have emerged as a solid tool with demand in many fields 

(22–24) due to their advantages including reduced sample consumption, 

minimal waste generation, short analysis time, high throughput, and 

portability (25,26). These microfluidics devices also allow for chemical 

reactions, such as biomolecule labeling to run more efficiently than those in 

macroscale reactors and thus, are potential for on-chip labeling in an 

integrated electrochemical detection system. Furthermore, capillary-driven 

microfluidics devices can be applied to reduce operational complexity. In 

these devices, the surface tension of a fluid acting on the porous material 

such as paper and nitrocellulose membrane, and the hydrophilic channel 

wall is used to drive the flow.  

Rapid mixing is an important step in many microfluidics applications in 

biology, chemistry, biomedicine, and the food industry (27–30). Several 

microfluidics devices have demonstrated the importance of mixing tools in 

the detection of drugs, viruses, and cancer biomarkers (31–36). For 

instance, Wu et al. developed a three-dimensional (3D) printed clear plastic 

microfluidics device for the detection of albumin in urine as an indicator of 

kidney damage in chronic kidney disease (37). The potential of these 

microfluidic devices is not only limited to healthcare, but also to 

environmental safety, water, soil, and air contamination, or for food and 

beverage control (38–41). 

In microfluidics devices, where the flow is typically laminar making 

molecular diffusion the primary mechanism for mixing. Several studies 

have been conducted to enhance the mixing in the microfluidics channel. 

They can be divided into active and passive methods depending on whether 

additional equipment is used. For example, the active methods employ 

physical (pressure, magnetic, etc.) (42–44) or electrical forces (45–48) to 

improve the mixing. In contrast, passive mixing methods increase the 

contact surface between the fluids and reduce the mixing path (49,50) to 

promote mixing without any external force. Integrating a passive mixing 

mechanism into the capillary-driven microfluidics device can yield a simple, 

yet functional platform for on-chip processing (such as labeling) and 

detection of target analytes at the point-of-care/need.  
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Among the passive mixing methods, the lamination method is one of the 

most used due to its simplicity. In this method, each channel layer was 

formed bonding with each other by toner or double-sided adhesive (DSA). 

These overlapping channels increment the interface area between the two 

fluids (51–55). 

In this work, we report a new, inexpensive, and pump-free microfluidics 

mixer with electrochemical detection for the determination of AGP, which 

is used to demonstrate its application as a universal method for 

glycoproteins. The passive mixer was formed by overlapping method using 

transparency film and double-sided adhesive and is based on previously 

published work by Jang et al. (52). However, it is the first time that a 

glycoprotein, in this case AGP, was labeled with the electrochemical tag 

within the channel and the labeled product was then adsorbed on the 

working electrode. Finally, AGP was determined by AdTSWV. This novelty 

makes it possible to take a great step towards the development of POCT 

devices that allow in situ analysis of glycoproteins and therefore help in the 

diagnosis or monitoring of diseases related to these macromolecules. 

2. Material and methods  

α1-acid glycoprotein (AGP) (≥99 %), potassium osmate (VI) dihydrate, 

silver paint, hexaammineruthenium (III) chloride, and sodium hydroxide 

were purchased from Sigma Aldrich (St. Louis, Missouri, USA). 

Hydrochloric acid, phosphoric acid, acetic acid, boric acid, disodium 

hydrogen phosphate, sodium dihydrogen phosphate, N,N,N′,N′-

tetramethylenediamine (TEMED), and boric acid were purchased from 

Fisher (New Jersey, USA). The synthesis of ferrocenylmethyl 

trimethylammonium hexafluorophosphate (FcTMA+) was carried out 

according to published bibliography (56). 

Polymethylmethacrylate (PMMA) was obtained from Plaskolite Inc. 

(Ohio, USA). Polycaprolactone (PCL) was purchased from ThermoMorph® 

(Ohio, USA). Graphite (GR, MFG-15-99-500) was purchased from 

Graphene Supermarket. Double-walled carbon nanotube (DWCNT). 

Commercial carbon ink (E3178) was purchased from Ercon Incorporated 
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(Massachusetts, USA). Serum samples (Control-II) were purchased from 

Pointe Scientific (Michigan, USA). Ultrapure water (R ≥ 18.2 MΩ cm-1 at 25 

°C, Milli-Q, Millipore) was used for preparing all solutions. 

2.1. Procedures 

2.1.1. Preparation of Os(VI)O2(OH)2TEMED complex 

Based on the bibliography (57),  the preparation of the 

Os(VI)O2(OH)2TEMED complex was carried out as follows. complex. 

Firstly, potassium osmate (VI) dihydrate was suspended in water (18.4 mg 

in 1.22 mL). 50 µmols TEMED and 0.41 ml of a 0.2 M sodium phosphate 

buffer (pH = 7.0) were added into the suspension. Then, 10 µl of HCl with a 

concentration of 10 M was poured into the previous solution. This mix was 

shaken for 1 h to form the Os(VI)O2(OH)2TEMED complex. After this time, 

a syringe Nylon filter of 0.22 µm was used to filter the solution. 30.3 mM 

was the final concentration obtained for Os (VI) complex. 

2.1.2. Acidic precipitation 

Due to the presence of other glycoproteins in the serum samples, an off-

channel pre-treatment was needed. A selective acidic precipitation was used 

to separate AGP from other proteins. 100 µl of perchloric acid with a 

concentration of 0.5 M and 50 µl of serum were mixed in a “protein low 

bind” microtube (20 s). Then, this acidified serum was centrifuged with the 

follow conditions: 7400 rpm for 20 min at room temperature. Finally, 

phosphate buffer (50 mM at pH 7) was used to re-dilute the supernatant. 

2.1.3. Device fabrication 

Capillary-driven microfluidics device is composed by four inlets, four 

microfluidics channels that ultimately merge into a single channel, and one 

outlet united to a rectangular-shaped paper layer. 9 layers composed the 

mixing device, which was fabricated by laminating method using double-

sided adhesive (467MP, 3M) and transparency film (Samsill) (Figure 

V.2.1.1). While the channel area is covered by the top and bottom 

transparence layers, the middle layers define the height and channel 

geometry. For example, DSA layers 2 and 3 (each layer was 50 µm thick) 
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were used to form a 100 µm height channel between layers 1 and 4, while 

layer 5 formed a 50 µm channel between layers 4 and 6. The channel areas 

were sketched out using CorelDRAW X4 (Corel), which is a graphic design 

software. Then, they were cut using a laser cutter (Zing 10000, Epilog 

Laser). Furthermore, the top layer contains electrodes for electrochemical 

detection. A rectangular-shaped paper (3 mm x 2 mm) was inserted at the 

outlet of the mixing device after assembling the DSA and transparency film 

layers to start the fluid flow. 

 

Figure V.2.1.1. Schematic representation of the capillary-driven 

microfluidics analytical device. (A) The geometry of double-sided 

adhesives and transparency films: layers 1, 4, 6, and 9 consist of 

transparency film (dark grey) while layers 2, 3, 5, 7, and 8 are made of 

double-sided adhesive (light grey). (B) Assembled mixing device with 

the integrated electrochemical detector: working electrode (WE), 

reference electrode (RE), and counter electrode (CE). (C) Image of the 

microfluidics analytical device. 

 

2.1.4. Fabrication of electrodes 

Corel Draw software (Ontario, Canada) was used to design the electrode 

geometry on the top layer of the device. A stencil was created using a transfer 

tape to serve as the electrode template in which the dimensions of working 

electrode (WE) and pseudo-reference electrode (RE) were 1.37 mm x 3 mm. 

