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Graphene is an atomically thin sheet of sp2 bonded carbon atoms forming a two 
dimensional (2-D) lattice. This structure provides this material its extraordinary properties 
such as high surface area, high electrical and thermal conductivities, optical transparence, high 
mechanical strength and high elasticity. These unique features of graphene plus the versatility 
to be synthesized with different oxygen functionalities and defects justify its exploration in 
different (electro-)-analytical applications.

Specifically, these 2-D structures are very valuable tools for electrochemical sensing. 
They offer high currents because of their large surface area, enabling fast redox conversion, 
enhancing the analytical sensitivity and the resistance to the passivation. Likewise, in many 
cases, they allow a decrease in the redox potentials due to the high presence of active sites that 
would improve the overall selectivity of the analysis.

Besides, the actual trend in Analytical Chemistry of developing new miniaturized and 
portable analytical devices capable of generating a fast response, reducing sample and reagents 
consumption or improving portability of the instrumentation with a low cost, became a 
starting point for the inclusion of nanomaterials such as graphene with the compatible screen-
printed and microfluidic technologies for advanced sensing and biosensing. In addition, the 
electrochemical detection coupled to microfluidic systems is a valuable detection principle 
due to its inherent miniaturization, and high compatibility with micro- and nanotechnologies. 
In this sense, the integration of graphene and other nanomaterials is a very pertinent 
combination because of the low sensitivity that microfluidic platforms often present.

Recently, micromotors –devices that convert energy into movement– have comprised 
a new technological leap in science for the development of autonomous machines that could 
carry out a particular task. The structure, shape and size as well as the materials constituting 
these micromotors are essential for an excellent propulsion and creative application. Graphene 
appears in this scene as a very convenient material to be part of these novel devices because of 
the versatility in its chemical funtionalization and its outstanding physical properties such as 
its high mechanical strength, flexibility or elasticity, as it was previously commented.
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Therefore, all the features derived from the graphene and related nanomaterials stated 
above convert these materials in unique and innovative tools to incorporate in the current 
analytical nanoscience and nanotechnology. As a consequence, the exploration and evaluation 
of graphene-based materials for enhancing the analytical performance of the previously 
identified vanguard analytical tools –electrochemical (bio-)-sensors, electrochemical 
microfluidics and micromotors– has constituted the main motivation of this Doctoral Thesis.

To this end, this Doctoral Thesis has three defined objectives.

1. Design, characterization and development of novel electrochemical graphene-based 
electrochemical (bio-)-sensors.

2. Design, characterization and development of novel graphene-based electrochemical 
detectors in microfluidic chips.

3. Design, characterization and development of novel chemically and ultrasound-
powered graphene-based micromotors.

Accordingly to the previous objectives, the main milestones identified in this Thesis 
have been:

1.1. Analytical characterization and electrochemical evaluation of chemically synthesized 
graphene nanoribbons with different oxygen content using microscopy, spectroscopic 
and electrochemical techniques.

1.2. Design and development of graphene-based chemical sensors for fast and reliable 
detection of target molecules of clinical relevance (ascorbic acid, levodopa, L-tyrosine 
and uric acid) and its application for monitoring uric acid in urine samples.

1.3. Design and development of a novel biosensing strategy for fast and reliable detection 
of target D-amino acids with clinical significance (D-tyrosine in Bacillus subtilis 
and D-methionine in Vibrio cholerae) and its application for its monitorization in 
urine samples using screen-printed graphene-based electrodes.

2.1. Design and development of a novel electrochemical microfluidic biosensing 
strategy for fast and reliable detection of target D-amino acids (D-methionine 
and D-leucine) with clinical significance in Vibrio cholerae using screen-printed 
graphene-based electrodes.

2.2. Design, fabrication and characterization of exclusive carbon nanomaterial 
transducers (reduced graphene oxide (rGO), single-walled carbon nanotubes 
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs)) based on teflon filter 
electrodes for electrochemical and microfluidic sensing.

2.3. Development of a microfluidic chip coupled to exclusive multi-walled carbon 
nanotube transducers for the determination of quality phenolic markers (tyrosol, 
hydroxytyrosol and oleuropein) in olive oils.

3.1. Optimization of the template-assisted electrosynthesis of graphene/platinum and 
graphene/gold micromotors using double conical polycarbonate membranes as 
templates.
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3.2. Analytical characterization of the graphene micromotors using optical and electron 
microscopy techniques.

3.3. Study of the propulsion mechanisms (chemically and ultrasound powered) in the 
graphene/platinum and graphene/gold micromotors, respectively.

According to these objectives, the results of this Doctoral Thesis have been divided into 
chapters 2, 3 and 4.

In a first stage, synthesis, characterization and applications of graphene in the 
development of new electrochemical sensors and innovative biosensing strategies using 
screen-printed technology have been studied. (Chapter 2 Graphene nanoribbons for 
electrochemical (bio-)-sensing).

Firstly, the state of the art of graphene materials in (bio)-sensing have been revised 
(Chapter 2.1. Graphene for electrochemical (bio-)-sensing).

Then, the synthesis and characterization of two graphene nanoribbons with different 
oxygen content was carried out. Graphene oxide nanoribbons (GNRox) obtained from multi-
walled carbon nanotubes (MWCNTs) and reduced graphene nanoribbons (GNRred) obtained 
from the chemical reduction of GNRox. GNRs were characterized by atomic force microscopy 
(AFM), transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS), 
infrared (IR), Raman spectroscopy, X-ray diffraction (XRD), and electrochemical techniques 
(cyclic voltammetry (CV), chronocoulometry, differential pulse voltammetry (DPV)). From 
all these techniques, the following data are summarized for GNRox (44 wt.% oxygen content, 
0.8 nm layer height, 19% Csp3, 2% Csp2) and for GNRred (14 wt. % oxygen content, 1.2 nm 
layer height, 47% Csp2, 10% Csp3).

Afterwards, the electrochemical behavior on GNRox and GNRred for a set of analytically 
significant target molecules with different chemical structures was evaluated using DPV, 
including hydroquinone, catechol, resorcinol, levodopa, L-tyrosine, uric acid and ascorbic 
acid. The results showed that GNRs provided significantly better electrochemical responses 
compared to the controls MWCNTs (the carbon source) and the non-modified glassy carbon 
electrode. GNRox resulted to be the material of choice for sensing molecules with high 
oxidation potentials, and GNRred, on the other hand, yielded an excellent sensitivity for 
aromatic molecules in which π-π interactions were dominant or the number of conjugated 
1,2-diols presented was high.

Then, the advantages of these materials were explored for the fabrication of disposable 
electrochemical sensors on carbon screen-printed (CSPE) platforms for the sensing of 
ascorbic acid, levodopa and uric acid. GNRred exhibited electrocatalysis towards ascorbic 
acid, levodopa and uric acid allowing a fast (100 s), selective, and accurate determination with 
quantitative recoveries (97 - 101%) of these analytes in urine samples. (Chapter 2.2. Graphene 
nanoribbons for electrochemical sensing).

GNRox on disposable CSPEs were used for a straightforward in-situ measurement of 
L and D-amino acids, taking advantage of the electroactivity of certain clinically relevant 
amino acids such as tyrosine and methionine involved in important bacterial diseases such 
as, Bacillus subtilis and Vibrio cholerae, respectively. (Chapter 2.3. Graphene nanoribbons for 
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electrochemical biosensing). The strategy is based on a dual electrochemical and enzymatic 
approach, in which the H2O2 generated from the reaction of the D-amino acids with the class 
enzyme D amino acid oxidase (DAAO) and the L-amino acids, which is an electroactive 
molecule, are simultaneously detected by DPV. On GNRox disposable platforms using 50 μL 
of sample and 360 s the simultaneous detection, calibration and quantitative analysis of both 
L and D enantiomers was carried out in urine samples.

In a second stage, the design and fabrication of novel electrodes based on carbon 
nanomaterials and their application in electrochemical microfluidics have been developed 
(Chapter 3. Graphene for electrochemical microfluidic (bio-)-sensing).

Firstly, the state of the art of the coupling between carbon nanomaterials and 
electrochemical microfluidics was reviewed. (Chapter 3.1. Carbon nanomaterials for 
electrochemical microfluidic (bio-)-sensing: state of the art). On the one hand, a novel strategy 
using an electrochemical microfluidic strategy with commercial CSPEs modified with GNRred 
was presented for the separation and enantiomeric detection of D-methionine and D-leucine. 
(Chapter 3.2. Graphene-based materials in electrochemical microfluidic biosensing). These 
D-amino acids act as biomarkers involved in relevant diseases caused by Vibrio cholerae. The 
proposed electrokinetic strategy allowed the controlled microfluidic separation of the D-amino 
acids and the specific reaction on-column between DAAO and each D-amino acid as well as the 
electrochemical detection of hydrogen peroxide yielded from each reaction. This novel strategy 
offers interesting advantages because it avoids the use of additives for enantiomeric separation 
or any covalent immobilization of the enzyme into the wall channels or on the electrode surface 
such as in the biosensor-based approaches. Likewise, graphene-based electrodes end-channel 
coupled to the microfluidic system allowed to improve the electrochemical detection of the 
D-amino acids showing the analytical potential of graphene material.

On the other hand, new tailor-designed carbon nanomaterial-based electrodes have 
been proposed (Chapter 3.3. Novel carbon nanomaterial-based electrodes for electrochemical 
microfluidic sensing). These teflon filtered electrodes (TFEs) based on single-walled, multi-
walled carbon nanotubes and graphene have been designed using two designs: a three-
electrode configuration for electrochemical sensing and a line-electrode configuration for 
electrochemical microfluidics.

The characterization of these carbon nanomaterial-based electrochemical transducers 
by field-emission scanning electron microscopy (FE-SEM), current sensing AFM and 
electrochemical impedance spectroscopy revealed the porosity of the electrodic surface, the 
final disposition of the nanomaterials on the filter and confirmed that the nanomaterial is 
the exclusive transducer of the electrical signal. The coupling of these TFEs as electrochemical 
detectors with microfluidic chips demonstrated to be suitable in the determination of three 
quality phenolic markers, tyrosol, hydroxytyrosol and oleuropein in olive oil samples in less 
than 300 s with good accuracy and precision.

Finally, in this Doctoral Thesis, the design, characterization and development of new 
graphene-based micromotors chemically and ultrasound powered have been described. 
(Chapter 4. Graphene-based micromotors: electrosynthesis, characterization and applications).
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Firstly, micromotors as analytical tools and their propulsion mechanisms have been 
introduced (Chapter 4.1. Micromotors: state of the art). Afterwards, the optimization of the 
electrosynthesis of graphene/metal micromotors by the direct electrodeposition of graphene 
oxide within the conical pores of a polycarbonate template membrane followed by deposition of the 
inner metal layer has been discussed (Chapter 4.2. Chemically powered graphene micromotors). 
The presence of high number of edges and defects in the graphene layer results in highly 
reactive microporous platinum or gold catalytic structures. The high catalytic activity of Pt, 
in the desproportion of H2O2 as chemical fuel, leads to an ultrafast bubble propulsion of 
the micromotor (with speed as high as 1700 μm/sec) and operation at extremely low levels 
(0.1 %) of the peroxide fuel.

Furthermore, new graphene/gold micromotors, loaded in a gel matrix stabilizer with 
perfluorocarbon (PFC) emulsions and silica particles or nanobullets, have reached speeds in the 
meters per second scale. (Chapter 4.3. Ultrasound powered graphene micromotors). The propulsion 
mechanism relies in the vaporization of the PFC emulsions contained in the micromotor after the 
application of ultrasound pulses, allowing the firing and ejection of the nanobullets.

Finally, considering the unifying thread of this Doctoral Thesis relying on the exploration 
of the graphene properties as a new tool in the electrochemical (microfluidic) (bio-)-sensing 
as well as in the design and development of cutting-edge micromotors as new analytical tools; 
the general conclusions of this Thesis have been divided into three bullet points considering the 
three main chapters.

■ Graphene nanoribbons (oxide and chemically reduced), obtained after opening 
carbon nanotubes by chemical oxidation have demonstrated that (i) they are suitable 
nanomaterials because of the rich edge chemistry compared to pristine graphene 
(ideal graphene) and (ii) there are nanoribbons with a more suitable functionalization 
than others for electrochemical detection, depending on the chemical structure of the target 
molecule. This later fact paves the way to the tailored-designed graphenes for improving the 
analytical detection according to the chemical structure of the target molecule.

Indeed, the reactivity (abundance in defects and Csp2/Csp3 ratio) and the inherent 
properties of graphene nanoribbons (high surface area and excellent electrical 
conductivity), have demonstrated to play an important role in the design and development 
of electrochemical (bio-)-sensing strategies with enhanced analytical features in terms of 
selectivity, sensibility and reproducibility.

All in sum, the research and examination of the synergies between the analytical 
performance found for the graphene nanoribbons and those inherent to the screen-
printed technologies have permitted to develop fast response, disposable and portable 
analytical innovative tools, which require low sample volumes and reagent consumption. 
Indeed, these graphene nanoribbons have been successfully employed in the development 
of electrochemical sensors (reduced graphene nanoribbons) and in the development of 
biosensing strategies (graphene oxide nanoribbons) for the detection of clinical and 
relevant markers in illnesses such as uric acid and D-amino acids, respectively.

■ The features derived from graphene have been creatively explored with the inherent 
advantages of microfluidic systems (fast analysis with low sample and reagent consumption, 
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portability and flow control in the microscale), because of their compatibility between the 
micro and nano scales as well as in between the micro and nanotechnologies.

Certainly, graphene (chemically reduced graphene) has demonstrated to be an excellent 
nanomaterial for the development of electrochemical transductors coupled to microfluidic 
systems. In the framework of the electrochemical detection coupled to microfluidic systems, 
it has exhibited remarkable electrocatalysis, enhanced sensitivity and high reproducibility 
due to its also high surface area and conductivity. So, these evidences confer to graphene 
an extra value in electrochemical microfluidics because of the low sensitivities usually 
presented by these platforms.

All these reasons have permitted, on the one hand, the development of innovative 
biosensing applications –using thin film approaches on conductive surfaces in 
the fabrication of electrochemical detectors– for the enantiomeric resolution and 
selective detection of D-amino acids with clinical relevancy in important illnesses 
such as Vibrio Cholerea.

On the other hand, in order to explore the mentioned electrocatalytic properties 
of graphene, new electrochemical detectors based on exclusive nanomaterials such  
as graphene and also extended to carbon nanotubes, have been designed, characterized and 
developed. The simple filtration of the nanomaterial and its disposition on flexible  
and non-conductive wafers has permitted the development of new nanomaterial-
exclusive transducers for electrochemical microfluidics, which has been the 
starting point in the development of important applications in the agro-food sector 
such as the fast and reliable detection of phenolic markers in olive oil.

■ The exceptional contribution of graphene (graphene oxide and electrochemically 
reduced graphene oxide) in the design and development of catalytic micromotors, which 
have been electrosynthesized on the pores of a polycarbonate membrane, has been 
demonstrated. Clearly, the high surface area of graphene, suitably functionalized, could 
improve from the chemical reaction responsible for the propulsion of the micromotor 
to the interaction with target molecules with analytical (bio-)-sensing purposes.