They are separated 1 mm each other. The dimensions of counter electrode 
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(CE) was 2.5 mm x 3 mm and was also 1 mm apart from the adjacent 

electrode. Both WE and CE were carbon electrodes, whereas Ag/AgCl ink 

painted on carbon was used as the RE. 

The fabrication of the electrodes was as follows: commercial carbon ink 

(Ercon) and carbon materials (1.0 g ink : 0.5 g graphite or DWCNT) was 

hand mixed and was patterned on the surface of the transparency film (top 

layer) using the stencil. Then the electrodes were cured at 60 °C for ~10 min. 

These electrodes are referred to as GPE (graphite electrode) and DWE 

(DWCNT electrode) in the next sections. DWCNT shows an increase in the 

heterogeneous charge rate, the mechanical strength, thermal stability 

(DWNTs are stable even at 2000 0C in a vacuum, and 800 °C in air), and 

chemical stability over that of single-walled carbon nanotubes 

(SWCNTs). Additionally, DWCNTs enable a combination of solubility and 

functionality (which is not possible with SWCNTs) (59-61). 

Finally, we painted the reference electrode with Ag/AgCl ink and cured 

the electrode again at 60 °C for ~10 min. 

In addition to stencil-printed electrodes, we also investigated the use of 

thermoplastic electrodes (TPEs) for the detection. A previously reported 

fabrication protocol was used to create the electrodes (62). The process 

began dissolving polycaprolactone (PCL) in dichloromethane. Once the PCL 

was dissolved, it joined graphite powder (1:2). The mixture was poured onto 

a non-stick surface (Si wafer) and dried in a fume hood. The dried composite 

was heated above the melting point of PCL (70–85 °C) and then pressed into 

a PMMA mold using a hydraulic press (∼50 psi). Once cooled, razor blade 

was used to remove excess material from the surface, followed by 

sandpaper. 
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2.1.5. Electrochemical electrode characterization and 

determination of AGP 

Electrodes were characterized using FcTMA+ as a redox probe. The 

electrochemical detection was performed using square wave voltammetry 

(SWV). SWV starts at – 0.2 V and finishes at + 1.0 V (other parameters: 

amplitude 50 mV, frequency 5 Hz and step potential 5 mV). 

To determine the electrode active surface, Randles–Sevcik Equation (at 

25 °C) was used: 

𝐼𝑝 = 2.69 𝑥 105 𝑛 
3
2 𝐴 𝐶𝑜 𝐷0

 1
 2 𝑣

1
2 

In this equation, Ip is the anodic peak current; A is the electrode surface 

area; Do is the diffusion coefficient of redox probe; n is the electron transfer 

number; Co is the concentration of redox probe, and finally, v is the scan 

rate. Calculating the slope of Ip vs v1/2 plot using a reversible redox probe, it 

is possible to determine the electrode surface area. With this objective, 

different cyclic voltammograms were carried out at different scan rates 

(from v = 0.01 to v = 0.1 V s-1) and using 1 mM [Ru(NH3)6]Cl3 in 0.5 M KNO3 

electrolyte (n= 1 and Do = 7.74 × 10−6 cm2 s −1). CHI1242B potentiostat (CH 

Instruments, Texas, USA) was used for all electrochemical measurements. 

Determination of AGP-Os(VI)TEMED was carried out by employing 

adsorptive transfer square wave voltammetry (AdTSWV). In this case, AGP 

and Os(VI) complex were allowed to mix for 30 min and the labeled analyte 

was adsorbed onto the WE. Next the electrode was rinsed with water. 

Finally, the main channel was filled with background electrolyte (0.2 M BR 

buffer pH 3) and the electrochemical detection was carried out. SWV 

parameters: start potential – 1.5 V, end potential + 0.0 V, amplitude 50 mV, 

frequency 2 Hz and step potential 5 mV 
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3. Results and discussion 

3.1. Mixing experiments 

First the geometry of the analytical device was optimized. It consisted of 

four inlets, four microfluidics channels, and one outlet connected to a 

rectangular-shaped paper layer. With this geometry, we can perform all 

steps in the same device (labeling, washing, and measuring). Figure 

V.2.1.2 shows sequential images to understand the flow inside the device. 

First, deionized water (15 µL) for the washing step was added to the upper 

left inlet reservoir and filled the main channel area placed on the 5th layer 

(Figure V.2.1.2 a). To ensure mixing, there are systems where two fluids 

should enter the main channel area at the same time. However, the arrival 

of fluids at different times can cause air entrapment problems and lead to 

flow inconsistency. To solve this problem, we used a burst valve at the 

junction of three microfluidics channels (52). The water will stop at the valve 

area until both blue and yellow dye solutions arrive at the valve through each 

channel. Despite the two fluids being added at the same time (10 µL) onto 

their respective inlets, one fluid may arrive at the valve first (i.e., the blue 

solution). However, the solution cannot continue to flow into the main 

channel due to surface tension at the junction. When the yellow solution 

arrives at the valve, the solutions will combine at the junction, and open the 

burst valve, allowing all three fluids to start flowing into the detection zone 

(Figure V.2.1.2 b and c) while mixing due to the short vertical mixing path 

and gravitational force. The two dyes were model solutions for two reagents 

that would be mixed/reacted within the channel. Finally, another blue dye 

solution (30 µL) was added onto the upper right inlet reservoir (Figure 

V.2.1.2 d). This blue dye solution was a model for buffered solution that 

would be used as supporting electrolyte for the electrochemical 

measurement. Since all channels were filled by solutions added in advance, 

the blue dye added last did not enter the channel immediately. 

The use of a rectangular-shaped paper as a capillary pump in laminate 

devices was introduced by Jang et al. (51). Here, we utilized the paper pump 

in a slightly different way. As the mixed solution of water and dyes stopped 
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flowing upon arrival at the end of the device (outlet), the incubation/mixing 

time could be controlled. After a designated incubation time, the paper 

pump could be inserted at the outlet to pull the solution out of the laminated 

channel, allowing the water (for the washing step) and the lastly added blue 

dye solution to flow sequentially through the channel (Figure V.2.1.2 e). 

When the blue dye filled the detection zone, we then removed the paper 

pump to stop the flow (Figure V.2.1.2 f). This process allows us to carry 

out the electrochemical measurement with optimized reaction times. 

 

Figure V.2.1.2. Sequential images showing the moments of: (a) water 

(wash solution) injection, (b) the injected first reagent (blue dye) flows 

first and stops at the valve, (c) the injected second reagent (yellow dye) 

arrives and opens the valve, allowing the two solutions to mix to 

produce green color in the main channel, (d) flow stops until the 

rectangular-shaped paper is inserted to the outlet of the main channel, 

(e) flow starts when the rectangular-shaped paper is inserted to the 

outlet, and (f) blue dye from the top reservoir arrives at the main 

channel. 

 

3.2. Electrode characterization  

The carbon electrodes were characterized by electrochemical techniques, 

allowing us to choose the best material between GPE, DWE, and TPE, for 

subsequent measurements. GPE and TPE are based on graphite but DWE is 
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made of a carbon nanomaterial. This kind of nanomaterials (SWCNT and 

MWCNT) showed excellent analytical performance for electrochemical 

detection of glycoproteins (21). For this reason, we explored other type of 

carbon nanomaterial (DWCNT).  Figure V.2.1.3 A shows the square wave 

voltammograms corresponding to the different electrodes using 1 mM 

FcTMA+ as the redox probe. All the electrodes showed similar current 

signals. The peak height (at +0.4 V) of GPE, DWE, and TPE were 6.6 ± 0.4 

µA, 6.1 ± 0.3 µA, and 5.3 ± 0.8 µA, respectively. 

The detection of AGP-Os(VI) adduct (target glycoprotein) was also 

studied with the three different electrode materials using AdTSWV. In 

Figure V.2.1.3 B, we can see the signals obtained from AGP-Os(VI) adduct 

(2000 mg L−1 labeled off-device (20)) in BR buffer pH 3.0 using DWE (blue 

line), TPE (red line) and GPE (black line). A peak appears at −1.1 V, which 

is corresponded to the AGP-Os(VI) signal. This result agrees with previous 

works on the characterization of this tag (20,21). DWE showed the best 

analytical response, and TPE showed the poorest performance. 

 

Figure V.2.1.3. (A) Voltammograms obtained by SWV using 1 mM 

FcTMA+ in 50 mM phosphate buffer at pH 7. DWE (blue line), TPE (red 

line) and GPE (black line). Conditions: start potential – 0.2 V, end 

potential + 1.0 V, amplitude 50 mV, frequency 5 Hz and step potential 

5 mV. (B) Voltammograms obtained for 2000 mg L−1 of AGP-Os(VI) in 

BR buffer at pH 3.0 using AdTSWV. DWE (blue line), TPE (red line) 

and GPE (black line). SWV parameters: step potential 5 mV, amplitude 

50 mV, and frequency 2 Hz (electrochemical signals were baseline 

corrected and smoothed out).   
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To explain the different behavior on the electrodes, it must be understood 

that only AGP adsorbed on the electrode produces a signal in AdTSWV. 

Taking this into account, it seems clear that the active surface of electrodes 

plays a prominent role. For this reason, the surface area of each electrode 

was electrochemically determined by cyclic voltammetry using the Randles-

Sevcik equation. The larger the surface area of the electrode, the greater 

signal would be produced. The surface areas of GPE, DWE and TPE were 

9.7 ± 0.8 mm2, 9.3 ± 0.9 mm2 and 6.7 ± 0.3 mm2, respectively. The surface 

area increased in GPE, DWE, and TPE in comparison to electrodes made of 

carbon ink only (4.5 ± 0.4 mm2). GPE and DWE had larger active surfaces, 

enabling more AGP molecules to adsorb and produce higher 

electrochemical signals. 

As DWE exhibited the best response for AGP-Os(VI) by AdTSWV, it was 

chosen for the following experiments. 

3.3. Method optimization and analytical performance for AGP 

determination 

The microfluidics device was designed to perform the following 

sequential steps: (i) labeling of AGP with the Os(VI) complex through the 

mixing of the reagents inside the channel, (ii) incubation of the labeled 

product (AGP-Os(VI)) to allow the product to be adsorbed on the electrode 

surface, (iii) wash step with water to remove the non-adsorbed product, and 

(iv) electrochemical determination of the AGP-Os(VI) adduct in the 

presence of BR buffer. The methodology was as follows: first, water (15 µL) 

was added to the upper left inlet (H2O reservoir in Figure V.2.1.4 A). After 

filling the main channel area placed on the 5th layer, water would stop at the 

valve. Second, AGP and Os(VI)O2(OH)2TEMED complex were added (10 

µL) to separate reservoirs/inlets and arrived at the valve. Once all reached 

the valve, the three fluids started flowing to the main channel outlet. Finally, 

the BR buffer (30 µL) was added at the upper right inlet reservoir (BR 

reservoir in Figure V.2.1.4 A) and the paper pump was connected to 

resume the flow inside the microfluidics device. The BR buffer was used as 

the electrolyte for AdTSWV measurements. 
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Figure V.2.1.4. (A) Schematic of mixing device with the integrated 

electrochemical detector. H2O, BR, AGP, and Os represents inlets for 

water, BR buffer, AGP and Os(VI) complex, respectively (B) 

Voltammograms obtained using AdTSWV with 30 min incubation time 

for 0.2 M BR buffer at pH 3.0 (blank) (green line), 15.15 mM Os(VI) 

complex (control) (red line), 2000 mg L−1 AGP (control) (blue line), 

and 2000 mg L−1 AGP-Os(VI) (black line). Conditions: as in Figure 

V.2.1.3 B.  

 

The labeling of AGP with the Os(VI) complex occurs in the main channel. 

As aforementioned, AdTSWV measures only adsorbed protein. Thus, a 

sufficient incubation period is required to allow not only the AGP to be 

labeled with the Os(VI) complex, but also the AGP-Os(VI) adduct to be 

adsorbed onto the WE. When the incubation time is finished, the non-

adsorbed Os(VI)O2(OH)2TEMED complex is then removed by a washing 

step. It is only after the paper pump is connected at the outlet that the flow 

inside the microfluidics device restarts. The mixed solution flows followed 

by water (washing step) and BR buffer sequentially. When paper was 

removed, the flow stops and then the electrochemical detection of the 

adsorbed AGP-Os(VI) is performed.  

Figure V.2.1.4 B shows voltammograms of blank (green line), Os(VI) 

complex (red line), AGP (blue line),  and AGP-Os(VI) (black line) using our 

approach. Clearly, a peak at –1.1 V, which is corresponded to the AGP-

Os(VI)TEMED adduct can be noticed. Unlike this, unlabeled AGP, Os(VI) 

complex and blank not present this peak. These results demonstrated that 

this approach works for labeling and detecting AGP inside the device.  
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To optimize the incubation time, 2000 mg L−1 AGP-Os(VI) was measured 

at different incubation times ranging from 0 and 30 min (Figure V.2.1.S1 

in Electronic Supplementary Material, ESM). From a practical point of view, 

it was not considered useful to study longer times. The signal at –1.1 V 

increased as a function of time, indicating that more AGP was labeled with 

the Os(VI) complex and adsorbed onto the WE. 30 min was selected as the 

best incubation time. 

Inter-day precision of measurements on DWE was also studied using two 

concentrations of AGP-Os(VI) (2000 and 500 mg L−1 AGP). RSDs of 12 % 

and 7 % were obtained from 3 days measurements (3 electrodes per day, n 

= 9), for 2000 and 500 mg L−1 AGP, respectively (Figure V.2.1.S2 in 

Electronic Supplementary Material, ESM). This level of reproducibility is 

sufficient for this assay. 

Calibration was performed at the previously optimized experimental 

conditions. Using the peak intensity, a good linear correlation was obtained 

from 500 mg L−1 to 2000 mg L−1 with a correlation coeffient of R2 = 0.990 

(Figure V.2.1.5). A good correlation coefficient was obtained (r2 = 0.990). 

The calibration curve slope was (1.03 ± 0.06) x 10-10 A L mg−1 and the 

intercept was (4.6 ± 0.8) x 10-8 A (n = 3). The LOD was 231 mg L−1 using the 

3 S/N criterion. In previous works (20,21,63), lower LODs were obtained; 

however, in those works the labeling step was not integrated in the 

microfluidics device and the incubation time was longer (16 h).  

The analytical characteristics show that AdTSWV method is adequate for 

AGP determination in serum samples, because AGP concentration in 

healthy humans ranged between 200 and 1000 mg L-1 and the 

concentrations are higher in patients with inflammatory and other related 

diseases. 
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Figure V.2.1.5. (A) Voltammograms corresponding to AGP at 

different concentrations using the pump-free microfluidics device 

(electrochemical signals were baseline corrected and smoothed out). 