The found results have underlined graphene to be the responsible for the improved 
propulsion in micromotors yielding fast and efficient micromotors with propulsion 
mechanisms relying on the generation of bubbles from a chemical reaction and assisted 
by acoustic energies. These finds foresees a promising future in the development 
of movable sensors capable of in situ perform analytical tasks, swimming in small 
sample volumes without the use of external fluid forces.

In sum, the general conclusion of this Doctoral Thesis is that graphene −in all its 
different chemical forms and variants− has demonstrated to be an extraordinary material 
in the design and development of analytical forefront tools such as (bio-)-sensors and 
microfluidic electrochemical systems and in other new generation of cutting-edge tools such 
as micromotors in the present framework of analytical nanoscience and nanotechnology.
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El grafeno es una lámina de átomos de carbono de un átomo de espesor unidos con 
hibridación sp2. Esta estructura proporciona al material unas propiedades extraordinarias 
como son una elevada superficie específica, una alta conductividad eléctrica y térmica, 
transparencia óptica, una elevada resistencia mecánica y una extraordinaria elasticidad. Estas 
propiedades junto a la versatilidad del grafeno para ser sintetizado con distinta química de 
defectos, que permite llevar a cabo adecuadas funcionalizaciones, justifican su exploración 
para distintas aplicaciones (electro-)-analíticas.

Por una parte, estas estructuras 2-D son herramientas muy valiosas para el sensado 
electroquímico. En efecto, y debido a esta elevada superficie específica, el grafeno ofrece 
no solo una rápida conversión redox que se traduce en altas intensidades de corrientes y, 
por ello, en un aumento de la sensibilidad analítica, sino también una disminución de la 
pasivación de la superficie que conlleva una mejora de la precisión del análisis. Asimismo, 
estas propiedades superficiales permiten una disminución de los potenciales redox pudiendo 
mejorar la selectividad de la detección.

Por otra parte, una de las tendencias de la Química Analítica es el desarrollo de sistemas 
analíticos miniaturizados y portables de respuesta rápida con bajo consumo de muestra y de 
reactivos. Este tipo de sistemas analíticos de nueva generación como son los sensores y bio-
sensores electroquímicos así como los sistemas microfluídicos constituyen plataformas muy 
adecuadas donde la inclusión de nanomateriales tales como el grafeno es altamente pertinente 
debido a que se esperan prestaciones analíticas muy mejoradas. Asimismo, la detección 
electroquímica acoplada a los microchips analíticos, como ejemplo revelador de sistemas 
microfluídicos, es una valiosa herramienta debido a su miniaturización inherente y a su 
elevada sensibilidad así como su alta compatibilidad con las micro y nanotecnologías. En este 
sentido, la incorporación del grafeno y otros nanomateriales constituye una aproximación 
analítica conveniente debido a la baja sensibilidad que muchas veces presentan los sistemas 
microfluídicos. 

Por su parte, recientemente, los micromotores –dispositivos que transforman la energía 
en movimiento– han constituido un paso tecnológico muy importante en el desarrollo de 
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nuevas máquinas químicas capaces de llevar a cabo operaciones analíticas aprovechando su 
movimiento autónomo debido a la generación de burbujas a través de reacciones químicas o 
por aplicación de pulsos de ultrasonidos (entre otros mecanismos). Resulta preciso destacar 
que la estructura, forma, tamaño y, particularmente, los materiales que constituyen estos 
micromotores juegan un papel esencial para conseguir una propulsión óptima y el desarrollo 
de aplicaciones novedosas dentro del ámbito del biosensado. En este sentido, el grafeno se 
constituye como un material muy adecuado para formar parte de estas nuevas máquinas 
moleculares debido a su versatilidad en su funcionalización química y a sus extraordinarias 
propiedades físicas como alta conductividad,  resistencia mecánica, flexibilidad o elasticidad, 
tal y como se ha comentado precedentemente.

Todas estas características derivadas del grafeno convierten a este nanomaterial de 
carbono en una herramienta innovadora dentro del ámbito de la nanociencia y nanotecnología 
analíticas. De esta manera, la exploración y evaluación de los materiales basados en grafeno 
para la mejora de las características analíticas en las herramientas analíticas de vanguardia 
previamente identificadas como son los (bio-)-sensores electroquímicos, la microfluídica 
electroquímica y los micromotores, ha constituido la principal motivación de esta tesis doctoral.

Dentro de este contexto químico-analítico, esta tesis doctoral presenta tres objetivos 
claramente definidos.

1. Diseño, caracterización y desarrollo de nuevos (bio-)-sensores electroquímicos basa-
dos en grafeno.

2. Diseño, caracterización y desarrollo de nuevos detectores electroquímicos basados en 
grafeno para su acoplamiento en microchips analíticos.

3. Diseño, caracterización y desarrollo de nuevos micromotores basados en grafeno con 
mecanismo de autopropulsión química o ultrasónica.

De acuerdo con dichos objetivos, los principales hitos identificados en esta tesis doctoral 
han sido:

1.1. Caracterización analítica y evaluación electroquímica de nanocintas de grafeno 
sintetizadas químicamente con distinto grado de oxidación empleando técnicas 
de microscopía electrónica, técnicas espectroscópicas y técnicas electroquímicas.

1.2. Diseño y desarrollo de sensores químicos basados en grafeno para la detección 
rápida y fiable de moléculas objetivo de relevancia clínica (ácido ascórbico, levodopa, 
L-tirosina y ácido úrico) y su aplicación para la monitorización de ácido úrico en 
muestras de orina.

1.3. Diseño y desarrollo de una nueva estrategia biosensora para la detección rápida y 
fiable de D-amino ácidos con relevancia clínica (D-tirosina en Bacillus subtilis 
y D-metionina en Vibrio cholera) y su aplicación para su monitorización en 
muestras de orina usando electrodos serigrafiados basados en grafeno.

2.1. Diseño y desarrollo de una nueva estrategia biosensora para la detección rápida  
y fiable de D-amino ácidos con relevancia clínica en Vibrio cholerae (D-metionina 
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y D-leucina) utilizando microchips analíticos acoplados con electrodos basados 
en grafeno.

2.2. Diseño, fabricación y caracterización de transductores exclusivos basados en 
grafeno reducido (rGO), nanotubos de carbono de pared sencilla (SWCNT) y 
nanotubos de carbono de pared múltiple (MWCNT) para sensado electroquímico 
y microfluídico.

2.3. Desarrollo de microchips analíticos acoplados a transductores constituidos 
exclusivamente por MWCNT para la determinación de compuestos fenólicos 
(tirosol, hidroxitirosol y oleuropeina) como marcadores de calidad en aceite de 
oliva.

3.1. Optimización de la electrosíntesis de micromotores basados en grafeno/platino 
y grafeno/oro usando membranas de policarbonato de doble cono como molde.

3.2. Caracterización analítica de los micromotores basados en grafeno utilizando 
microscopía óptica y electrónica.

3.3. Estudio de los mecanismos de propulsión (química y por ultrasonidos) en los 
micromotores basados en grafeno/platino y grafeno/oro.

A continuación, se expondrán brevemente los resultados más relevantes obtenidos 
durante el desarrollo de esta tesis doctoral.

En una primera etapa, se estudió la síntesis, caracterización y aplicaciones del grafeno en 
el desarrollo de nuevos sensores electroquímicos y de estrategias innovadoras de biosensado, 
empleando tecnología serigrafiada. (Capítulo 2. Nanocintas de grafeno para el (bio-)-sensado 
electroquímico).

En primer lugar, se han revisado los antecedentes bibliográficos relacionados con el 
grafeno en el ámbito de detección electroquímica (capítulo 2.1. Grafeno en el (bio-)-sensado 
electroquímico: state of the art). A continuación, se ha llevado a cabo la caracterización 
completa de las nanocintas de grafeno y su aplicación para el desarrollo de nuevas estrategias 
electroquímicas sensóricas y biosensóricas. Se han sintetizado y caracterizado nanocintas de 
grafeno con distinto contenido en oxígeno: nanocintas de grafeno oxidado (GNRox) obtenidas 
a partir de MWCNT y nanocintas de grafeno reducidas (GNRred) obtenidas a partir de la 
reducción química de GNRox. Ambas nanocintas de grafeno fueron caracterizadas utilizando 
microscopía de fuerza atómica (AFM), microscopía de transmisión electrónica (TEM), 
espectroscopía de fotoelectrones emitidos por rayos X (XPS), espectroscopía de infrarrojo 
(IR), espectroscopía Raman, difracción de rayos X (XRD) y técnicas electroquímicas 
(voltametría cíclica (CV) y voltametría diferencial de impulsos (DPV)). Estos estudios 
arrojaron para GNRox un 44% de contenido en oxígeno, 0,8 nm de altura de lámina y un 
contenido del 19% en Csp3 y de un 2% en Csp2 y para GNRred un 14 % de contenido en 
oxígeno, 1,2 nm de altura de láminas y un contenido del 47% en Csp2 y de un 10% en Csp3.

Después, se evaluó el comportamiento electroquímico sobre GNRox y GNRred de 
un conjunto de moléculas relevantes con estructuras químicas diferentes (hidroquinona, 
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catecol, resorcinol, levodopa, L-tirosina, ácido úrico y ácido ascórbico), empleando DPV. 
Los resultados obtenidos desvelaron que las nanocintas de grafeno mostraron una respuesta 
electroquímica significativamente mejorada en comparación con los MWCNT (material 
de origen de la nanocintas) y el electrodo de carbono vitrificado sin modificar. Las GNRox 
resultaron ser el material óptimo para el sensado de moléculas cuya oxidación se produce a 
elevados potenciales de oxidación y las GNRred ofrecieron mejor sensibilidad en la detección 
de moléculas aromáticas en las cuáles las interacciones π-π fueron dominantes. 

Posteriormente, se exploraron las ventajas de estos nanomateriales para la 
construcción de plataformas electroquímicas sensoras desechables sobre electrodos de 
carbono serigrafiados (CSPE) para el sensado de ácido ascórbico, levodopa y ácido úrico en 
muestras de orina. GNRred exhibió una profunda electrocatálisis para la oxidación de ácido 
ascórbico, levodopa y ácido úrico permitiendo una detección rápida (100 s), selectiva y con 
recuperaciones cuantitativas (97-101%.) (capítulo 2.2. Nanocintas de grafeno para el sensado 
electroquímico).

Asimismo, se han empleado GNRox como material de grafeno óptimo sobre electrodos 
desechables de CSPE para la medida in-situ de aminoácidos L y D, aprovechando la 
electroactividad de ciertos aminoácidos clínicamente relevantes como son la tirosina y la metio-
nina, presentes en enfermedades bacterianas importantes como son Bacillus subtilis y Vibrio 
cholerae, respectivamente (capítulo 2.3. Nanocintas de grafeno para el biosensado electroquí-
mico). Esta estrategia se basó en la detección simultánea del peróxido de hidrógeno (generado 
tras la reacción de los D-aminoácidos con la enzima de clase D-aminoácido oxidasa) y de los 
L-aminoácidos electroactivos. En una plataforma desechable de GNRox empleando solo 50 μL 
de muestra y un tiempo total de análisis de 360 s, se llevó a cabo la detección simultánea de 
ambos enantiómeros en muestras de orina. 

A continuación, en una segunda etapa, se llevó a cabo el diseño y fabricación de 
nuevos electrodos, exclusivamente constituidos por nanomateriales de carbono, así como el 
desarrollo de nuevas aplicaciones en el ámbito de la microfluídica electroquímica (capítulo 3. 
Grafeno para el (bio-)-sensado electroquímico microfluídico).

En primer lugar se revisaron los antecedentes bibliográficos (capítulo 3.1. Nanomateriales 
de carbono para (bio-)-sensado electroquímico microfluídico: state of the art), relacionados con 
el acoplamiento de los nanomateriales de carbono en microfluídica electroquímica.

Por una parte, se ha propuesto una estrategia novedosa que emplea microchips analíticos 
acoplados a CSPE comerciales modificados con GNRred para la separación y detección 
enantiomérica de D-metionina y D-leucina. (Capítulo 3.2. Materiales basados en grafeno para 
el biosensado microfluídico electroquímico). Estos D-aminoácidos actúan como biomarcadores 
en distintas enfermedades relevantes causadas por la bacteria Vibrio cholerae. La estrategia 
electrocinética propuesta, mediante un control adecuado de los fluidos, permitió la separación 
microfluídica de los D-aminoácidos, la reacción enzimática específica dentro del microchip 
(on-column) entre la DAAO y cada D-aminoácido así como la detección electroquímica del 
peróxido de hidrógeno obtenido en cada reacción. Esta estrategia innovadora ofrece ventajas 
importantes dado que evita el uso de aditivos externos para la separación enantiomérica, así 
como la inmovilización covalente de la enzima en las paredes de los canales microfluídicos 
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o en la superficie electródica como en otras aproximaciones biosensoras. Asimismo, los 
electrodos basados en grafeno acoplados al sistema microfluídico permitieron mejorar la 
detección electroquímica de los D-aminoácidos, revelándose de nuevo el potencial analítico 
del grafeno.

Por otra parte, se han propuesto nuevos electrodos basados en nanomateriales de 
carbono como único material conductor sobre sustratos adaptables no conductores. (Capítulo 
3.3. Nuevos electrodos basados en nanomateriales de carbono para el sensado microfluídico 
electroquímico). Estos electrodos de teflón filtrados con dispersiones de grafeno, así como de 
SWCNT y MWCNT (TFE) se han diseñado en configuración de tres electrodos para el sensado 
electroquímico miniaturizado y en configuración de línea para microfluídica electroquímica. 

La caracterización de estos electrodos basados en nanomateriales de carbono por 
microscopía electrónica de barrido de alta emisión (FE-SEM), AFM de sensado de corriente 
e impedancia electroquímica, revelaron la porosidad de la superficie del electrodo, la 
disposición final de los nanomateriales en el filtro y confirmaron que el nanomaterial era 
el único transductor de la señal eléctrica. El acoplamiento de estos TFE como detectores 
electroquímicos en microchips analíticos demostró ser muy adecuado en la determinación 
del tirosol, hidroxitirosol y oleuropeina en aceites de oliva en menos de 300 s con una buena 
exactitud (recuperaciones cuantitativas) y precisión (RSD ≤ 4%).

En la última etapa de esta tesis doctoral, se han diseñado, caracterizado y desarrollado 
nuevos micromotores basados en grafeno propulsados por reacciones químicas o por pulsos 
de ultrasonidos. (Capítulo 4. Micromotores basados en grafeno: electrosíntesis, caracterización 
y aplicaciones).

En primer lugar, se ha descrito el concepto de micromotor y los métodos de propulsión 
más utilizados. (Capítulo 4.1. Micromotores: state of the art). A continuación se recogen los 
resultados obtenidos en la electrosíntesis de nuevos micromotores de grafeno/metal a través 
de la electrodeposición directa de óxido de grafeno sobre los poros cónicos de una membrana de 
policarbonato y posterior electrodeposición de una lámina interna de metal. (capítulo 4.2. 
Micromotores de grafeno propulsados por reacciones químicas). La presencia de un elevado 
número de defectos en este grafeno permitió la formación de estructuras microporosas 
altamente reactivas de metales catalíticos (platino y oro), depositados sobre grafeno. Esta 
elevada actividad catalítica del platino, mejorada por la presencia del grafeno, proporcionó 
una ultra propulsión del micromotor (con velocidades hasta los 1700 μm/s) utilizando muy 
bajos niveles de peróxido de hidrógeno.