(B) Calibration curve (n = 3). Conditions: as in Figure V.2.1.3 B. 

 

3.4. Determination of AGP in human serum samples  

Finally, AGP was determined in serum samples to evaluate the capability 

of the method for real samples. A serum sample was diluted 1:4 in 50 mM 

phosphate buffer pH 7 to reduce the signal due to endogenous AGP and next  

a learned concentration of AGP was added. 

First, the selectivity of the method was checked using a sample serum 

containing 2000 mg L-1 of AGP and 1000 mg L-1 of glucose (potential 

interference). Glucose was selected because it is not eliminated by acidic 

precipitation, it is at high concentration in serum and it can be labeled with 

Os(VI) complex. The sample was treated using the acidic precipitation 

protocol and then it was analyzed by AdTSWV. Using an external 

calibration, a recovery of 81 ± 7% (n = 3) was obtained. A similar result was 

reported by Stumpe et al. (79.1%) when they employed the acidic 

precipitation in plasma samples (58). This means that glucose does not 

interfere in the AGP analysis, probably because it is not adsorbed or is 

weakly adsorbed on electrode surface, so it is removed during washing step. 

We also tested the integration of the acidic precipitation inside the device. 

However, there were a lot of components that precipitated inside the 

channel, hindering the flow of AGP and Os(VI) complex solutions. 
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Finally, a commercial serum sample was analyzed (spiked with 1000 mg 

L-1 of AGP). The recovery was 83 ± 11 % (n = 3). (Table V.2.1.1). This low 

value is due to some AGP molecules are swept away by the precipitation of 

the other glycoproteins. Anyway, these results indicate that the overall assay 

has the basic performance needed for analysis of clinical samples. 

Table V.2.1.1. Study of recoveries using a serum sample (n=3). 

CAGP ADD       

(mg L-1) 
ISERUM+AGP 

(A)x10-7 
CSERUM+AGP 

(mg L-1) 
Recoveries 

(%) 

1000 1.3 ± 0.2 830 ± 119 83 ± 11 

 

4. Conclusions 

In this work, we propose a pump-free microfluidics device for the 

electrochemical detection of AGP. The device was fabricated by a lamination 

method and consisted of a passive mixer and an integrated electrochemical 

detection. 

All steps necessary for the quantification of AGP (labeling with Os(VI) 

complex and electrochemical detection) were successfully carried out in 30 

min using a microfluidics device without an external pumping system. The 

feasibility of this approach for the determination of AGP in serum samples 

has been demonstrated and this approach can be extended to other 

glycoprotein biomarkers. 

The proposed platform (pump-free microfluidics device with integrated 

electrochemical detectors) can serve as POCT devices for clinical analysis 

with attractive features such as simplicity, low sample consumption, low-

cost, short analysis time, disposability, and portability.   
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Figure V.2.1.S1. Voltammograms of 2000 mgL-1 AGP-Os(VI) by 

AdTSWV using different incubation times. Green line: 0 min; red line: 

10 min; blue line: 20 min and black line: 30 min. SWV parameters: 

start potential –1.5 V, end potential +0.0 V, step potential 5 mV, 

amplitude 50 mV, and frequency 2 Hz (electrochemical signals were 

baseline corrected and smoothed out). 

 

 

Figure V.2.1.S2. Voltammograms of (A) 2000 mgL-1 AGP-Os(VI) 

and (B) 500 mgL-1 of AGP-Os(VI) by AdTSWV obtained from 3 days 

measurements (3 electrodes per day, n = 9). Green line: 3 

measurements day 1; red line: 3 measurements day 2; and black line:3 

measurements day 3 (electrochemical signals were baseline corrected 

and smoothed out). Conditions: as in Figure V.2.1.S1. 
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for diagnosis of congenital disorders of 
glycosylation 
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Abstract: Here, a pump-free microfluidics device coupled with 

electrochemical made by using a multilayer lamination technique is proposed for 

detection of glycosylation disorders. Thanks to the stacking of PET films and 

double adhesive layers, it is possible to create a geometry that allows the filling of 

the tailored channels in a determined/fixed time. In the main channel of this 

passive microfluidics device, the necessary steps to perform the electrochemical 

determination of transferrin are performed: labeling of the protein with Os(VI) 

complex (electrochemical tag), washing with water of the osmium residues, and 

electrochemical detection by adsorptive transfer stripping square wave 

voltammetry. Electrochemical detection released two electrochemical signals: one 

from Os(VI) complex due to carbohydrates at -0.9V and other from the intrinsic 

electrochemical signal of glycoprotein due to the amino acids at +0.8 V. The ratio 

between them (carbohydrate signal/protein signal) establishes an indicator of the 

degree of glycosylation (called electrochemical index of glycosylation). The method 

was applied to the analysis of clinical samples from patients with congenital 

disorders of glycosylation. 
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1. Introduction 

In recent years, the trend towards decentralization of clinical analysis is 

growing (1,2).  In comparison with traditional clinical analysis performed in 

centralized clinical laboratories, analysis that provides more immediacy and 

efficiency are highly desired to improve patient care (3,4). For this reason, 

the development of point-of-care testing (POCT), also called point-of-need 

or bedside testing, has targeted a paradigm shift, making this technology 

very useful in decision-making with relation to patient health (5,6).  

To be useful, a POCT must be low-cost, easy-to-use, and miniaturized 

device in which the analysis can be carried out by non-trained people in a 

hospital, emergency department, or at home while also providing accurate 

results (7,8). Ideally, POCT devices must provide results in a few minutes 

and using a simple protocol with one or two steps in different biological 

fluids, such as whole blood, urine, or other easily obtained biological 

samples (9,10). These devices have the potential to provide a faster result 

making a tremendous positive impact. Furthermore, they offer the 

advantages of minimal sample volume consumption, which in many cases, 

such as newborn tests, is critical (11,12). Therefore, there is a growing 

tendency to develop new point-of-care platforms that show real advantages 

over laboratory pre-existing methods. In this sense, the guidelines provided 

by The World Health Organization (WHO) are very clear and they are called 

as ASSURED, in which the acronym ASSURED stands for affordable, 

sensitive, specific, user-friendly, rapid/robust, equipment-free or minimal, 

and deliverable to end users (13,14). Recently, an extended criteria was 

proposed: real-time connectivity and ease of sample collection 

(REASSURED) were added (1). With these indications, the number of 

analytes (e.g., metabolites, microorganisms, proteins, chemical and 

physical parameters) which can be detected by POCT is enormous (15–18). 

Although there are many POCT devices based on colorimetric detection 

(19,20), electrochemical devices have traditionally received a significant 

share of the attention in (bio)-sensor development. Electrochemical 

detection produces simple and yet accurate and sensitive platforms for 

patient diagnosis and has been a promising approach for POCT diagnosis. 
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The primary advantages are high sensitivity, inexpensive instrumentation, 

easy miniaturization, and integration in compact analytical devices (21–23).  

Microfluidics, due to its inherent advantages (low sample and reagent 

volume, minimal waste generation, short analysis time, high throughput, 

and portability) has emerged as a powerful tool with applications in many 

fields, specially, in the development of integrated lab-on-a-chip systems 

that reproduce laboratory-scale processes on a miniaturized format (24–

27). In this sense, it is still difficult to find devices that perform complicated 

sample preparation steps such as mixing of reagents, separation/isolation 

of the target sample, and effective reaction between reagents and samples. 

For that reason, many innovative and creative methods have been and 

continue to be proposed (9,28,29). One promising approach is the use of 

capillary-driven microfluidics, also named passive methods. In these 

systems, fluids autonomously move along a channel without external force 

by the capillary effect (30–33), unlike traditional microfluidics devices, 

which use external forces such as pressure, magnetic, electrical, etc. (34,35). 

Capillary-driven flow is quite robust and easy-to-use, and it does not require 

any moving components or external power (36). Furthermore, in these 

types of devices paper can be act as a capillary pump (37). Interestingly, we 

recently developed a pump-free microfluidic device for the labeling and 

electrochemical detection of α1- acid glycoprotein in serum samples. 

Glycoproteins, which represents almost the 70 % of proteins in the 

human body, are the focus of intensive research because can reveal the 

presence of certain diseases (38,39) such as congenital disorders of 

glycosylation (CDG). This is a rare disease, which is formed by large family 

of autosomal recessive and mostly multi-systemic disorders. There are not 

unique and precise symptoms which can be relate with CDG diseases (40). 

Most CDG patients have dysmorphic facial features, variable coagulation 

and endocrine defects, and abnormal fat distribution. In other patients, it 

can be found neurologic, cardiac, gastrointestinal, hepatic, renal, 

hematologic and/or immunologic problems (41,42). However, it seems 

clear that, due to the extremely severe symptoms, and for timely 

implementation of appropriate therapies and improving clinical outcomes, 

an early and accurate diagnosis of CDG is crucial (43,44). 
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One of the biomarkers used for the detection of this disease is 

carbohydrate deficient transferrin (CDT) which is defined as the ratio 

between the amount of transferrin (Tf) glycoforms with lower glycosilation 

(asialo-, disialo- and trisialo-Tf) and the total amount of glycoforms 

(aforementioned glycoforms plus tetrasialo-, pentasialo- an hexasialo-Tf) 

(45–47). In CDG patients, glycoforms asialo-, disialo- and trisialo-Tf, which 

are those with lower amount of glycans are increased respect to the main 

glycoform (tetrasialo-Tf), so their CDT values are high (47).  

The most employed analytical methods (HPLC and CE) are based on 

separation techniques for separating transferrin glycoforms and, in 

consequence, quantifying the loss of carbohydrates (% CDT) (48,49). 

However, in these methods, expensive instrumentation, which not in all 

laboratories is available, is needed and prevents diagnosis at the point of 

care. In consequence, POCT is a pertinent approach, because it would 

facilitate the early diagnosis of CDG (it commonly happens after 

disregarding other diseases) and also the extension of its diagnosis to 

developing countries.  

In this sense, our group have recently proposed a new parameter to 

measure the glycosylation level of Tf, called “electrochemical index of 

glycosylation (EIG)”  (50). This parameter showed an excellent correlation 

with the official parameter % CDT and it can be easily measured by a simple 

screen-printed carbon electrode. In addition, this methodology was able to 

differentiate between serum from CDG patients and healthy people. The 

method uses an Os(VI) complex, which selectively reacts with glycans, as 

electrochemical tag for Tf. This adduct (Tf-Os(VI) complex) yields two peaks 

in square wave voltammetry (SWV): one from the carbohydrate component 

(Os(VI) complex) at -0.9 V vs Ag/AgCl and the other from protein 

component (electroactive amino acids from transferrin) at +0.8 V vs 

Ag/AgCl. The ratio between these two signals (carbohydrate signal/protein 

signal) is the EIG parameter. The main limitation of this approach was the 

long reaction time of labelling step (16 h) that was performed manually. 

In this work, we explored the use of capillary-driven microfluidics for 

developing a passive and low-cost microfluidics electrochemical device for 

CDG diagnosis. The lamination method, in which the channel geometry of 
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each layer (PET films and double-sided adhesive (DSA)) was formed before 

aligning and bonding with each other, was used to create the device. The 

steps necessary for the measurement of EIG value for Tf were carried out in 

the main channel of the device without external pumps. These steps include 

the labeling of Tf with Os(VI) complex (which acts as electrochemical 

probe), the adsorption of the formed adduct on the working electrode, the 

washing step with water to remove the excess of complex, and finally the 

electrochemical detection (EIG measurement).  

2. Material and methods  

2.1. Materials 

Adhesive vinyl sheets (Tavolozza), transparency film (Avery Zweckform), 

and double-sided adhesive paper (Klebefolie) for the fabrication of the 

devices were obtained from a local store. Carbon ink (C2000802P2, Gwent 

Group) was employed to form the electrodes (working and counter) and 

Ag/AgCl paste (C2130809D5, SunChemical) was used to reference 

electrode. 

Transferrin (Tf) (≥98 %), potassium osmate (VI) dihydrate and 

N,N,N′,N’-tetramethylenediamine (TEMED) were purchased from Sigma–

Aldrich (Darmstadt, Germany). Phosphoric acid, hydrochloric acid, acetic 

acid, disodium hydrogen phosphate and sodium dihydrogen phosphate 

were purchased from Panreac (Barcelona, Spain). Anti-Transferrin 

antibody (ab66952) was purchased from Abcam (Cambridge, UK).  

Centro de Diagnostico de Enfermedades Moleculares (CEDEM, Madrid, 

Spain) donated us serum samples from patients diagnosed with CDG. These 

samples were previously anonymized (approved by research ethic 

committee of CEDEM). 

Protein G was used to functionalize magnetic beads (MBs), which were 

acquired from Thermo Fisher Scientific (USA). Before use, to homogenize 

MB suspensions, 1 μL was added to a microtube and rinsed twice  with 100 

mL PBS solution pH 7.4.  

Ultrapure water was used for preparing all solutions (Merck Millipore, 

Darmstadt, Germany). 
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2.2. Instrumentation 

A multi potentiostat/galvanostat μSTAT 8000 (DropSens, Oviedo, 

Spain) was used for all electrochemical measurements. This potentiostat 

incorporates “DropView 8400”, which was the software used for 

electrochemical measurements. 

AutoCAD 2018 (Autodesk, Student Version) was used to design the 

stencil with the geometry of electrodes and this stencil was cut using a 

desktop cutting plotter (Silhouette Cameo 3, Silhouette). In this work, a 

three-electrode configuration was used. The steps to fabricate these 

electrodes are shown in Figure V.2.2.1. First, it was used a template of 

adhesive vinyl in which pseudo-reference electrode (RE), working electrode 

(WE) and counter electrode (CE) were constructed in dimensions of 1.34 

mm x 3 mm and are 1.25 mm apart from each other. From upstream to 

downstream electrodes were placed as follows: RE, WE and CE. Then, it was 

used carbon ink to drop on the transparency film surface of WE and CE 

using the template and the electrodes were cured at 50 ºC for ~10 min. 

Finally, it was used the template to cover the RE with Ag/AgCl paste and it 

was cured again at 50 ºC for ~10 min. 

Before to electrochemical experiments, WE were electrochemically 

pretreated in BR buffer solution by carrying out cyclic voltammetry (1 cycle) 

from –1.0 V to +1.0 V (scan rate = 0.05 V s − 1). 
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Figure V.2.2.1. Fabrication scheme of electrodes using screen -

printing technology. Three-electrode system was screen-printed on the 

detection zone of transparency film substrate (6th layer) using carbon 

ink for working electrode (WE) and counter electrode (CE); and 

Ag/AgCl paste for reference electrode (RE).  

2.3. Immunopurification procedure 

Tf needed to be isolated from the rest of components when serum 

samples were analyzed using immunomagnetic beads. The synthesis of anti-

transferrin-protein G-MBs (anti-Tf-MBs) was previously reported (50). 