Asimismo y dentro de este ámbito, se han diseñado nuevos micromotores de grafeno/
oro que alojan en su interior estructuras analíticas (microbolas de sílice o nanoproyectiles) 
y emulsiones de perfluorocarbono (PFC), exhibiendo velocidades extraordinarias (del orden 
de m/s). (Capítulo 4.3. Micromotores de grafeno propulsados por ultrasonidos). El mecanismo de 
propulsión de los mismos, radica en que, tras la exposición de una serie de pulsos ultrasonidos 
focalizados sobre el micromotor, las emulsiones de PFC se vaporizan dentro del mismo 
permitiendo la eyección y disparo de los nanoproyectiles. Se ha demostrado también que 
estas estructuras analíticas incorporadas en los micromotores son capaces de penetrar en un 
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tejido gelatinoso, lo que les convierte en futuras herramientas de liberación de moléculas y/o 
partículas en muestras biológicas.

Por último, a la luz del hilo conductor de esta tesis doctoral –exploración de las 
propiedades del grafeno como nueva herramienta en el (bio-)-sensado (microfluídico) 
electroquímico y en el diseño y desarrollo de micromotores– y todo ello dentro del marco 
más actual de la nanociencia y nanotecnología analíticas, se describen con arreglo a los tres 
capítulos donde se han agrupado y discutido los resultados, las conclusiones generales de esta 
tesis doctoral.

■ Las nanocintas de grafeno (oxidadas y reducidas químicamente), han demostrado ser 
unos nanomateriales muy adecuados debido a su química rica en defectos en com-
paración con el grafeno ideal (conceptualmente constituido por una lámina carboná-
cea perfecta). Asimismo, se han encontrado evidencias de la influencia que ejerce la 
química de funcionalización en la detección electroquímica de las moléculas diana 
con arreglo a su estructura química. Este hecho conduce al diseño de nanocintas de 
grafeno con química de funcionalización dirigida a una detección electroquímica 
mejorada dependiendo de la estructura química del analito.

En efecto, la reactividad (abundancia de defectos y la relación Csp2/ Csp3) y las 
propiedades inherentes de las nanocintas de grafeno (elevada superficie específica y 
excelente conductividad eléctrica), han demostrado ejercer un papel predominante 
en el diseño y en el desarrollo de estrategias de (bio-)-sensado electroquímicas con 
propiedades analíticas muy mejoradas en términos de selectividad, sensibilidad y 
reproducibilidad de los análisis.

Por todo ello, la búsqueda y exploración de sinergias entre las prestaciones analíticas 
encontradas para las nanocintas de grafeno y aquellas inherentes a la tecnología 
serigrafiada han permitido desarrollar y proponer herramientas analíticas innovadoras 
de respuesta rápida, desechables y portables que exigen bajos volúmenes de muestra 
y bajo consumo de reactivos. En efecto, estas nanocintas de grafeno se han empleado 
con éxito en la construcción de sensores electroquímicos (nanocintas de grafeno ricas 
en Csp2) y en el desarrollo de estrategias biosensoras (nanocintas de grafeno ricas en Csp3) 
para la detección de marcadores de enfermedades de elevada importancia clínica 
como son el ácido úrico y los D-aminoácidos, respectivamente.

■ Las propiedades del grafeno han sido creativamente exploradas junto con las 
inherentes ventajas de los sistemas microfluídicos (análisis rápidos, bajo consumo de 
muestra y reactivos, portabilidad y control de fluidos en la microescala) debido a la 
compatibilidad entre la micro y la nanoescala, así como entre las micro y las nanotec-
nologías. 

En efecto, se ha demostrado que el grafeno (grafeno reducido químicamente) es 
un nanomaterial excelente para la construcción de transductores electroquímicos 
acoplados a microchips analíticos debido a que ha exhibido −en el marco de la 
detección electroquímica acoplada a estos sistemas microfluídicos− una marcada 
electrocatálisis, un aumento de sensibilidad y una elevada reproducibilidad debido 
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también a su elevada superficie específica y conductividad. Estos hallazgos confieren 
al grafeno un valor añadido dentro de la microfluídica electroquímica dado que esta 
presenta muy frecuentemente bajas sensibilidades.

Todo ello ha permitido, por una parte, el desarrollo de aplicaciones innovadoras de 
biosensado −empleando métodos de formación de película delgada sobre superfi-
cies conductoras para la construcción de los detectores electroquímicos− basadas en la 
resolución enantiomérica y detección selectiva de los D-aminoácidos con relevancia 
clínica en enfermedades importantes como el Vibrio cholerae.

Por otra parte, y en aras de explotar esas propiedades electrocatalíticas del grafeno 
se han diseñado, caracterizado y desarrollado nuevos detectores electroquímicos 
constituidos exclusivamente por grafeno, que se han extendido de forma natural 
a otros nanomateriales de carbono como son los nanotubos. La simple filtración 
del nanomaterial y su adecuada disposición sobre soportes flexibles no 
conductores, ha permitido desarrollar nuevos transductores para microfluídica 
electroquímica constituidos exclusivamente por el nanomaterial y ha supuesto ser 
el punto inicial para el desarrollo de aplicaciones tal y como es la detección rápida y 
fiable de marcadores fenólicos en aceite de oliva.

■ Se ha demostrado la excepcional contribución del grafeno (grafeno oxidado y elec-
troquímicamente reducido) dentro del ámbito del diseño y construcción de micro-
motores catalíticos electrosintetizados sobre poros de membranas de policar-
bonato. La elevada superficie del grafeno, adecuadamente funcionalizada, puede 
mejorar tanto las reacciones químicas en las cuales se basa la propulsión de estos micro-
motores como las interacciones con otras moléculas con fines analíticos de (bio-) 
-sensado.

En efecto, se han encontrado resultados conducentes a que el grafeno ha dotado a los 
micromotores de propiedades propulsoras mejoradas que han permitido la obtención 
de micromotores mucho más rápidos y eficaces, tanto en aquellos cuyo mecanismo de 
propulsión es la generación de burbujas a través de reacciones químicas como en 
aquellos asistidos por aplicación de pulsos de ultrasonidos. Estos hallazgos hacen 
prever un futuro muy prometedor para el desarrollo de nuevos sensores móviles 
capaces de realizar operaciones analíticas in situ, navegando en pequeñas cantidades 
de muestra y sin necesidad del empleo de fuerzas impulsoras de fluidos.

Por todo ello, finalmente se podría establecer como conclusión general de esta tesis 
doctoral que el grafeno –en sus distintas variantes y formas químicas– ha demostrado ser un 
material extraordinario en el diseño y desarrollo de herramientas analíticas de vanguardia 
tales como los (bio-)-sensores y sistemas microfluídicos electroquímicos así como en otras 
que podrían decirse de nueva generación como son los micromotores, todo ello dentro del 
marco más actual de la nanociencia y nanotecnología analíticas.
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HYPOTHESIS, MOTIVATION AND MILESTONES1

El conocimiento científico es magnífico, racional  
y luminoso aunque en ocasiones problemático, pero 
siempre al servicio de las necesidades humanas.

 (J.M. Sánchez Ron)
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The recent discovery of graphene has opened new opportunities in the development of 
creative and innovative works.

Graphene is an atomically thin sheet of sp2 bonded carbon atoms forming a two 
dimensional (2-D) lattice. This structure provides this material its extraordinary properties 
such as high surface area, high electrical and thermal conductivities, optical transparence, high 
mechanical strength and high elasticity. These unique features of graphene plus the versatility 
to be synthesized with different oxygen functionalities and defects, such as graphene oxide, 
or reduced graphene oxides are a merit to be exploited in different analytical applications. 
Specifically, these 2-D structures are very valuable tools for electrochemical sensing. They offer 
high currents because of its high surface area enabling fast redox conversion, enhancing the 
analytical sensitivity and resist to the passivation, yielding good reproducibility. Furthermore, 
in many cases a decrease in redox potentials due to the high presence of active sites could 
enhance the overall selectivity of the analysis.

Besides, the actual tendency of improving the analytical performance by reducing 
sample and reagents consumption, generating a fast response, improving portability with a 
low cost, make screen-printed and microfluidic technologies compatible platforms to include 
nanomaterials such as graphene for advanced sensing and biosensing.

In microfluidic systems, additionally, electrochemistry is a valuable detection principle 
due to its inherent miniaturization and high compatibility with micro and nanotechnologies. 
Although the sensitivity is often a drawback because of the small volumes of sample, the 
use of nanomaterials overcome this sensitivity problem enhancing the surface area features. 
Thus, these microfluidic platforms combining nanomaterials are extremely pertinent and 
demanded as a novel horizon in the laboratories.

On the other hand, micromotors are devices capable of converting energy into 
movement. The structure, shape and size as well as the materials constituting these devices are 
essential for an excellent propulsion and creative applications. Commonly, these micromotors 
are particles or structures with a few microns dimensions, creatively designed with certain 
asymmetry. Therefore, the application of certain energy in the system permits a local gradient 
and the uneven distribution of the forces in the micromotor, permitting the expected 
movement. In general, when the energy responsible for the movement comes from a chemical 
reaction or an acoustic energy, chemically-driven micromotors mainly powered by bubbles 
and ultrasound-propelled micromotors are found, respectively.
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Graphene and nanomaterials may be used to improve the autonomous motion and, 
interestingly, creative research may be performed because graphene gives an additional value 
in the micromotor structure since it may be functionalized or anchored to other molecules 
by its oxygen functionalities and it presents high edge chemistry capable to react with many 
other materials. Thus, the employment of graphene and nanomaterial-based micromotors 
present a wide variety of analytical applications such as the removal of interferences and or 
chemical (bio-)-sensing.

Therefore, all the features derived from the graphene and related materials stated 
above convert these materials in unique tools in the current analytical nanoscience and 
nanotechnology. As a consequence, the exploration and evaluation of graphene-based materials 
for enhancing the analytical performance of the previously identified vanguard analytical 
tools –electrochemical (bio-)-sensors, electrochemical microfluidics and micromotors– has 
constituted the main motivation of this Doctoral Thesis.

Accordingly, this Doctoral Thesis has three well-defined objectives. 

1. Design, characterization and development of novel electrochemical graphene-based 
(bio-)-sensors.

2. Design, characterization and development of novel graphene-based electrochemical 
detectors in microfluidic chips.

3. Design, characterization and development of novel chemically and ultrasound 
powered graphene-based micromotors.

Accordingly to the previously objectives, the main milestones identified in this 
Thesis have been:

1.1. Analytical characterization and electrochemical evaluation of chemically synthesized 
graphene nanoribbons with different oxygen content using microscopy techniques 
(atomic force microscopy (AFM), transmission electron microscopy (TEM) and 
field emission-scanning electron microscopy (FE-SEM)), spectroscopic techniques 
(X-ray photoelectron spectroscopy (XPS), infrared (IR) and Raman spectroscopy), 
X-ray diffraction (XRD) and electrochemical techniques (chronocoulometry, cyclic 
voltammetry (CV) and differential pulse voltammetry (DPV)).

1.2. Design and development of graphene-based chemical sensors for fast and reliable 
detection of target molecules of clinical relevance (ascorbic acid, levodopa, 
L-tyrosine, uric acid) and its application for uric acid monitoring in urine samples.

1.3. Design and development of a novel biosensing strategy for fast and reliable 
detection of target D-amino acids with clinical significance (D-Tyr in Bacillus 
subtilis and D-Met in Vibrio cholerae) and its application for its monitorization in 
urine samples using screen-printed graphene-based electrodes.

2.1. Design and development of a novel electrochemical microfluidic biosensing strategy 
for fast and reliable detection of target D-amino acids with clinical significance in 
Vibrio cholerae using screen-printed graphene-based electrodes.
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2.2. Design, fabrication and characterization of exclusive carbon nanomaterial (reduced 
graphene oxide (rGO), single-walled carbon nanotubes (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs)) transducers based on teflon filter electrodes 
for electrochemical and microfluidic sensing.

2.3. Development of a microfluidic chip coupled to exclusive multi-walled carbon 
nanotube transducers for the determination of quality phenolic markers in olive oils.

3.1. Optimization of the template-assisted electrosynthesis of graphene-based 
micromotors using double conical polycarbonate membranes as templates.

3.2. Analytical characterization of the graphene micromotors using optical and electron 
microscopy techniques.

3.3. Study of the propulsion mechanisms (chemically and ultrasound powered) in the 
graphene-based micromotors.

According to these objectives, the results obtained in this Doctoral Thesis has been 
classified and discussed in three main chapters. In the first one (Chapter 2), the design and 
development of graphene-based chemical sensors and biosensing strategies for the fast  
and reliable detection of target analytes of clinical relevance are described. In the second 
one (Chapter 3), novel electrochemical microfluidic chips coupled to graphene-based 
detectors are proposed. The design and development of a graphene-based biosensing strategy 
for the fast and reliable detection of D-amino acid biomarkers in Vibrio Cholerae as well as 
the pioneering design, fabrication and characterization of carbon nanomaterial exclusive 
transducers based on teflon filter electrodes and its application to the determination quality 
phenolic markers in olive oils are presented and discussed. Finally, in the last one (Chapter 4), 
the electrosynthesis, characterization and applications of bubble-propelled graphene-
based micromotors (powered by chemical and acoustic energies) are described. Firstly, the 
pioneering electrochemical template-based synthesis of ultrafast oxygen-propelled graphene-
based micromotors resulting from the electrochemical reduction of graphene oxide and 
secondly, ultrasound powered electrochemically reduced graphene oxide/gold micromotors 
are presented and discussed.





GRAPHENE NANORIBBONS  
FOR ELECTROCHEMICAL  
(BIO-)-SENSING

2

Chemistry is not limited to beakers and laboratories.
It is all around us, and the better we know chemistry,
the better we know our world. 

(ACS, Chemistry is Everywhere)
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2.1. GRAPHENE FOR ELECTROCHEMICAL (BIO-)-SENSING:  
STATE OF THE ART

2.1.1. What graphene stands for?

The definition of nanomaterial was established by the European Commission, 
recommendation of the 18th October 2011 (European Commission, 2015). 

A natural, incidental or manufactured material containing particles, in an unbound state or 
as an aggregate or as an agglomerate and where, for 50 % or more of the particles in the number 
size distribution, one or more external dimensions is in the size range 1 nm − 100 nm. In specific 
cases and where warranted by concerns for the environment, health, safety or competitiveness the 
number size distribution threshold of 50 % may be replaced by a threshold between 1 and 50 %. By 
derogation from the above, fullerenes, graphene flakes and single wall carbon nanotubes with one 
or more external dimensions below 1 nm should be considered as nanomaterials.

It is worth noting that the definition includes all the carbon allotropes that have dimensions 
below the nanometer scale. In this thesis, carbon nanomaterials and, in particular, graphene 
has been the employed material to develop the majority of the working plan. Graphene is one 
of the newest carbon nanomaterials in the scientific scenario. Since the isolation of graphene 
sheets in 2004 by a simple technique using cello-tape, (Novoselov et al., 2004) graphene has 
captured incessant interest for the scientific community. Figure 2.1 shows the molecular 
models of the carbon family, where fullerenes zero-dimension (0-D) materials, single-
walled carbon nanotubes (SWCNT) one-dimension (1-D) materials and graphite three-
dimension (3-D) materials are identified. Graphene is the youngest member and filled 
the second dimension (2-D) of the carbon nanomaterials in the multidimensional family 
of the carbon allotropes.