The immunopurification procedure was as follows: 1 μL of anti-Tf-MBs 

were mixed with 100 μL of serum sample in a microtube. This suspension 

was incubated for 45 min under soft shaking at 25 ºC. Then the microtube 

was set on the magnet holding block (2 min) and the supernatant was 

removed. Tf-anti-Tf-MBs were washed twice with PBS pH 7.4 and, finally, 

resuspended in 20 μL of PBS pH 7.0 and transferred into the device to be 

labeled with Os(VI) complex. 

2.4. Device fabrication and operation 

A capillary-driven microfluidics device was fabricated by laminating 

double-sided adhesive (DSA) and PET film as shown in Figure V.2.2.2. In 

this case, the device was composed of 9 layers of DSA and transparency film 

whose thickness is 50 and 100 µm, respectively. All layer designs were 

devised using AutoCAD 2018 (Autodesk, Student Version) and cut with a 

desktop cutting plotter (Silhouette Cameo 3, Silhouette). 
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The device consists of four inlets channels (the two bottom inlets have 

100 µm height, while the two top inlets have 50 µm height) that eventually 

connect to a main channel (100 µm height and 3 mm width) (Figure 

V.2.2.2 A). As shown in the cross-sectional view (Figure V.2.2.2 B), each 

inlet channel was placed in a different vertical position to control the flow, 

and the main channel was formed between the top and bottom PET film 

layers.  

Figure V.2.2.2 C shows all geometries of the transparency film and DSA 

layers for the microfluidics device. The device operation consists of the 

following steps:  

1) 30 µL of water was added in the upper left inlet (a in Figure V.2.2.2 

A), filling the channel of 5th layer, until the valve area.  

2) 20 µL of different fluids was added in the lower left and right inlets (b 

and c in Figure V.2.2.2 A), filling channels of 3rd and 8th layers. Although 

these two fluids are pipetted at the same time, the speed of the flow through 

the inlet channel prevents both fluids arrive simultaneously, so one fluid 

arrives at the junction first. Air to be trapped within the channel and/or 

inconsistent flows may be caused by this difference in arrival times. To avoid 

these problems, the microfluidics device has a valve, which is called burst 

valve because it bursts only when the second fluid arrives (valve opening). 

So, the fluid that arrives first cannot continue to flow into the main channel, 

due to the junction (burst valve) formed in the middle layer. The fluid 

meniscus loses contact with the transparency surface on one side and it is 

only when second fluid reaches the junction and creates a combined 

meniscus in the main channel, that both fluids start flowing into the main 

channel.  

3) There was an incubation time to allow the mix between fluids (labelling 

reaction) and the adsorption on the WE. 

4) 90 µL of buffer was added in the upper right inlet (d in Figure 

V.2.2.2 A). As all channels are filled, there is not flow by capillarity. So, a 

piece of paper (paper pump) is connected in the outlet to start the flow 

inside the microfluidics device, replacing the liquid in the channel of 5th 
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layer by buffer. Finally, this buffer, which acts as electrolyte, arrives to 

detection zone, and electrochemical detection is carried out. 

 

Figure V.2.2.2. Schematics of the microfluidics device. (A) The 

microfluidics electrochemical device consisted of four inlet channels, 

one main channel, a valve and three electrodes (detection zone). (B) 

Channels are placed in different vertical positions, as shown in the 

cross-sectional view of [1-1’], [2-2’], [3-3’] and [4-4’]. (C) Channel 

geometries of the microfluidics device defined on each layer.1, 4, 6 and 

9 consist of transparency film (light grey) while layers 2, 3, 5, 7 and 8 

are made of double-sided adhesive (dark grey). 

 

2.5. Electrochemical measurements 

The determination of Tf-Os(VI)TEMED was carried out employing 

adsorptive transfer square wave voltammetry (AdTSWV). In this case, the 

mixture of Tf and Os(VI) complex was incubated during 60 min and the 

analyte was adsorbed onto the WE. Next, the electrode was rinsed with 

water and then with 0.2 M BR buffer pH 3 (background electrolyte for 

electrochemical detection). Square wave voltammetry (SWV) parameters: 

start potential –1.2 V, end potential +1.2 V, frequency 100 Hz, amplitude 50 

mV, and step potential 5 mV. 
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The calculation of EIG was carried out following the equation (1), in 

which the peak height of Os(VI) complex signal (at –0.9 V) is divided by the 

peak height of amino acid residues (Cys, Trp, Tyr) signal (at +0.8 V) (50). 

(1)           EIG =
height of Os(VI)signal (at – 0.9V)

height of amino acid signal (at 0.8V)
 

 

3. Results and discussion  

3.1. Optimization of labeling and detection of transferrin inside 
the microfluidic device 

A 30 mM Os(VI)O2(OH)2TEMED complex in 0.2 M sodium phosphate 

pH = 7.0 solution was used as labeling solution. It was prepared according 

to the bibliography (50,51). The proposed microfluidics device must not 

only perform the labeling of Tf with Os(VI) complex inside the main 

channel, but also it must carry out the electrochemical detection of Tf-

Os(VI) adduct. Firstly, the main channel placed on the 5th layer was filled 

with water (30 µL was added to the upper left reservoir) (Figure V.2.2.3 

A a). Then, Tf and Os(VI)O2(OH)2TEMED complex solutions were added 

(20 µL) to reservoirs (see Figure V.2.2.3 A b and c) and arrived at the 

valve, which is formed downstream the junction of three microfluidics 

channels. With this valve, the fluids enter the main channel at the same time 

to ensure mixing as shown previously (33). Once this happens, the three 

fluids (water, Tf and Os(VI) complex solutions) flow to the main channel 

outlet. At this point, the labeling reaction began (Tf-Os(VI) adduct 

formation), so an incubation period was required. When the Tf-Os(VI) 

adduct arrived at the detection zone, it was adsorbed onto the working 

electrode. 

Finally, BR buffer (90 µL) was added at the upper right reservoir and the 

paper pump was connected to restart the flow inside the microfluidics 

device (Figure V.2.2.3 A d). The mixed solution begins to flow, followed 

by water and BR buffer, sequentially (Figure V.2.2.3 A e). When this 

buffer, which acts as the electrolyte for electrochemical measurements, fills 

the detection zone, the paper pump was removed to stop flow and the 

electrochemical measurement performed with the optimized reaction times. 
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The non-reacted Os(VI)O2(OH)2TEMED complex is removed by a washing 

step (water) and only adsorbed protein was measured by AdTSWV.  

First, the new approach for labeling and detecting Tf inside the devices 

was evaluated. Figure V.2.2.3 B shows voltammograms of BR buffer 

(black line), Os(VI) complex (green line), Tf (blue line) and Tf-Os(VI) (red 

line). Clearly, two peaks at −0.90 V (peak 1) and +0.8 V (peak 2) were 

observed when Tf was labelled with the Os(VI)TEMED complex. These 

same peaks, were not found for the Os(VI) complex or the blank (buffer). 

First correspond to the Tf-Os (VI) signal, while the second correspond to the 

oxidation of electroactive amino acid (Cys, Trp, Tyr) from Tf. In the native 

glycoprotein, there is only the peak at +0.8 V. These results demonstrate 

that this new methodology is valid for labeling and detecting Tf. 
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Figure V.2.2.3. (A) Sequential steps showing the moments of: (a) 

water injecting, (b) Tf flows first and stops at the valve, (c) Os(VI) 

complex arrives and valve release and producing the mix in the main 

channel, (d) and (e) flow starts when rectangular-shaped paper was 

put in outlet part, and (f) BR buffer arrive at the main channel. (B) 

Voltammograms obtained using AdTSWV with 60 min incubation time 

for 0.2 M BR buffer at pH 3.0 (blank) (black line), 7.58 mM Os(VI) 

complex (control) (green line), 9.4 mg mL−1 Tf (blue line)  and 9.4 mg 

mL−1 Tf-Os(VI) (red line). Peak 1: Tf-Os(VI). Peak 2: amino acids 

residues. SWV parameters: start potential –1.2 V, end potential +1.2 V, 

frequency 100 Hz, amplitude 50 mV. and step potential 5 mV (the 

background signal was linearized). 

As mentioned before, an incubation time was required for labeling and 

adsorption of adduct Tf-Os(VI) complex, as key parameter. In this case, 9.4 

mg mL-1 Tf-Os(VI) was measured by AdTSWV using different incubation 

times (from 5 to 120 min) (Figure V.2.2.S1 in Electronic Supplementary 

Material, ESM). As is shown in Figure V.2.2.S1, between 5 and 60 min, 
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longer times increased signal, indicating that more Tf was labeled with the 

Os(VI) complex and absorbed onto the WE. However, after 60 min the 

signal does not increase as the adsorption time increases, indicating that at 

60 min the maximum of Tf labeled with Os(VI) complex was achieved. For 

this reason, 60 min was selected as the best incubation time and used in the 

following experiments. In our previous work (50), the labeling of transferrin 

with Os(VI) complex to carry out the EIG measurements involved a time of 

16 hours, besides this step was not integrated into the analytical device. 

3.2. Analytical performance of the method for EIG determination 

Once the methodology was proven to be valid for labeling and detecting 

inside the microfluidics device, the electrochemical sensor was evaluated for 

Tf determination. First, the method calibration was performed for Tf-

Os(VI)TEMED adduct using both peaks (peak 1 at -0.9 and peak 2 at +0.8 

V). Good linear correlation coefficient was obtained for both peaks (peak 1, 

r = 0.980; and peak 2, r = 0.990, respectively) in the concentration range 

assayed (from 3.8 mg mL-1 to 11.6 mg mL-1). The calibration curve slopes 

were (1.4 ± 0.1) µA mL mg-1 for the peak at -0.9 V and (0.35 ± 0.02) µA mL 

mg-1 for the peak at +0.8 V, and the intercepts were (–1.6 ± 0.9) µA and (–

0.4 ± 0.2) µA, respectively (n = 3) (Figure V.2.2.4). The limits of detection 

(LOD) were 2.04 mg mL-1 and 1.56 mg mL-1 (3Sa criterion, where Sa is the 

standard deviation of intercept). The concentration of Tf in serum from 

healthy humans ranged between 2.1 and 3.7 mg mL-1, so this method is 

suitable (52). 
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Figure V.2.2.4. (A) Voltammograms corresponding to Tf-Os(VI) at 

different concentrations using the pump-free microfluidics device (the 

background signal was linearized). (B) Calibration curve for peak 1 (–

0.9 V). (C) Calibration curve for peak 2 (+0.8 V). Conditions: as in 

Figure V.2.2.3 B. 

 

As it was previously demonstrated (50), the greater the amount of glycans 

in Tf, the higher the number of Os (VI) complex molecules bound to Tf. This 

allowed us to propose a new approach to measure the level of CDT, based 

on the ratio generated by the relation between Os (VI) signal and protein 

signal (EIG). This parameter must be constant because it only depends on 

the glycosylation of Tf and not on the concentration. Only under some 

pathological states such as CDG, the glycosylation of Tf is lower so that, in 

these cases, the Os (VI) signal decreases and, in consequence, the EIG 

parameter too. 

3.3.  Application to diagnosis of CDG I in serum samples 

When analyzing serum samples, an immunopurification process is 

necessary to isolate Tf from the rest of components in the sample (see 

Section 2.3). In this step, Tf was captured by anti-Tf-MBs, resuspended in 

20 μL PBS pH 7.0 and, finally, transferred into the device to be labeled with 

Os(VI) complex. However, antibodies are glycoproteins that have a group of 
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carbohydrates to which the Os(VI) complex could bind and increase the 

signal. 

For this reason, it is necessary to perform a control experiment in which, 

the magnetic particles with the Tf antibody, without Tf, were transferred 

into the device and labeled with Os(VI) complex with 60 min of incubation 

time. 

As can be seen in Figure V.2.2.S2 A, the signal obtained for the 

concentration used for antibody is negligible (represents less than 2 % of the 

signal) compared to the signal obtained by Tf-Os(VI)TEMED adduct. So, it 

is possible to use these magnetic beads in the immunoassay. However, it 

was necessary to use a magnet to lead them to the detection zone and to 

prevent their deposition on the reservoir and main channel bottom (in 

Figure V.2.2.S2 B) 

Finally, the methodology was tested in serum samples using this 

microfluidics device as electrochemical sensor for CDG diagnosis. Firstly, 

commercial serum was analyzed as a control sample. Next, a serum sample 

from CDG-I patient was analyzed (Figure V.2.2.5). Table V.2.2.1 shows 

the main results obtained. Using a t-test at 95% confidence level (P ≤ 0.05), 

it was found significant differences between the control sample and CDG 

sample, demonstrating that with this approach it was possible to distinguish 

between healthy people and CDG I patients. 
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Figure V.2.2.5. Voltammograms obtained by AdTSWV in different 

samples using the pump-free microfluidics device (the background 

signal was linearized): BR buffer at pH 3.0 (blank) (dot line), CDG 

sample (red line) and control serum (black line). Other conditions as 

in Figure V.2.2.3 B. 

 

Table V.2.2.1. Comparison between EIG values obtained in control 

sample and CDG sample (n = 3). 

 Control serum CDG-I sample  

EIG ± standard 

deviation 
2.58 ± 0.4 1.13 ± 0.2 
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4. Conclusions 

A low-cost and passive electrochemical microfluidics device has been 

fabricated by lamination method and it was applied to measure the 

glycosylation degree of Tf (EIG). This device enables performance of several 

assay steps with minimal user intervention: transferrin labeling with Os(VI) 

complex, washing, and electrochemical detection. Moreover, the 

microfluidics approach enables to reduce the labelling reaction time (60 

min) respect previous reported works (16 h). 

The microfluidics device was applied to analyze serum samples using 

immunomagnetic beads for Tf isolation. The approach enabled to 

discriminate between serum samples from healthy person and from CDG 

patients, being a further step towards the creation of a truly POCT device for 

CDG diagnosis. 
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VI. General conclusions 

The suitability of electrochemical detection coupled to different point-of-

care testing approaches (electrochemical sensors screen-printed based, 

microchip electrophoresis, and capillary-driven electrochemical 

microfluidics devices) in the field of disease diagnosis based on glycoprotein 

biomarkers, has been revealed from this Doctoral Thesis. 

The main objective of this Doctoral Thesis has been reached. On one hand, 

several methodologies for the determination of glycoprotein biomarkers 

related with important diseases have been proposed, trying to satisfy a 

medical and social demand such as early diagnosis. On the other hand, new 

miniaturized analytical technologies, and their potential to fulfill this 

demand were explored. These technologies have in common their potential 

miniaturization, automatization, portability, and easy-to-use, therefore 

they meet the POCT requirements. 

The electrochemical detection has constituted the basis of the 

methodologies developed in this Doctoral Thesis. In this sense, the use of 

six-valent osmium complex was the decisive step to be able to carry out the 

measurements of these glycoprotein biomarkers. 