According to the IUPAC, graphene is: “A single carbon layer of the graphite structure, 
describing its nature by analogy to a polycyclic aromatic hydrocarbon of quasi infinite size”. 
For that “previously, descriptions such as graphite layers, carbon layers or carbon sheets have 
been used for the term graphene. Because graphite designates that modification of the chemical 
element carbon, in which planar sheets of carbon atoms, each atom bound to three neighbors in 
a honeycomb-like structure, are stacked in a three-dimensional regular order, it is not correct 
to use for a single layer a term which includes the term graphite, which would imply a three 
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dimensional structure. The term graphene should be used only when the reactions, structural 
relations or other properties of individual layers are discussed” (Fitzer et al., 1995).

In the “graphene” field, terminology is an important issue and, in the bibliography, 
we can notice differences when referring to graphene. Firstly, according to the number of 
layers, three different groups are established: a single-layer, few-layers from 2 to 9 layers and 
multi-layer or graphite more than 10 layers. Figure 2.2 illustrates this classification showing 
single, few and multi-layer graphene structures (Goh and Pumera, 2010). Although the true 
graphene is only a single-layer, the easy π-π interaction between layers provokes a truly 
challenge to obtain one layer, in the synthesis process, as well as, in the works published in 
the bibliography. Another classification is established considering the chemical synthesis 
of the graphene, in this group we could include the following terminology depending on 
the carbon source. When the carbon source is graphite we could obtain chemically modified 
graphene that includes either graphene oxide (GO) or reduced graphene oxide (rGO). While, 
if the carbon source are carbon nanotubes, graphene nanoribbons (GNR) are synthesized 
after the unzipping of the CNTs.

Thirdly, and with independence of the previous terminology, two more terms are 
commonly employed in the literature. Graphene nanosheets and graphene nanoplatelets, 
these nanomaterials are commonly related to the number of layers. Therefore, graphene 
nanosheets are the open-equivalent to a SWCNT, which is one layer of graphene thick, and 
graphene nanoplatelets are consequently, the open-equivalent to the multi-walled carbon 
nanotubes (MWCNTs), which consist of few layers.

All these terms are broadly used referring to graphene in the bibliography. As a result, 
the researcher must be critical with the material considered. And above all, the most important 
issue is to differ between graphite and graphene.

Figure 2.1. 
Multidimensional carbon allotrope family. Fullerene (0-D), SWCNTs (1-D), 
graphene (2-D) and graphite (3-D).
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2.1.2. Graphene: properties, synthesis and characterization

Graphene is a 2-D sheet of carbon atoms bonded by sp2 bonds. This configuration 
provides this material of extraordinary properties such as high surface area, theoretically 
2630 m2/g for single-layer, (Stankovich et al., 2006) and double than single-walled 
carbon nanotubes. It also shows excellent thermal (k = 5•103 Wm-1K-1) (Park and Ruoff, 
2009) and electrical conductivity (σ= 64 mS cm-1). Graphene is consider a zero-gap 
semiconductor, because it presents no gap between conduction and valance bands, so 
it might be consider either  a semiconductor or as a metal. According to the physical 
properties, graphene presents optical transparence, high mechanical strength (Young’s 
modulus, ~ 1100 GPa) (Lee et al., 2008), high elasticity and flexibility.

Graphene has been synthesized by several methods, Geim et al. obtained it by the 
simple approach of peeling-off or “Scotch tape” method, using a sticky tape and a pencil 
in 2004. However, the first approach of synthesis in 1979 (Eizenberg and Blakely, 1979) 
was chemical vapour deposition (CVD) and epitaxial growth on a nickel surface by the 
decomposition of ethylene. During the last years, various methods for producing this 
carbon allotrope have been developed, including epitaxial growth and chemical synthesis 
from graphite (Singh et al., 2011). In Table 2.1 is summarized the synthesis process and 
some electrochemical applications of those graphenes.

After the synthesis process, the material needs to be characterized by a wide number of 
techniques (Paredes et al., 2008; Stankovich et al., 2007; Koh et al., 2011) to obtain reliable and 
complete analytical information about the morphological, physical and chemical structure. 
Table 2.2 summarizes the main techniques involved in graphene characterization.

Figure 2.2. 
Representation of single, few and multi-layer graphenes

Representation of graphene single-layer (SL), few-layer (FL) and multilayer (ML) 
graphene.
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Microscopy techniques such as scanning electron microscopy (SEM), transmission 
electron microscopy (TEM) and atomic force microscopy (AFM) are required to evaluate 
morphological aspects. Certainly, SEM images are mainly used to understand how the 
graphene material is deposited on different surfaces, chiefly onto electrodic surfaces 
(Zhang et al., 2011). Meanwhile, TEM permits an accurate morphological and topographical 
evaluation of the carbonaceous material (Ambrosi et al.,  2011).

Complementary information to TEM is given by AFM. This is a powerful technique that 
plays a decisive role in graphene characterization because it permits to estimate the number of 
layers (Valles et al., 2008; Novoselov et al., 2005). A pristine single layer of graphene or “true 
graphene” consists in one layer thick with van der Waals thickness around 0.34 nm (Novoselov 
et al., 2004). In GO the compromise is that these sheets are expected to be thicker than pristine 
graphene because of the presence of sp3-carbon atoms. Oxygen functionalities above and below 
the original plane suggest that one layer is approximately 0.8 nm (Zhou, Zhai and Dong, 2009).

Raman, IR, nuclear magnetic resonance (NMR) and UV–Vis spectroscopies have also 
been used in order to know characteristics of the inner structure (defects and moieties in 
the sheet) (Stankovich et al., 2007). Above all the techniques, Raman gives extraordinary 
analytical information, about the number of layers in the structure (Koh et al., 2011; Ferrari 
et al., 2006) and the inner structure of graphene. While graphite exhibits a Raman spectrum 
with a typical G-band at 1590 cm-1, GO and rGO samples show differences in their Raman 
spectra and display a G band at 1590 cm-1 and a D band at 1360 cm-1. G band corresponds 
to the carbon sp2 vibrations of the domains in-plane, as in graphite spectrum (Tuinstra and 
Koenig, 1970). D-band arises from the out-of-plane vibrational modes and is indicative of 
sp3 carbons present (Cheng, 2012). The intensity ratio of the D and G lines (ID/IG ratio), 
therefore, provides important information because is proportional to the average size of the 

Table 2.2.  
Analytical techniques for characterization of graphene

 Note: Selected analytical techniques for characterization of graphene.

Technique Analytical information Analytical data for true 
graphene

Microscopy
TEM

Morphological
Length layer Height of a layer

~0.34 nm
Length (100nm~μm)

SEM
AFM Number of layers

Spectroscopy

Raman

Inner structure Chemical groups and 
defects of the lattice Only sp2-carbons

IR
UV-Vis
NMR
XPS

Electrochemical 
techniques

Cyclic Voltammetry
Chronoamperometry
Chronocoulometry

Impedance

Inherent electrical 
properties

Heterogeneous  
electron transfer rate

Enhanced kinetics, 
Electrocatalysis and 
Current densities
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sp2 carbon domain, as a result, a decrease in the ratio ID/IG is attributed to the removal of 
defects (Cheng, 2012). However, in some cases, rGO can present higher ID/IG ratio than GO 
which would indicate that reduced graphene oxide present much more edges and would 
have been broken into more fragments (Martín et al., 2014).

IR spectra permit an analysis of the functional moieties present in the graphene 
samples and an estimation of the Csp2 and Csp3 content, comparing vibrations from 
graphitic domains. In general, the most probable bands are provoked by stretching and 
bending vibrations from hydroxyl, epoxy or carboxyl groups (Acik, 2011). In the case of 
rGO, the intensities of the bands associated to oxygen moieties strongly decrease compared 
to GO. NMR is not a widely employed technique in graphene characterization but, as well as 
for IR, it allows to difference between reduced and graphene oxides. The (Zhaug et al., 2011) 
C spectra are the analysis used to determine the presence or absence of oxygen groups, 
meanwhile wide bands are found in rGO due to the presence of different carbon atom 
environments in the material (He et al., 1996). The UV-Vis spectroscopy mainly allows to 
monitor reduction reaction from GO to rGO. GO displays an absorption peak at around 
230 nm due to the π-π* transition of aromatic C=C bonds and a weak peak at around 290 
nm due to the n-π* transition of the C=O bond. As the reaction yields rGO, the peak at 230 
nm increases with the decrease in intensity of the 290 nm band (Stankovich et al., 2007). 

Furthermore, the moieties that are part of the graphene layer could be confirmed by 
X-ray photoelectron spectroscopy (XPS) and elemental analysis techniques. XPS of C 1s is a 
powerful tool to study the reduction of the oxygen content of the graphene films (Stankovich 
et al., 2007). XPS permits to distinguish the groups of bonds and the oxidation state of carbons 
that are presented in GO and rGO. Therefore, GO presents a complex spectrum due to the 
presence of oxide-moieties and rGO mainly presents C-C and C=C bonds and its spectrum, 
centered at 285 eV. Thus, the decrease in oxygen-groups and the generation of large domains 
of π-conjugated structures in rGO make simpler its spectrum (Martín et al., 2014).

Powder X-ray diffraction (XRD) allows comparing between patterns of graphite and the 
synthesized graphene and permits to know the interlayer distance between layers (He et al., 2011).

Additional techniques employed are thermal gravimetric analysis (TGA) to know the 
oxygen content of the graphene sample. This measurement permits to compare different 
graphene samples with different oxygen content. GO is thermally unstable and loses mass at 
200 ºC because of the pyrolysis of the labile oxygen-moieties and yields CO, CO2 and water 
vapour (Paredes et al., 2008).

The electrochemical behavior and electrochemical characteristics of graphene are evaluated 
using techniques such as cyclic voltammetry (CV), chronoamperometry or chronocoulometry. 
Outer and inner sphere redox systems are commonly scanned by electrochemical techniques to 
characterize the electrochemical behavior of the graphene materials (Pumera, 2013).

2.1.3. Graphene for electrochemical (bio-)-sensing

Despite being a material with plenty of properties (Pumera et al., 2010), just some of them, 
the large surface area and high electrical conductivity, are some of the most relevant properties 
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for electrochemical applications. A comparison between two of the most important carbon 
allotropes such as, SWCNTs (1-D nanomaterial) and graphene (2-D nanomaterial), shows the 
following advantages for the 2-D material compared to 1-D (Yang et al., 2010). In comparison 
to CNTs, graphene exhibits several advantages such as lower costs, high surface area and easy 
processing. Moreover, graphene synthesized from graphite does not contain metallic impurities 
from its synthesis and it is cheaper because its carbon source is graphite (Pumera et al., 2010). 
In graphene, in contrast with CNTs, the large number of edges per mass of the material permits 
higher heterogeneous electron transfer (HET) rates (Brownson, Kampouris and Banks, 2012; 
Pumera, 2010). Pumera et al. studied by cyclic voltammetry the HET rate for different chemically 
modified graphene materials as well as graphite and glassy carbon electrodes (GCE) as controls 
(Ambrosi, 2011). Furthermore, in a previous work (Ambrosi and Pumera, 2010), Pumera et 
al., also calculated the HET for MWCNTs and samples of MWCNT with different content of 
nanographite impurities. Table 2.3 summarizes the data obtained in both works. It indicates 
that reduced graphene material offers better electrochemical performance than graphite and 
MWCNTs and close to the found for GCE. In other words, the electrochemical activity of 
graphene is due to the presence of a higher density of sp2 domains and planes and to the higher 
number of edges planes, which present defects. On the other hand, in the case of CNTs it is also 
due to the presence of the impurities from the synthesis process (Banks, 2006).

Therefore the improvement of graphene in the electron-transfer kinetics facilitates the 
redox processes for molecules that usually require high over-potentials to be oxidized or reduced.

The role of graphene as electrochemical transductor is nowadays a matter of great 
interest, being characteristic: (a) The low detection potentials. The electrocatalytic effect 
induced by graphene materials might have a strong effect on the electrocatalysis of analytes 
and, therefore, on the substantial reduction of the detection potentials, which would improve 
the overall selectivity of the analysis. (b) The high currents obtained. The greater surface area 
of graphene detectors enables larger scale redox conversion, which implies an increase in 
sensitivity in the analytical procedure. (c) The high stability and resistance to passivation 
originated from the greater surface area of the graphene-based detectors. This characteristic 
implies better reproducibility in analysis, since the resulting signal tends to foul in analytical 
environments.

Table 2.3.  
HET rate for carbon material-based electrodes

 Note: Values taken from Ambrosi et al., 2011; Ambrosi and Pumera, 2010.

Carbon materials k0obs (cm s-1) Carbon materials k0obs (cm s-1)

GCE 0.003 MWCNT 2 x 10-5

Pyrolytic Graphite 2 - 3 x 10-5 MWCNT- 10% impurity 6 x 10-4

GO 5 x 10-5 MWCNT- 30% impurity 2 x 10-3

rGO 4x10-4 to 0.005
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On the other hand, Electroanalysis is living a true Renaissance due to the discovery of 
novel nanomaterials (Escarpa, 2012). After the appearance of carbon nanotubes, which evolved 
nanotechnology, graphene is the novelty in the electroanalysis field. Lots of target molecules of 
high significance in diverse fields are electroactive. Therefore, their electrochemical detection 
has been enhanced because nanomaterials offer excellent selectivity and sensitivity in their 
direct detection without the necessity of any derivatization step.

The properties of graphene materials have recently improved the electrochemical sensing 
and biosensing (Pumera, 2010; Pumera, 2009; Shao et al., 2010; Wu et al., 2013; Kuila et al., 
2011; Ratinac et al., 2011; Artiles, Rout and Fisher, 2011; Alwarappan et al., 2009). As in other 
carbon and metallic nanomaterials, graphene has been broadly used under two approaches: 
building thin film and composite electrodes in sensing approaches and as electrochemical 
transducers in biosensing coupling with biomolecules (enzymes, antibodies, DNA) for high 
selective and sensitive molecule detection. 

In the thin film approach, the design of graphene-film electrodes is very simple. The 
underlying bulk electrode is modified with graphene films, usually by the deposition of 
a suspension of graphenes in solvent (e.g., dimethylformamide (DMF) or other organic 
solvent in the case of reduced graphene samples (Park et al., 2009), water in graphene 
oxides (Paredes et al., 2008) and surfactant solutions (Lotya et al., 2010) in both cases) 
and then, the solvent is evaporated. As a result, random graphene films are created on the 
surface of the electrodes.

In the composite electrodes, graphene is mixed with other components or embedded 
in a polymer matrix. The main advantage of this design over graphene-film detectors is that 
graphene-composites are mechanically stable and significantly reduce noise levels. This is a 
classic characteristic of composite electrodes, which are capable of acting as an array of micro/
nanoelectrodes with heavy overlapping diffusion zones. Thus, it provides signals equivalent 
to macroelectrodes with the advantage of reducing noise and a high signal-to-noise ratio. 
Furthermore, graphene easily suffers from π-π stacking interactions; so the prevention of 
aggregation, using polymers or other materials onto the graphene surfaces, permits to obtain 
individual sheets.

Finally, beyond the chemical sensing, graphene has been also explored in biosensing by 
using the same approach that have been studied with several forms of carbon materials such 
as graphite, carbon nanofibers or carbon nanotubes, among other examples. Redox enzymes as 
glucose oxidase, or proteins are some of the examples that usually integrate via assembling 
with graphene surface.