Firstly, electrochemical sensors based on screen-printed electrodes 

(SPEs) were developed for the individual determination of two glycoprotein 

biomarkers: α1-acid glycoprotein (AGP) level and carbohydrate deficient 

transferrin (CDT). The results demonstrated their suitability for fast, 

sensitive, and accurate determination of both biomarkers in serum samples. 

Microfluidics technology since it allowed the integration of additional 

steps required to perform the analysis. In this aspect, firstly, microchip 

electrophoresis in combination with electrochemical detection (ME-ED) 

was used for the separation and detection of AGP and Tf using a single-

channel glass microchip with a screen-printed carbon electrode (SPCE).  
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Secondly, capillary-driven microfluidics devices were developed. These 

devices were composed of multiple layers made by different materials 

including double-sided adhesive (DSA) and transparent plastic. The proper 

design of these layers provided device with multiple channels and 

microfluidics components (reservoirs, valves…), which allows to carry out 

all the necessary steps inside the device (labeling, washing, and detection) 

for the electrochemical determination of the AGP and Tf. No external pump 

was needed. 

These electrochemical microfluidics systems allowed to perform fast and 

accurate analysis using very low sample and reagents and minimizing 

human intervention, making them valuable devices for POCT. 

Overall, it can be concluded that these miniaturized, portable, and 

potentially automatable approaches proved to be an added value to the 

analytical performance of routine glycoprotein biomarkers analysis. The 

additional analytical benefits such as simplicity, minimal use of reagents 

and samples, speed, and cost reduction, make them serious candidates for 

POCT, so we envision their use in the doctor’s office or at patient’s bedside 

in the near future.  

Once these reflections have been made, it has been considered 

appropriate to summarize the main conclusions of each chapter: 

1. A simple and cheap electrochemical method (AdTSWV) has 

demonstrated to be useful for the determination of AGP in serum samples 

using an electrochemical sensor screen-printed based. The use of Os(VI) 

complexes as electrochemical tags was fundamental for glycoprotein 

sensing in terms of sensitivity and selectivity. The advantages of SPCE 

technology such as low sample consumption, low-cost, and portability make 

this methodology very attractive in point-of-care testing field. These 

benefits were achieved without detriment to other analytical characteristics, 

where an adequate accuracy (recovery 81 %) and a good sensitivity (LOD = 

1.6 mg L-1) were obtained. 
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2. The use of multi-walled carbon nanotubes scaffold films (MWSFs) as 

electrodic material for AGP determination allowed us to improve the 

sensitivity (LOD = 0.6 mg L-1) and reproducibility (RSD < 1 %) of the 

aforementioned sensor. This is due to the high active surface and high 

fouling resistance of this carbon nanomaterial. MWSFs become a disposable 

electroanalytical tool for the determination of complex molecules such as 

glycoproteins. In addition, the time of labelling reaction with Os(VI) 

complex was dramatically reduced to 15 min by an exchange ligand step, 

opening the door for future clinical and POCT applications. 

3. The disposable screen-printed based electrochemical sensor 

combined with immunomagnetic beads has demonstrated to be successful 

in the measurement of carbohydrate deficient transferrin (CDT) in clinical 

samples. Two voltammetric signals were generated in the sensor by tagged 

transferrin: one was due to the carbohydrate part (Os(VI) complex) (Eos(VI) 

complex = -0.9 V/Ag) and the second was due to the protein part (electroactive 

amino acids from transferrin) (Eamino acids = +0.8 V/Ag). The ratio between 

both signals (carbohydrate signal/protein signal), called “electrochemical 

index of glycosylation (EIG)”, showed excellent correlation (R = 0.990) with 

the official parameter % CDT. Furthermore, its applicability has been 

assessed through the analysis of serum samples from congenital disorders 

of glycosylation (CDG) patients, getting satisfactory results and being able 

to discriminate between healthy and CDG patients. 

4. The simultaneous determination of two glycoproteins (AGP and Tf) 

in serum samples was achieved in less than 400 s by microchip 

electrophoresis with electrochemical detection. Furthermore, the use of 

Os(VI) complex tag allowed us to set a selective detection potential at +0.50 

V/Ag. At this potential, the synthesized glycoprotein-Os(VI) adducts yielded 

an anodic signal, but not the rest of proteins, avoiding their interference. 

The approach showed an excellent accuracy (Er ≤ 4 %) in the analysis of a 

certified human serum reference material.  



Chapter VI. 
 

248 
 

5. A pump-free microfluidics device, which was fabricated by a 

lamination method, has demonstrated to be successful in the 

electrochemical detection of AGP. The microfluidics device uses capillary-

driven flow and a passive mixing system to label the AGP with Os(VI) 

complex inside the main channel. So, all steps necessary for the 

determination of AGP (labeling with Os(VI) complex, washing with water, 

and electrochemical detection) were successfully carried out in 30 min 

inside the microfluidics device without an external pumping system. The 

optimized method showed a good linear correlation (R2 = 0.990) and an 

acceptable limit of detection (LOD = 231 mg L-1). The feasibility of this 

approach for the determination of AGP in commercial serum samples was 

demonstrated.  

6. Using the aforementioned approach, a low-cost and passive 

microfluidics device was successfully developed for the diagnosis of CDG. Tf 

was isolated from serum samples by using immunomagnetic beads and 

then, it was analyzed in the microfluidics device, assessing its EIG, which is 

indicator of the degree of glycosylation and its potential utility for CDG 

diagnosis was previously reported by us. The overall methodology took 

about 60 min with minimal analyst intervention, requiring low volume of 

sample (100 μL) and reagents. Finally, it was able to discriminate between 

serum samples from a healthy person and those from CDG patients. 
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AdTSWV Adsorptive transfer stripping square wave 
voltammetry  

AGP α1-acid glycoprotein  

BR Britton-Robinson buffer 

CDG Congenital disorders of glycosylation  

CDT  Carbohydrate deficient transferrin  

CE   Capillary electrophoresis 

CE Counter electrode 

CRP C-Reactive protein  

CVD  Cardiovascular disease  

CNM  Carbon nanomaterial  

CNSF Carbon nanotube scaffold film  

CNT Carbon nanotubes 

DSA Double-sided adhesive 

ED   Electrochemical detection 

EIG   Electrochemical index of glycosylation 

EIS Electrochemical impedance spectroscopy 

ER Endoplasmic reticulum 

FDA  Food and Drug Administration 

HPLC    High-performance liquid chromatography 

LAC Lectin affinity chromatography 

LC                                Liquid chromatography 

LIF Laser-induced fluorescence detection 
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LOC Lab-on-a-chip 

LOD Limit of detection 

LOQ Limit of quantification 

MB Magnetic beads 

ME Microchip electrophoresis 

MS Mass spectrometry 

MWCNTs Multi-walled carbon nanotubes 

MWSF Multi-walled scaffold film 

Os Osmium 

ePAD Paper-based electrochemical device 

µPAD Microfluidics paper-based analytical device 

pI Isoelectric point 

PNGase F                   N-glycosidase F 

POCT  Point-of-care testing 

PTMs  Post-translational modifications 

Py Pyridine 

RE Reference electrode 

SPEs Screen-printed electrodes 

SPCEs Screen-printed carbon electrodes  

SWCNTs Single-walled carbon nanotubes  

SWSF Single-walled scaffold film 

Tf Transferrin  

Trp   Tryptophan 

Tyr Tyrosine 

TEMED N,N,N′,N′-tetramethylethylenediamine 

WE Working electrode 

WHO  World Health Organization  
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