2.1.3.1. Graphene oxide: electrochemistry and applications

Graphene oxide includes a variety of reactive oxygen groups such as, carboxyl 
(COOH), carbonyl (C=O), epoxyde (-O-) and hydroxyl (-OH) linked to a network of 
Csp3 structure. The precise chemical structure of GO has been an item of considerable 
discussion during the last years (Dreyer et al., 2010), being the most accepted model 
published by Anton Lerf and Jacek Klinowski (He et al., 1998; Lerf et al., 1998). In this 
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model, schematized in Figure 2.3, alcohols and epoxides form the basal plane, meanwhile 
carboxyl and carboxylic acid moieties are located in the edges. As discussed in the 
previous section of synthesis, this material may be obtained by thermal or mechanical 
exfoliation of graphite oxide through sonicating and/or stirring it in water (Li et al., 
2008), with the undesirable disadvantage of damaging the platelets (Koh et al., 2011). 
Furthermore, GO presents negative charge when dispersed in water, which suggests 
that electrostatic repulsion between negatively charged GO sheets could generate a 
stable aqueous suspension of them. Apart from that, it is also possible to functionalize 
this GO considering various chemical reactions that provide chemically modified 
graphenes (Dreyer et al., 2010). These funtionalizations consist in the reaction at the 
carboxylic acid or epoxy groups that reduce the hydrophilic GO or the non-covalent 
functionalization of GO via π-π stacking, cation-π or van der Waals interactions on the 
sp2 system. 

The main characteristic in the GO structure is the high percentage of sp3 carbons as 
consequence of the oxidation treatment. This causes a decrease of sp2 carbon content compared 
to rGO, which provokes the aromatic loss in GO, and the consequent deficit in HET rate (see 
Table 2.3). This structure of GO provides the material special features (Dikin et al., 2007; 
Mkhoyan et al., 2009) and its use for many applications, as remarkable as, polymer composites, 
energy-related material, sensors, field emission transistors and biomedical applications.

Table 2.4 shows the GO materials used in the electrochemical detection of different 
analytes, some of them explored in real samples. Towards the selected examples, the potential 
of GO as an electrochemical transducer will be critically stated following the before explained 
approaches (thin film, composite and biosensor based electrodes) and remarking the chemical 
interaction with the detected molecule.

Figure 2.3. 
Schematic model of graphene oxide
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As regards to the thin-film approach, Chang et al. reported studies of the improved 
voltammetric detection in terms of sensitivity and selectivity of uric acid (UA) and ascorbic 
acid (AA) at a carbon screen-printed electrode (CSPE) modified with nanoplatelets of 
graphitic oxide. They used an original microwave-assisted hydrothermal elimination method 
(Chang et al., 2010) to explore the role of oxygen functionalities and edge plane sites on the 
electrochemical behavior of UA and AA. This method implies the generation of supercritical 
water, which acts as reducing agent under the solvothermal condition, deoxygenating the 
oxygen moieties of the basal plane (Zhou et al., 2009). Therefore, it is removed the oxygen-
containing functional groups from the basal surface of the GO maintaining the edge plane 
groups. By varying the microwave treatment temperature, it is controlled the reduction of the 
oxygen functional groups. Furthermore, as the edge-plane-like sites are, in fact, the electroactive 
sites; this platform, which retained the edge plane with tunable oxygen-containing functional 
groups, allowed a deep study of comparison between different GO-modified electrodes and a 
non-modified CSPE.

Surprisingly, meanwhile using a CSPE, AA and UA are oxidized at the same potential, 
a large shift in the oxidation potential of AA in cathodic direction was observed when using 
GO-modified electrodes not being shifted the peak potential for UA. Therefore, the increment 
in potential (ΔE) shifted from 0 mV in the case of CSPE to 19 mV, 58 mV and 158 mV 
for graphene oxide with 6.3%, 7.7% and 9.9 % in COOH moieties, respectively. UA did not 
experiment any electrocatalytic effect when a GO-modified electrode was used. Authors 
attributed the shift in oxidation potential to the very distinct ability of AA and UA to form 
hydrogen bonds with oxo-surface groups (especially COOH group). The result of potential 
shift observed for AA indicates that a direct chemical interaction between oxo-surface groups 
and AA is involved in the reaction center during the oxidation step. In the case of UA the 
hydrogen bond interaction is far from the reaction center and therefore, it is not interfering 
in the oxidation step.

A new 4-nitrophenol sensor was developed based on a GO film coated GCE due to 
the special importance of the analysis of aromatic nitrocompounds in natural waters and 
effluents (Li et al., 2012). The GO has strong adsorptive capability for 4-nitrophenol, because 
they easily interact by both hydrogen bonds and π–π stacking, as well as, by electrostatic 
interactions since nitrogen atom may be positively charged. Therefore, the GO films exhibit 
electrocatalytic activity towards the reduction of 4-nitrophenol, because they decreased 
the reduction potential in 54 mV and also showed good sensitivity because the current in 
GO-modified electrode increased in four times compared to GCE.

As it has been indicated before, the chemical functionalization of graphene has been also 
explored in electrochemical applications. A carboxylic acid functionalized graphene (graphene-
COOH) was prepared and used to make a novel sensor for the simultaneous detection of 
adenine and guanine (Huang et al., 2011). The negatively charged graphene-COOH nano-film 
could interact with the positive charged guanine and adenine analytes, and this led to effectively 
improve the sensitivity of the proposed method. As a result, in the modified electrode the peak 
currents increased near four times in contrast to the response of the bare GCE.

Two voltammetric sensors have been developed using GO composite electrodes. In both 
cases, nafion has been the added material mixed with GO. Important alkaloids, such as the 
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natural and daily life caffeine (Zhao et al., 2011) and colchicines (Wang et al., 2011) have been 
detected using a nafion/GO/GCE sensor. Nafion increases the immobilization stability of GO 
on the electrode surface due to its ability to form excellent films, and furthermore, nafion may 
also interact with the positive charged analytes permitting the adsorption of certain molecules 
as caffeine or colchicines, which are positively charged at acid pH.

GO has also been explored in the design of biosensors. While using GO, an increase 
in the signal and a significant change in potential detection have been achieved; the use of 
chitosan has also increased the stability of GO on the GCE. The nanocomposite is based on 
chitosan-ferrocene, graphene and glucose oxidase that catalyze the oxidation of glucose on a glassy 
carbon electrode (Qiu, Huang and Liang, 2011). Although GO has been used in biosensing 
(Zhang et al., 2010), it is also true that the biological activity of the GO–enzyme conjugate 
decreases when there is an electrostatic interaction between the enzymes and the oxygen 
groups of GO (Zhang et al., 2012). For that reason, depending on the application the most 
appropriate graphene would be the one which improves the molecule determination.

2.1.3.2. Reduced graphene oxide: electrochemistry and applications

Reduced graphene oxide is usually synthesized by chemical, thermal or electrochemical 
reduction of GO or by other methods explained in the previous sections and summarized in 
Table 2.1. The most common route for the synthesis of rGO is the chemical one, which uses 
chemical compounds such as hydrazine in ammonia media. In Figure 2.4A, this reduction 
is schematized. The chemical treatment provokes the reduction of epoxide groups mainly 
located in the basal plane, whereas, reductions of the hydroxyl, carbonyl, and carboxyl groups 
are caused by thermal treatment during reduction process (Gao, Jang and Nagase, 2010). 
Figure 2.4B represents the rGO layer, in which a few oxygen groups remain in the sheet. The 
properties of this material are mainly the ones explained in the generalities for one graphene 
sheet, however, it may contain some oxygenated moieties that belonged to the GO sheet. As 
a result, the elemental analysis of the rGOs measured by combustion revealed the existence of a 
significant amount of oxygen (atomic C/O ratio, ~10), indicating that rGO is not the same as 
a pristine graphene sheet. Theoretical calculations of the rGO (the model used for GO had the 
graphene modified with hydroxyl and epoxide groups) suggest that reduction below 6.25% 
of the area of the GO (C/O = 16 in atomic ratio) may be difficult in terms of removing the 
remaining hydroxyl groups (Park and Ruoff, 2009; Boukhvalov and Katsnelson, 2008).

The main characteristic of the rGO is the higher content of sp2-carbon compared with 
GO. The natural consequence is the presence of an enormous orbital π, which permits a 
higher HET rates than GO (see Table 2.3). For this reason, it is the most employed graphene 
in the bibliography for electrochemical sensing.

Owing to the strong tendency between graphene sheets to stack by π-π interaction, 
the layers easily aggregate. However, this aggregation could be overcome by the insertion of 
molecules that stabilize the structure, dispersion in organic solvents or addition of polymers 
onto the nanosheets. Thus, the habitual solvents used to disperse this material are mainly 
organic solvent such as, DMF, N,N´-dimethylacetamide, and N-methyl-2-pyrrolidone at 
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concentrations up to 1 mg mL-1 (Paredes et al., 2008). Despite being very hydrophobic 
molecule, it is also dispersed in water using surfactants as cetyl trimethylammonium 
bromide (CTAB), sodium dodecyl benzyl sulfate (SDBS) or sodium dodecyl sulfate (SDS) 
(Pu et al., 2012). It is of relevant importance that often the presence of some stabilizers is 
undesirable for most applications (Brownson et al., 2011).

This unique nanostructure holds great promise for potential applications in many 
technological fields such as nanoelectronics, sensors, capacitors, and nanocomposites 
(Cao et al., 2010; Guo, Dong and Wang, 2010; Wang and Zhao, 2011).

Table 2.5 shows the rGO materials used in the electrochemical detection of different 
analytes, some of them explored in real samples. Towards the selected examples, the potential 
of rGO as an electrochemical transducer will be critically stated following the before explained 
approaches (thin film, composite and biosensor based electrodes) and remarking the chemical 
interaction with the detected molecule. Reduced graphene oxide is widely used in analytical 
and electrochemical applications because of the excellent properties of this carbon material. 
Its chemical inertness, potential window and electrocatalytic activity to a variety of redox 
reactions are the most prominent properties that permit its electrochemical application.

Using the thin-film approach by a simple casting of the electrode with the rGO material, 
different electrode substrates such as GCE and CSPEs have been used to detect important 
target molecules. Indeed, chemically reduced graphene nanosheets modified GCE have been 
explored for the simultaneous determination of morphine, noscapine and heroin, which are 
important, opiate drugs (Navaee, Salimi and Teymourian, 2012) as well as for the simultaneous 
determination of hydroquinone (HQ) and catechol (CT) (Du, 2011).

Figure 2.4. 
Schematic model of reduced graphene oxide

(A) Reduction of epoxide group with hydrazine in NH3 media and (B)  schematic 
model of reduced graphene oxide. Modified with permission of Gao, Jang and Nagase, 
2010.
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Certainly, graphene films on electrodes usually have been obtained by drop-casting 
solution based on reduced graphene oxide obtained from chemical reduction with N2H4/NH3 
or other reagents from GO sheets. But the main limitation of this approach is the lack of 
control in the film thickness, and clearly, the toxic chemicals that are involved. As consequence 
of it, nowadays, electrochemical reduction of GO has drawn great attention because of its fast 
and environmental friendly synthesis. This modified electrode was used for the simultaneous 
determination of HQ and CT (Chen et al., 2011) as well as for nitric oxide sensing (Wang and 
Zhao, 2011).

The advantages of rGO in connection with the inherent advantages of screen-printed 
technology were also explored for detection of AA, dopamine (DA) and UA, finding an 
excellent electrocatalysis from rGO on these important analytes (Ping et al., 2012).

Another interesting approach consists of a good stability, uniform, and rich-wrinkled 
electrophoretic deposited graphene film (Wu et al., 2009; Chavez-Valdez, Shaffer and 
Boccaccini, 2013), which was utilized as an analytical platform for the determination 
of nitroaromatic explosive compounds such as, 2,4,6-trinitrotoluene (Tang et al., 2010). 
This methodology is based on high deposition rate and throughput, good uniformity 
and controlled thickness of the obtained films, without need of binders, and simplicity of 
scaling up. Trinitrotoluene is a good π-electron acceptor and it easily adsorbs on graphene 
surface through hydrogen bond and/or π-π stacking interaction with reduced graphene 
oxide. Therefore, trinitrotoluene sensing can be attributed to those interactions with 
graphene. In this article, it was evaluated analytical detection of trinitrotoluene and the 
electrochemical activity of this graphene-based electrode containing either 4-nitrotoluene 
or 2,4-dinitrotoluene. Authors found that the number of reduction peaks for nitroaromatic 
compounds were dependent on the number of nitro groups on the aromatic ring. Therefore, 
the graphene may have potential in the electrochemical detection of nitroaromatic compounds 
with distinguishable voltammogram features.

These of aromatic molecules might foul the graphene electrodes because they adsorb in 
the carbon surfaces, in order to avoid this fouling and clean the nanomaterial surface, cyclic 
voltammetries with the buffer of measurement are commonly employed scanning in the redox 
potential window. Therefore, in the general literature, graphene has demonstrated its excellent 
repeatability and reproducibility as electrochemical detector compared with conventional 
electrodes (Xiong and Jin, 2011). However, there are also some examples showing that 
graphene-modified electrodes are worse than conventional carbon-based electrodes (Chee 
and Pumera, 2012).

On the other hand, rGO mixed with other components or embedded in a polymer 
matrix into composite approach is a promising cutting edge in graphene-detectors. Indeed, as 
we have already mentioned before, the presence of polymers as nafion or chitosan permit not 
only to stabilize the material on the electrode but also to avoid aggregation of sheets because 
the positively charged chitosan interacts with the negatively charged graphene. A fast method 
for the simultaneous determination of CT, resorcinol (RS) and HQ at graphene–chitosan 
composite film modified GCE has been reported (Yin et al., 2011). Another application for the 
simultaneous determination of dopamine and ascorbic acid utilized a green-synthesis graphene 
obtained with non-toxic solvents by reduction of GO using ascorbic acid and chitosan on the 
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GCE (Zhu et al., 2012). Furthermore, rGO polymerization synthesis has been completed in 
one-step with electro-synthesis applying cyclic sweeping on the GCE and then applied for the 
simultaneous determination of UA, xanthine and hypoxanthine (Zhang et al., 2012).

Although graphene properties permits, in some cases, the simultaneous determination of 
several compounds because of the graphene electrocatalysis on some molecules, the different 
π-π interaction between target analytes and graphene allowed to differentiate the presence 
of two analogous structural species. Aloe-emodin and aloin are one studied example using a 
graphene-nafion GCE (Li et al., 2010). It is remarkable, the much higher current intensities 
in the case of aloe-emodin and emodin (structural analogous) obtained with graphene 
and MWCNT than the conventional GCE, and more importantly, the non-presence of 
oxidation peak in the case of aloin. Remarkably, this is an excellent example in which the 
high electroactive surface area of graphene provides enhanced the sensitivity for both aloe-
emodin and emodin in comparison to non-modified and MWCNTs modified GCE surfaces. 
Furthermore, interestingly, in the analysis the redox peak of aloin (analogous compound 
with a glycosyl group) is not found. Authors explained the non-oxidation peak and the non-
presence of peak for aloin due to the steric hindrance of glycosyl group of aloin to interact 
with graphene surface. While aloe-emodin structure easily interacts via π-π with graphene 
structure; aloin, a non-planar and hydrophile molecule, provokes the impeded adsorption on 
graphene surface.

Moreover, other molecules had been embedded in the graphene structure in order 
to enhance the response of an analyte. To stabilize chemically reduced graphene, an anion 
porphyrin, meso-tetra (4-carboxyphenyl) porphine was incorporated in graphene structure 
and used for highly selective and sensitive detection of DA on GCE (Wu et al., 2012). The 
aromatic π–π stacking and electrostatic attraction between positively-charged DA and 
negatively-charged porphyrin-modified graphene could accelerate the electron transfer and the 
analyte response.

The recognition of chiral molecules is an important task, especially in the detection of 
chiral drugs. A key step in selectively sensing chiral molecules such as binaphthol is 
to build a chiral surface that can identify the minute differences between the two especial 
enantiomers. A chiral surface using the self-assembly method to anchor chiral osmium 
complex Λ-[Os(phen)3(ClO4)2] onto a single-layered rGO film that is attached to the 
3-aminopropyltriethoxysilane modified indium tin oxide (ITO) substrate was developed (Bu et 
al., 2012). The use of single-layered rGO in the hybrid film has greatly improved the detection 
sensitivity of chiral binaphthol, indicating that functionalized graphene film has promising 
potential in analyzing chiral molecules.

Owing to the tendency of rGO to aggregate by π-π stacking interactions, it is necessary to 
improve its stability. Another route to avoid this problem consists of the inclusion of MWCNTs 
between graphene layers creating a three dimensional, porous, conductive and catalytic matrix 
on the electrode surface (Hu et al., 2012). It was synthesized the rGO–MWCNTs hybrid 
materials through a facile chemical reduction method with polyethyleneimine (PEI) as the 
reductant and the dispersion of rGO-MWCNTs was dropped on the GCE surface obtaining 
rGO-MWCNTs/GCE to simultaneously detect HQ, CT, p-cresol and nitrite. Interestingly, 
when using GCE, only two oxidation peaks were found with really low intensity, however, the 
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presence of MWCNTs improved the selectivity, and four peaks were depicted. Then, hybrid 
MWCNT-graphene material enhanced the sensitivity of the electrochemical measurements 
and the current intensity was improved compared to MWCNT modified electrode.

Finally, as regards to biosensing field, the main drawback in biosensor building is that 
proteins usually have their redox centers deeply buried. Therefore, it is difficult for electrons 
to be transferred between protein molecule and electrode surface. The question is whether 
graphene constitutes a new promise or not. In this sense, rGO has demonstrated its capacity for 
acting as electron donor, in which the protein can keep stability and its direct electron-transfer 
rate can be enhanced. Redox enzymes as glucose oxidase or proteins as hemoglobin are some 
of the examples that integrate via assembling with graphene surface as we will discuss below.

The direct detection of glucose based on the electrocatalytic reduction of oxygen using 
an electrode of glucose oxidase integrated with graphene (Wu et al., 2010) and with graphene/
nafion film was studied (Zhang et al., 2012). The voltammetric results indicated that glucose 
oxidase assembled on graphene retained its native structure and bioactivity. Besides, when 
graphene material was on the electrode, the currents were double than in the non-modified 
electrodes. The higher sensitivity and currents obtained using glucose oxidase /graphene-
modified electrode compared to glucose oxidase /non-modified ones are due to the higher 
adsorption capacity and stronger interaction between glucose oxidase and graphene rather 
than between the oxidase and GCE, therefore, it suggests that a larger quantity of enzyme is 
assembled in the surface of the electrode. 

A new biocomposite film based on graphene, zinc oxide nanospheres and hemoglobin 
has been developed for sensing hydrogen peroxide (Xu, Liu and Wu, 2011). It was obtained a 
biosensor that could retain the bioactivity and native structure of hemoglobin, indicating that the 
composite film could provide a favorable environment for the immobilization of hemoglobin.

Cytochrome c embedded in a novel support matrix of graphene/poly (3,4- 
ethylenedioxythiophene) nano composite on a glassy carbon electrode was also studied (Wang 
et al., 2012). The immobilized cytochrome c in the graphene matrix displays excellent direct 
electrochemistry and retains its biocatalytic activity towards the reduction of hydrogen peroxide.

2.1.3.3. Graphene nanoribbons: electrochemistry and applications

Graphene nanoribbons are unzipped CNTs with structural control. Figure 2.5 illustrates the 
different routes to open nanotubes that yield GNRs (Kosynkin et al., 2009): by chemical oxidation of 
the nanotubes (Kosynkin et al., 2009), by plasma etching of CNTs embedded in a polymer film (Jiao, 
2009), by the intercalation of metals (Cano-Marquez, 2009) or nanoparticles (Kim, Sussman and 
Zettl, 2010) and the posterior exfoliation or by the unwrapping MWCNTs using electrical current 
and nanomanipulation to produce a GNR of the desired width and length (Kim, Sussman and Zettl, 
2010), among others.

Considering their atomic structures, graphene edges are usually classified as zigzag, 
armchair, combined, and reconstructed types. Physical properties of finite-size graphene 
nanostructures are often determined by properties of the edge itself, and may substantially 
differ from those of perfect graphene sheet.
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Taking into account the most known chiral edge configurations of CNTs, at 0º (armchair) 
and at 30º (zigzag), it is possible to find armchair and zigzag nanoribbons, respectively. 
Moreover, armchair ones are semiconductors or conductors depending on the width of the 
ribbon, and zigzag ones are always conductors or present metallic behaviour, but they could 
also induce an energy gap depending on the field strength applied (Huang, Chang and Lin, 
2008). Furthermore, edge chemistry is an important characteristic of nanoribbons, because 
the edges present chemical functionalities such as carboxylic acid, carbonyl and amine, 
among others. Therefore, GNRs are significantly more chemically reactive than crystalline 
graphene, because graphene surfaces seem to be chemically inert and could only interact with 
other molecules by physical adsorption via π-π interaction and GNRs (Martín et al., 2014).

Table 2.6 shows the GNR materials used in the electrochemical detection of different 
analytes, some of them explored in real samples. Towards the selected examples, the potential 
of GNRs as an electrochemical transducer will be critically stated following the before 
explained approaches –thin film, composite and biosensor based electrodes– and remarking 
the chemical interaction with the detected molecule.

Figure 2.5. 
Synthetic routes of GNRs from unzipping of nanotubes

Synthetic routes to yield GNRs from the unzipping of carbon nanotubes (a) Intercalation-
exfoliation of MWCNTs, involving treatments in liquid NH3 and Li, and subsequent 
exfoliation using HCl and heat treatments; (b) chemical route, involving acid reactions 
(e.g. H2SO4 and KMnO4 as oxidizing agents) that break carbon-carbon bonds; (c) catalytic 
approach, in which metal nanoparticles ‘‘cut’’ the nanotube longitudinally like a pair of 
scissors, (d) electrical method, by passing an electric current through a nanotube, and 
(e) physicochemical method by embedding the tubes in a polymer matrix followed by 
argon plasma treatment. The resulting structures are either GNRs or graphene sheets (f). 
Reprinted with permission of Kosynkint et al., 2012.
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Graphene nanoribbons present an extreme reactivity due to the existing of open-
ended graphene sheets. Thus, using GNRs as an electrocatalytic material for preparation  
of electrochemical sensors and biosensors would be worthy. The presence of a larger amount of 
edge plane-like defects on graphene and more sp2 domains facilitates the rapid detection of several 
interesting molecules such as, catecholamines, neurotransmitters, NADH, H2O2, guanine, 
tyrosine, adenine, etc., with better results than SWCNT and MWCNT. However, GNRs for 
electrochemical sensing have been used in smaller extent than other graphenes.

As a result, functionalized GNRs obtained by the unzipping using a chemical oxidation 
of SWCNTs and its deposition on CSPEs has been evaluated for the detection of important 
molecules (Valentini et al., 2012). In general terms, the electrochemical response improved 
when graphene was used as electrochemical transductor around double or several times 
more the signal found in CSPEs. One isolated example where graphene did not improve 
the electrochemical sensing has been the detection of trinitrotoluene in seawater where no 
significant difference was found in the performance of graphite microparticles and single-, few-, 
and multilayer graphene nanoribbons, the sensitivities found were in the same range, being 
40% higher in graphite material than in single-layer graphene materials (Goh and Pumera, 
2011). However, recently the electrochemical potential of GNRs has been demonstrated in 
a deep study using three dihydroxybenzene isomers and other target molecules such as UA, 
AA, levodopa (LD) and L-tyrosine (L-Tyr) (Martín et al., 2014), displaying reduced graphene 
nanoribbons analytical responses from 5 to 10-fold higher compared to the response of the 
GCE. Apart from the excellent responses obtained in all the cases, the interaction between 
oxygen groups of the graphene oxide nanoribbons and these target molecules plus the π-π 
interaction highly found with reduced graphene materials are described. Consequently, they 
open new opportunities for tailoring graphene to optimizing the sensing application based on 
the chemistry of the molecule.

1-hydroxypyrene is considered one of the metabolites of polycyclic aromatic 
hydrocarbons, and has been widely used as a urinary valuable biomarker for evaluation 
of human exposure to polycyclic aromatic hydrocarbons (Shen et al., 2012). To reduce 
matrix interference in the real sample and achieve the required sensitivity, the analysis 
of 1-hydroxypyrene needs a pre-concentration procedure with a C18 and copper 
phthalocyanine that can selectively adsorb 1-hydroxypyrene via π – π interaction due to the 
small π -electron system on it. Then, as graphene tends to be re-aggregated owing to 
π-π interactions between graphene layers, the authors designed a new route by inserting 
positively charged polyhedral oligomeric silsesquioxane nanocages into negatively 
charged graphene oxide nanoribbon layers. Apart from that, 1-hydroxypyrene has planar 
aromatic structures with a π-electron system, which interacts via π-π with graphene. 
When 1-hydroxypyrene is pre-concentrated on the composite graphene electrode, as the 
concentration is increased, the response signal is enhanced significantly. In this case, when 
graphene oxide nanoribbons were deposited on the electrode the response of the bare 
electrode improved 2 times but when 1-hydroxypyrene was evaluated with the composite 
framework the response increased in 12 times from that found in the bare electrode.

GNRs have been rarely explored in the biosensors building. A less toxic, reproducible, 
and easy method for producing functionalized multilayer graphene from MWCNTs in mass 
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scale using only concentrated H2SO4/HNO3 has been proposed. The thin film of functionalized 
multilayer graphene has been fabricated onto an ITO substrate by electrophoretic deposition 
technique. Then, urease and glutamate dehydrogenase has been immobilized using ethyl 
(dimethylaminopropyl) carbodiimide and N-hydroxy-succinimide chemistry (Srivastava et 
al., 2012). The biochemical reaction supposes the decomposition of urea into bicarbonate 
(HCO3-) and ammonium ions (NH4+) which is catalyzed by urease. Then, it is needed 
the addition of glutamate dehydrogenase that catalyzes the reaction between NH4+, 
α-ketoglutarate and NADH to obtain electrons that are transferred to the electrode.

Moreover, the integration of one model enzyme, glucose oxide, has also explored using 
GNRs. Firstly, reduced graphene nanoribbons non-covalently functionalized with water-
soluble iron(III) meso-tetrakis(N-methylpyridinum-4-yl) porphyrin via π-π non-covalent 
interaction were deposited on GCE surface (Zhang et al., 2011). Using glucose oxidase as 
model enzyme, a biosensor based on the consumption of O2 was developed and could be 
successfully applied in the detection of glucose in human serum.

2.1.4. Outlook and perspectives

In this section, the terminology in the graphenes field has been clarified to avoid 
misunderstandings. Furthermore, a complete analytical characterization of graphene is 
crucial to know the morphology and structure of the synthesized material.

Table 2.7. 
Electrochemical detection with graphenes

 Note: TEM images of MWCNTs, GNRox, and GNRred.

Graphene Structure Target molecule Interaction graphene-
molecule

Analytical performance 
features Ref

Graphene 
nanoplatelets

GO (few layers) AA, UA Hydrogen bond Electrocatalysis and 
enhanced sensitivity

48

GO GO (few layers) 4-nitrophenol Hydrogen bonds plus 
π–π stacking Low electrode fouling 50

GO Graphene-COOH
(few layers) Adenine and guanine Electrostatic Enhanced sensitivity 51

rGO Graphene film Trinitrotoluene Hydrogen bond and 
π–π stacking

Improved limit of 
detection 70

rGO Graphene film Anthraquinones π–π stacking Enhanced sensitivity 76

GNR rGO CT, RS, AA, L-Tyr Hydrogen bond and 
π–π

Electrocatalysis and 
enhanced sensitivity 21

GNR GO HQ, LD, UA Hydrogen bond and 
π–π

Electrocatalysis and 
enhanced sensitivity 21

GNR GO 1-hydroxypyrene π–π Low electrode fouling 91
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Interestingly, the state of the art of graphene in electrochemical detection shows 
how some graphenes (tailored graphene) are more suitable than others to detect a target 
molecule. Furthermore, the interactions between these target molecules and either moieties 
or graphene lattice should be the objective to optimize and elucidate the best electrochemical 
sensing or biosensing. To sum up, graphene is a true new promise for selective and sensitive 
electrochemical sensing and biosensing.

Finally, in order to give a conceptual overview about the chemistry behind the 
electrochemistry, Table 2.7 summarizes the typical interactions that govern the enhancement 
in sensing and biosensing between graphenes and the target analytes.
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2.2. GRAPHENE NANORIBBONS FOR ELECTROCHEMICAL SENSING

2.2.1. Introduction and objectives

Graphene structure confers extraordinary properties (Novoselov et al., 2004; Park and 
Ruoff, 2009; Lee et al., 2008) to the material, as mentioned in section 2.1. Of the previously 
listed properties, mainly its large surface area and its high electrical conductivity have been 
exploited for its application in electrochemistry (Wong et al., 2013). This general definition 
and properties describe the theoretical or pristine graphene, however, considering synthesized 
graphenes, graphene family includes a broad variety of terms that describe different materials 
with different physical structure and properties (Martín and Escarpa, 2014).

Basically, the most applied graphenes in analytical electrochemistry present as main 
sources graphite or CNTs in top-down scheme synthesis. On the one hand, the oxidation 
and exfoliation of graphite yield GO, this material loses the aromaticity and the HET rate is 
lower than in pristine graphene. Furthermore, the reduction of GO via chemical, thermal or 
electrochemical treatments generate rGO (Chua and Pumera, 2014).  Although this material 
recovers the aromaticity and increases the HET compared with GO (Ambrosi et al., 2011), 
this material presents defects and new heteroatoms in the carbon lattice compared with 
the pristine graphene (Dreyer et al., 2010). These GO and rGO materials cover more than 
half of the analytical literature about graphene in electrochemical applications (Martín 
and Escarpa, 2014; Pumera et al., 2010; Brownson and Banks, 2010; Shao et al., 2010; 
Kuila et al., 2011; Li and Xia, 2012; Valentini, Carbone and Palleschi, 2013; Stankovich  
et al., 2006).

From the controlled structural opening process or unzipping of CNTs, GNRs are 
produced (Kosynkin et al., 2009). These graphitic structures are dimensionally limited in the 
basal plane x–y, from a few to some hundred nanometers, because the diameter of the CNT 
limits the final dimension. Although many synthetic processes have been described in the 
literature (Shinde et al., 2011; Terrones et al., 2010; Zhang et al., 2011; John et al., 2013) for 
synthesizing GNRs, again, the oxidation step to open the CNT and the reduction process of 
the generated nanoribbon are the most cited in analytical electrochemistry.

In contrast with pristine graphene, GNRs obtained by chemical oxidation of 
CNTs are really promising in electrochemistry, because of the edge chemistry involved 
in GNR. Whereas pristine graphene has an inert chemical surface, no defects, showing 
poor electrochemical behavior (Brownson, Kampouris and Banks, 2012), these graphene 
nanoribbons are more reactive. This reactivity can be caused by the adsorption of analytes 
via π-π stacking interaction, and by electrostatic or hydrogen bond interactions with 
functionalities of the target molecules and the oxygen moieties located at the edges of 
the graphene material (Martín et al., 2014). Remarkably, the main applications (Terrones 
et al., 2010) of GNRs are focused on the fields of physics, nanoelectronics, spintronics, 
and nanoelectromechanical systems (Guo, Guo and Chen, 2008), however, they are also 
relevant to sensing and biosensing applications (Martín et al., 2014; Chng, Pumera and 
Bonanni, 2014).
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Although the longitudinal unzipping techniques used to synthesize GNRs result 
in over-oxidation and a plethora of defect sites that do not, in general, benefit electronic 
applications (Shinde et al., 2011), these characteristics can actually be useful for certain 
electrochemical applications, as it has previously been stated.

A handful of studies have examined the use of GNRs in electrochemical sensing 
applications. The electrochemical sensing of model electroactive molecules in the presence of 
reduced GNR-modified screen-printed electrodes have displayed higher sensitivities compared 
to the ones of a bare screen-printed electrode (Shinde et al., 2011). Various GNR-based sensors 
and biosensors (Valentini, Carbone and Palleschi, 2013; Valentini et al., 2012; Dong et al., 2011) 
have been developed for the detection of urea (Yang et al., 2013), glucose (Srivastava et al., 2012), 
1-hydroxypyrene (Shen et al., 2012), cysteine (Wu et al., 2012), brevetoxin B (Tang et al., 2012), and 
2,4,6-trinitrotoluene (Tan, Chua and Pumera, 2013; Goh and Pumera, 2011). These sensors 
displayed excellent electrochemical responses in terms of reproducibility, low detection limits, 
and a high selectivity in all cases. In other approaches, GNRs have been incompletely unzipped to 
develop mixtures of GNR/MWCNTs (Sun et al., 2011) yielding also good responses.

Taking into consideration the literature of graphenes in electrochemistry, GNR is an 
under exploited carbon nanomaterial full of properties which need to be demonstrated. The 
most relevant and expected promises derived from the use of these carbon nanomaterials in 
electrochemical sensing should be:

■ The electrocatalytic effect induced by graphene materials might have an effect on the 
redox capacity of analytes and, consequently, on the decrease of the detection 
potentials, which would improve the overall selectivity of the analysis.

■ Enhancement of faradaic currents since the large surface area of graphene detectors 
would permit rapid redox conversion. This implies the increase in sensitivity in the 
analytical procedure.

■ Increase the resistance to passivation originated from the greater surface area of the 
graphene-based detectors. It implies better reproducibility in analysis, because of  
the lower electrode fouling.

On the other hand, screen-printing technology represents a well-established technique for the 
fabrication of electrochemical sensors with high sensitivity and selectivity, with all the benefits of an 
easily renewable sensor. In particular, the possibility to regularly change the sensor allows reducing 
the risk of contamination from one analysis to another. In addition, the incorporation of carbon 
nanostructures such as carbon nanotubes first, and more recently graphene, have considerably 
changed the scope of carbon-based electrodes in electroanalysis (Pumera and Escarpa, 2009).

In this works involving GNRs, the first objective has been the analytical characterization 
of two graphene nanoribbons with different oxygen content. Since oxide graphene nanoribbons 
(GNRox) were obtained from MWCNTs and reduced graphene nanoribbons (GNRred) were 
obtained from the chemical reduction of GNRox, a reliable and valuable comparison with 
the controls such as the bare electrode GCE or disposable CSPEs and MWCNTs could be 
made. Thus, this traceability is of paramount importance for ascertaining the advantages 
of GNRs.
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The second objective sought to explore the electrochemical performances of fully 
characterized GNRs with respect to the detection of significant target molecules, as well 
as to elucidate the chemical interactions between target molecules and GNRs in the context 
of electrochemical sensing for seeking tailored graphenes and carbon nanomaterials for 
future electrochemical sensing and biosensing. For that, a set of analytically significant target 
molecules were evaluated using differential pulse voltammetry (DPV). Those included three 
dihydroxybenzene isomers (Suresh, Srivastava and Mishra, 2012): CT, RS, and HQ; the 
neurotransmitter levodopa (LD); the amino acid L-tyrosine (L-Tyr); UA and AA, which 
are present in urine and blood serum (Salimi, MamKhezri and Hallaj, 2006; Zen et al., 2004; 
Reddaiah, Reddy and Raghu, 2012). These target molecules are usually oxidized at approximately 
the same potential; therefore, discrimination among these species in a mixture can be extremely 
difficult using most solid electrodes (Oneill, 1994). Furthermore, AA, LD and UA have been 
chosen because they are electroactive molecules with high clinical significance, which has 
been scarcely reported in the bibliography, using these nanomaterials (Martín et al., 2014; 
Chng, Pumera and Bonanni, 2014; Reddaiah, Reddy and Raghu, 2012; Hu et al., 2010).

Besides, a third objective was to include these carbon nanomaterials on screen-printed 
electrodes as a new analytical tool, easy to use, fast and reliable, competitive in comparison 
with the other electrochemical approaches, because they offer a very fast response, low sample 
consumption (just 50 µL) and single use, disposability. In addition, in comparison with others 
methodologies such as, HPLC or capillary electrophoresis (CE), they represent a fast and 
simple alternative, which avoids even the large use of toxic solvents.

2.2.2. Synthesis and characterization of graphene nanoribbons

The carbon source used for the synthesis of graphene nanoribbons, MWCNTs 
(0.2% oxygen content) was produced by the arc-discharge method (Antisari, Marazzi 
and Krsmanovic, 2003) in a home-built electric arc-discharge apparatus under standard 
conditions (Benito, Maser and Martinez, 2005). The MWCNTs were characterized as being 
straight and highly graphitized.

GNRox, 44 wt.% oxygen, were synthesized from the MWCNTs via the longitudinal 
unzipping method in H2SO4/KMnO4 (Kosynkin et al., 2009). These oxidized nanoribbons 
were used as starting materials to produce GNRred, 14% oxygen, via chemical reduction with 
N2H4/NH3 (Gao, Jang and Nagase, 2010).

Afterwards, the structures and morphologies of the graphene samples were characterized 
using AFM, as shown in Figure 2.6. This figure shows AFM images for a small GNRox sheet with 
an average thickness of about 0.8 nm and an area of 200 x 150 nm2. The theoretical thickness of 
a perfectly flat unoxidized sp2-carbon-atom network is predicted to be 0.4 nm1. The thickness 
of the GNRox sample measured here was consistent the thickness of two stacked graphene 
sheets; however, this thickness may also indicate a single layer graphene structure having oxygen 
functionalities on the surface (Zhou, Zhzi and Dong, 2009). Figure 2.6 shows that the GNRred 
surface was rough due to the presence of stacked small fragments of the reduced graphene 
sheets. The average thickness of this graphene sample was 1.2 nm, suggesting that the stacked 
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Figure 2.6. 
AFM images and height profiles of GNRox and GNRred

(A) Tapping mode AFM images and (B) height profiles along the dashed lines of 
GNRox (left) and GNRred (right).

layers extended over an area of 120 x 50 nm2. The GNRred sample displayed a larger number  
of layers than the graphene oxide sample because the high proportion of sp2-carbons in GNRred 
increased the extent of π-π stacking interactions.

The graphene morphologies were imaged using TEM, which also demonstrated the 
successful synthetic process based on the chemical unzipping of MWCNTs. Figure 2.7 shows 
TEM images of a MWCNT sample (A), GNRox (B), and GNRred (C). The MWCNTs were 
more than 1 µm long and had an outer diameter of approximately 12 nm; GNRox displayed 

Figure 2.7. 
TEM images of MWCNTs, GNRox, and GNRred

TEM images of the (A) MWCNTs, (B) GNRox, and (C) GNRred samples.
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stacked layers and folds, and GNRred appeared to form thin layers with folds in the sheets. 
These micrographs could be used to visualize the openings of the MWCNTs used to generate 
the graphene layers, as well as the anisotropy of the GNR structures.

X-Ray diffraction studies were performed to estimate the average distance between 
layers in the carbon allotropes. The crystalline structures of graphite, graphene, and 
carbon nanotubes permit the measurement of the inter-planar spacing and lattice 
parameters (see Figure 2.8). The XRD patterns obtained from the MWCNTs presented 
a peak at 26° corresponding to a basal plane of d002=3.34 Å. This peak matched the 
distance found in the graphite layer structure. The GNRox sample displayed a new peak 
at 10°, which was attributed to a plane at d001=7.33 Å. The separation between layers 
in the GNRox sample was high due to the presence of oxygen moieties in the lattice. 
The GNRred peak intensity at 10° was lower and the peak at 26° was higher than the 
corresponding peak intensities obtained from the GNRox diffractogram. The recovery 
of sp2-carbon in GNRred facilitated π-π stacking among the layers, and the distance 
between layers was smaller than the interlayer distance measured in the GNRox sample. 
XRD studies confirmed the change in the distance between these crystalline structures 
and the presence of a new graphitic structure.

Figure 2.8.
X-Ray difractograms of MWCNTs, GNRox and GNRred 

X-ray diffractograms for (A) the MWCNTs (black) and GNRox (red) (scale x5 in 
GNRox), and (B) GNRox (red) and GNRred (blue).

The Raman spectra of graphite-derived materials usually display a D band at 
1360 cm–1 and a G band at 1590 cm–1, and an overtone of the D band occurs at 2650 
cm–1 (the 2D or G’ band) (Ambrosi et al., 2011; Jiao et al., 2009). The D band arises 
from the out-of-plane vibrational modes and is indicative of the number of sp3 carbon 
atoms present, whereas the G band arises from the presence of in-plane sp2 vibrations. 
The intensity ratio of the D and G lines (ID/IG ratio), therefore, provides important 
information about the composition and domains in-plane giving valuable information 
regarding the average size of the sp2 carbon domains as well (Barros et al., 2011; 
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Stankovich et al., 2007). Figure 2.9 illustrates the Raman spectra of the three materials, 
showing the D, G, and G’ bands. The ID/IG ratio was calculated to be 0.075, 0.52, and 
0.66 for the MWCNTs, GNRox, and GNRred samples, respectively. This increase also 
suggested a decrease in the average size of the sp2 graphitic domains, suggesting that 
the new graphitic domains created in the GNRred sample were smaller in size but more 
numerous than in the GNRox sample (Ambrosi et al., 2011). Because the ID/IG ratio is 
proportional to the average size of the sp2 carbon domains, a higher ID/IG was attributed 
to the presence of additional edges (more defects) (Cheng et al., 2012) and shorter 
layers in the GNRred surface, consistent with the AFM results.

Figure 2.9. 
Raman spectra of the MWCNTs GNRox and GNRred

Raman spectra of the MWCNTs (black), GNRox (red), and GNRred (blue). The 
scale of the GNRred sample is 10x the scale of the other sample spectra.

XPS was used to study the oxygen content and changes in the sp2-sp3 carbon structure 
in the graphene layers after chemical reduction of GNRox to obtain GNRred. The presence 
of sp2-carbon atoms increased significantly and the presence of sp3-carbon and oxygen 
moieties decreased correspondingly upon reduction of GNRox to GNRred. The presence of 
carboxyl, carbonyl, alcohol, epoxy, and ether moieties decreased to the same extent. The XPS 
results revealed the presence of C-N bonds in the as-synthesized GNRred sample as a result 
of the N2H4/NH3 reduction step (see Figure 2.10). Considering that XPS measurements are 
sensitive to the elemental composition of the material surface, XPS offers an accurate measure 
of the oxygen content in the material. Direct determination of oxygen content was directly 
determined to be 0.2 wt.% in the MWCNTs, 44 wt.% in the GNRox, and 14 wt.% in the 
GNRred. Clearly, these data slightly differed from the XPS results because the XPS technique 
is not sensitive to the presence of oxygen groups below the surface and because some of the 
groups may be lost due to decomposition in the presence of the harsh XPS measurement 
conditions.
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Figure 2.10. 
C1s XPS spectra and binding energies of GNRox and GNRred

(A) C1s XPS spectra of the GNRox  and (B) GNRred samples, recorded with a photon 
energy of hv = 400 eV. (C) Table of the binding energies and atomic percentages 
estimated from the XPS spectra in A and B.

GNRox Binding 
energy (eV)

% atomic GNRred Binding 
energy (eV)

% atomic

C-sp2 284.4 1.94 C-sp2 284.3 46.52

C-sp3 285.4 18.60 C-sp3 285.4 10.22

Carboxy1 288.5 22.94 Carboxy1 288.3 4.08

Ketone and aldehyde 287.2 22.99 Ketone and aldehyde 287.5 11.91

Alcohol, epoxy, ether 286.95 26.19 Alcohol, epoxy, éter 286.7 10.29

π-π* 290.65 7.35 π-π* 290.7 6.26

C-N 285.7 10.63

Furthermore, the IR spectra were evaluated to corroborate the analysis of the functional 
moieties present in the GNRs, already quantified by XPS. Figure 2.11 shows the sp2-carbon 
vibrational bands obtained from the MWCNTs (Figure 2.11.A). The GNRox spectra indicated 
the presence of oxygen moieties due to carboxyl, epoxyl, and hydroxyl groups (Figure 2.11.B). The 
GNRred spectrum shows the remained oxygen moiety signals between 1400 and 1700 cm–1, 
however, the vibrations corresponding to the C-O stretch between 1250 and 1000 cm–1 were 
reduced to a greater extent, as compared to the GNRox spectrum. Vibrations at 3200 cm–1 
due to the C-N bonds arose from the chemical reduction step (Figure 2.11.C). The GNRred 
spectrum displayed a lower band intensity compared to the GNRox spectrum, confirming 
that the oxygen moieties had been reduced. These results were consistent with the Lerf–
Klinowsky model.
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Figure 2.11.
IR spectra of the MWCNTs, GNRox and GNRred 

IR spectra of the (A) MWCNTs, (B) GNRox, and (C) GNRred materials.

In the last analytical characterization step, the GNR-based electrodes were explored. 
Firstly, the dispersion of the graphene material was of paramount importance for 
obtaining these results (see Figure 2.12). Stronger sonication conditions were required to 
prepare the GNRred dispersion. Because GNRred includes high sp2 content, the material 
readily stacks to form small piles on an electrode surface that increase the resistivity and 
reduce the current. The strongest sonication conditions were not necessary to obtain 
a good GNRox dispersion because the layers did not stack as readily, the material was 
not found to accumulate, and the signals obtained with or without tip sonication were 
indistinguishable.
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Figure 2.12. 
CV of K3Fe(CN)6 on GNRred with and without tip sonication

Cyclic voltammetry of 1 mM K3[Fe(CN)6] in 0.1 M NaH2PO4/Na2HPO4 on GNRred 
modified electrodes dispersed without (black line) or with tip sonication (blue line) 
(left panel). Magnified view of the CV black line in left panel (right panel).

Table 2.8. 
Volume optimization. Current intensities for GNRox/GCE

Note: Cathodic current intensities in the CV study of 1 mM [Ru(NH3)6]3+ in 1 M KCl, using the GNRox/GCE prepared by depositing different 
volumes of a 0.5 mg/mL graphene dispersion.

Volume (μL) 0 1 5 10 20

icat (μA) –6.2 –8.7 –11.7 –21.8 –24.1

RSD (%, n=3) 2.0 0.6 2.4 3.3 3.6

Secondly, the casting electrode was prepared using an optimized volume of 10 μL drop 
of the GNR suspensions (see Table 2.8).

Thirdly, the effective electrochemical surface area was evaluated by chronocoulometry 
charge-time plots for the reduction of K3[Fe(CN)6] (see Figure 2.13 and equation in 
section 2.2.6). The estimated areas were obtained from the slopes of the Q vs t1/2 plots (see 
Figure 2.13.B) yielding values of 0.030, 0.071, 0.113, and 0.267 cm2 for the non-modified 
GCE, MWCNTs, GNRox, and GNRred electrodes, respectively. These results revealed 
that GNRox and GNRred significantly increased the electrochemical surface area of the 
electrode. This increase corresponded to a 4-fold increase, in the case of GNRox, and a 
10-fold increase, in the case of GNRred, over the electrochemical surface area of the bare 
GCE. The surface areas were higher than the surface area of the MWCNTs by factors of 
2 and 5 for the GNRox and GNRred samples, respectively. Good interelectrode precision 
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Figure 2.13. 
Chronocoulometric charge-time and charge- time square root plots

(A) Chronocoulometric charge-time plots for the reduction of 0.45 mM K3[Fe(CN)6] 
in 0.1 M NaH2PO4/Na2HPO4 (pH=7.40). GCE (green), GCE/MWCNTs (black), 
GCE/GNRox (red), and GCE/GNRred (blue). (B) Chronocoulometric plots of the 
charge versus t1/2 and linear fits for GCE (black), GCE/MWCNTs (green), GCE/
GNRox (red), and GCE/GNRred (blue).

Figure 2.14. 
FE-SEM images of non-modified and GNR modified CSPEs

FE-SEM images of (A) non-modified CSPE and (B) GNRred and (C) GNRox 
modified CSPEs.

(n=3 electrodes) was obtained, with relative standard deviation (RSD) values of 2, 7, and 
6% for the MWCNTs, GNRox and GNRred, respectively. These results indicated that the 
GNRs offered consistently high and reproducible electroactive areas, as predicted.

Furthermore, the morphology of GNRox and GNRred on the screen-printed platform 
surface was explored by field emission scanning electron microscopy (FE-SEM) in order to 
explore the material deposition on the screen-printed platforms. Figure 2.14 A-C shows the 
micrographs for graphene nananoribbons on CSPE. As it is indicated on the Figure 2.14 A, 
the non-modified CSPE surface was homogeneous and porous. In the case of GNRox on the 
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Figure 2.15
DPVs of HQ, CT, and RS in non-modified, MWCNT and GNRs modified GCE. 
Scheme of the interactions between molecules and GNRs

(Top) Differential pulse voltammograms obtained from (a) 1 mM HQ, (b) CT, 
and (c) RS. (—) Bare GCE, (—) MWCNTs, (—) GNRox, and (—) GNRred. In 0.10 
M NaH2PO4/Na2HPO4 (pH 7.40). DPV at 50 mV pulse and 0.05 s frequency and 
potentials versus Ag/AgCl (3 M KCl). (Bottom) Schematic diagram of the interactions 
between the target molecules (black) and the graphene materials which showed the 
lower oxidation potential. The oxidation reaction center is indicated by the blue 
circles and the main interactions are indicated in yellow.

CSPE, the morphology resembles thin curtains, and layers seem to be overlapped rather than 
aggregated. As for GNRred, these small fragments of graphene easily stack and accumulate 
on CSPE surface forming aggregated graphene mass piles randomly distributed on the CSPE 
electrode surface.

2.2.3. Tailored graphene nanoribbons for electrochemical sensing

The electrochemical behaviors of the isomers HQ (1,4-diol), CT (1,2-diol), and RS 
(1,3-diol) were explored on bare GCE, and all the carbon materials (MWCNTs, GNRox, and 
GNRred) on the GCE, respectively. Figure 2.15 Top illustrates the electrochemical responses 
of each electrode to the target molecules. The extraordinarily high oxidation peak currents on 
the graphene-modified electrodes, as compared to the bare electrode, in the presence of the 
three target molecules reflected the high conductivity of the GNRs. The high conductivity of 
the GNRred electrode was particularly remarkable as a result of the high sp2-carbon content, 
which increased the electrical conductivity of this material. As an example, the electrochemical 
response of GNRred to CT was one order of magnitude higher than the response to HQ, (see 
Table 2.S1, in Appendix 2.2.7). The presence of incompletely unzipped MWCNTs, if any, was 
not expected to significantly affect the detection performance because the MWCNT electrode 
displayed a low signal level.
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Figure 2.16. 
DPVs of AA, LD, UA, L-Tyr in non-modified, MWCNT and GNRs modified GCE. 
Scheme of the interactions between molecules and GNRs

(Top) Differential pulse voltammograms for 1 mM (a) AA, (b) LD, (c) UA and  
(d) L-Tyr. (—) Bare GCE, (—) MWCNTs, (—) GNRox and (—) GNRred. (See 
Figure 2.15 for working conditions). (Bottom) Schematic diagram illustrating the 
interactions between the analytes (black) and graphene surfaces which showed  
the lower oxidation potential. The oxidation reaction centers are indicated by the blue 
circle and the main interactions are indicated in yellow.

The chemistry underlying the shifts in oxidation potentials in the electrochemical 
detection of the target molecules may be understood as follows. 1,4-Benzenediol readily 
oxidizes at low potentials to produce 1,4-benzoquinones, whereas the oxidation of 1,3-diol 
is less favorable due to the lack of conjugation, thereby preventing the formation of the 
benzoquinone, as it occurs with 1,4 and 1,2-benzenediols. Figure 2.15 Bottom illustrates 
the possible interaction processes between the target molecules and the graphene material. 
We hypothesized that the availability of more π-π interactions in GNRred than in GNRox 
facilitated the electrocatalysis of CT and RS and, as a consequence, facilitated oxidation of 
both benzenediols with GNRred. By contrast, 1,4-benzenediol displayed similar oxidation 
potentials on both GNRs, suggesting that hydrogen bonds dominated the interactions 
between the oxide moieties on the edges of the GNR surfaces and the molecules, due to the 
similar potential of the HQ in the presence of GNRred and GNRox.

Figure 2.16 Top presents the detection results of LD, AA, L-Tyr, and UA on GCE, 
MWCNTs, GNRox, and GNRred. A comparison of the graphene modified electrodes and the 
GCE and MWCNTs controls revealed that both graphene electrodes displayed significantly 
higher current peaks compared to the MWCNT control. The results obtained from GNRred 
were particularly spectacular. The exceptional electrocatalytic properties exhibited by this 
material enabled the detection of AA, even below 0 V. Moreover, GNRred displayed analytical 
response from 5 to 10-fold higher compared to the response of the GCE. 
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Table 2.S2 (see Appendix 2.2.7) summarizes the oxidation potentials and analytical 
signals obtained during the DPV measurements for the four molecules.

The enhanced sensitivity of the GNRred electrode was attributed to the good 
conductivity of the material. These results may be understood in terms of the previous 
results obtained in analytical characterization studies, which identified a high 
electrochemical surface area and the presence of high sp2-carbon content. Figure 2.16 
Bottom provides a schematic diagram illustrating our rationalization of the interactions 
between the GNR and the target molecules. The oxygen groups of the GNRox layers 
and those oxygen functionalities remaining in the GNRred lattice (this latter material 
supposed to be in the form of carboxylic acids and carbonyls, as described in the model 
proposed by Lerf-Klinowski (Gao et al., 2010; Lerf et al, 1998; He et al., 1998)) are 
expected to interact with the target molecules via hydrogen bonds. In the detection 
of AA, GNRred yielded the strongest electrocatalysis compared to UA, where similar 
electrocatalytic effect was found for both graphenes. This shift could be explained 
considering interactions with the oxidation center of AA and GNRred and without this 
oxidation center in the case of UA.

LD, which basic structure derived from CT, displayed indistinguishable behaviour 
for GNRred and GNRox. Therefore, the predominant π-π interactions plus hydrogen 
interactions between the benzenediol group and the GNRred and GNRox surfaces appeared 
to be responsible for the similar responses.

The oxidation process of L-Tyr was more difficult due to the presence of only one 
hydroxyl group. For this reason the similar oxidation potentials observed on all carbon 
materials (MWCNTs, GNRox, and GNRred) could be explained in terms of weak π-π 
interactions between the L-Tyr and the carbon materials.

Figure 2.17A shows the electrochemical responses of mixtures of the three isomers: 
HQ, CT, and RS on GCE, MWCNTs, GNRox, and GNRred. The responses revealed that 
although the bare GCE did not permit the simultaneous detection of the benzene 1,2 and 
1,4-diols, the electrocatalytic properties of GNRox and GNRred allowed the simultaneous 
and separate detection of the three target molecules. Figure 2.17B shows that the selective 
detection of LD, AA, and UA could only be achieved using the GNRred electrode. Figure 
2.17C shows that the separate components of a mixture comprising L-Tyr and UA could 
be identified using the GNRred electrode as well. The detection of individual target 
molecules in a mixture relies on the availability of distinct interactions between each 
nanomaterial and target molecule, and consequently, to the exceptional electrocatalytic 
properties exhibited.

The strength of the voltammetric studies was examined by measuring the technique 
repeatability and reproducibility. The repeatability (multiple experiments conducted 
on the same day) and the reproducibility (multiple experiments conducted on different 
days) of the oxidation peak positions was found to be excellent, with RSD <4 % (n=10). 
Good inter-electrode precision was achieved, with RSD values of <6 % (n=5, same day) 
and <9 % (n=5, different days), for the GNRred electrode. The precision was significantly 
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better than the precision obtained from the GCE electrode (RSD <10%, n=4 electrodes, 
same day).

Finally using the GCE, real samples were also tested. Figure 2.18 illustrates the 
electrochemical detection of HQ and UA in cosmetic and urine samples, respectively. 
Interestingly, in both cases, the GNRs displayed better intensity currents than the GCE. The 
excellent results in complex matrix suggest that this technique is suitable for the analysis 
of complex samples. Good precision was achieved for both samples. The cosmetic sample 
analysis was characterized by an RSD <0.5 % for the oxidation peaks and a RSD <2 % for the 
peak currents. The urine sample analysis showed a RSD <0.5% for the oxidation peaks and a 
RSD <10% for the peak currents.

Figure 2.17. 
DPVs of (a) HQ-CT-RS. (b) AA-LD-UA. (c) UA-Tyr with GNRs

(A) Voltammograms for the detection of: HQ 0.25 mM (peak 1); CT 0.25 mM 
(peak 2) and RS 1.0 mM (peak 3). (B) AA 0.5 mM (peak 1); LD 0.05 mM (peak 2), 
and UA 0.05 mM (peak 3). (C) UA 1.0 mM (peak 1) and L-Tyr 1.0 mM (peak 2). (—)  
Background signal, (—) bare GCE, (—) MWCNTs, (—) GNRox, and (—) GNRred. 

Note: * Pre-peak oxidation in LD. (See Figure 2.15 for a description of the working 
conditions).
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Figure 2.18. 
DPVs for HQ in a cosmetic sample and UA in a urine sample

Differential pulse voltammograms for the detection of (A) HQ in a cosmetic sample 
and (B) UA in a urine sample, on (—) bare GCE, (—) MWCNTs, (—) GNRox, and 
(—) GNRred electrodes. See experimental section in Figure 2.15.

2.2.4. Graphene nanoribbons-based electrochemical sensors on screen-printed platforms

The interesting features of screen printed platforms low sample consumption, 
disposability (one-use approach), fast response, easy to use by non-trained personel, reliability, 
plus the excellent results found for GNRred/GCE in UA, AA, LD detection, were considered 
for the delopment of a new point of care device for UA determination in presence of AA and LD.

Therefore, firstly, the electrochemical behaviour of the three target molecules, AA, LD 
and UA was studied on non-modified CSPE as well as on MWCNT, GNRox and GNRred 
modified electrodes using DPV. Figure 2.19 shows the voltammograms obtained for AA, 
LD and UA using the four electrodic material surfaces. Interestingly, spectacular differences 
between all electrochemical sensors were observed. Indeed, GNRred exhibited a strong 
electrocatalytic effect toward the target molecules, which permitted their simultaneous 
detection while the other materials exhibited very poor electrochemical sensing. Indeed, 
the detection of AA, LD and UA was noticed at +0.08, +0.27 and +0.39 V, respectively, with a 
very good signal to noise characteristics.

These excellent results, in terms of electroanalytical performance, could be interpreted 
at the light of the characterization findings obtained on the GNRred surfaces (see 
Characterization in 2.2.2). The higher content of defects and edge sites, showed by Raman 
spectroscopy, as well as the removal of the oxygen functionalities that significantly decreased, 
showed by XPS, resulted in drastically lowered the potential values for GNRred.

The different easiness of the analyte to be oxidized and to donate the electrons to the 
electrodic surface could be explained because of the interaction between analyte and the carbon 
material. Indeed, it could be said that, carbon paste represented as graphite (CSPE) and MWCNT 
suffer from the same interactions (weak π-π adsorption) with the analytes and the capability 
of donating electrons could be understood to be similar. As for GNRox, the voltammograms 
obtained suggest that the interaction seems to be slightly bigger with AA, but the electron 



97GRAPHENE NANORIBBONS FOR ELECTROCHEMICAL (BIO-)-SENSING

transference rate is not high enough to allow a clear differentiation between the electrons donated 
by AA from those ones donated by the other analytes. Remarkably, the GNRred characterized by 
small layers, additionally present a structure with a low percentage of oxygen moieties in the edges 
capable of differently interacting with the analytes. Likewise, the higher content of sp2 carbons 
compared to GNRox allowed the higher electron transference rate to get tight voltammograms 
peaks with satisfactory resolution to simultaneously detect the three molecules.

From the results obtained and discussed in the previous sections, one interesting 
application should be the construction of GNRred-based electrochemical sensor for fast and 
reliable determination of UA in urine samples.

To this end, firstly, precision and electrode stability was carefully studied. Intra-electrode 
repeatability was excellent with RSDs of 4.0, 2.0 and 1.0 % for detection potentials and 2.4, 4.5 
and 5.7% for faradaic amperometric currents (n=10) in AA, LD and UA, respectively. Moreover, 
the inter-electrode reproducibility was also estimated, with RSDs 5.0, 2.3 and 2.5% for detection 
potentials and 5.1, 13.0 and 11.7% for faradaic amperometric currents (n=5) for AA, LD and 
UA, respectively. These results demonstrated the good reproducibility of the graphene modified 
electrode. The stability of the electrode was further evaluated during 15 days and the 
modified electrode retained 93±3% of its initial response in terms of intensity current.

Figure 2.20 shows the DPV of the simultaneous calibration of the three analytes. 
Analytical characteristics of the calibration graphs revealed a good linearity for the three 
analytes (R2 ≥ 0.990), intercepts statistically zero (α=0.05) and sensitivities of 2.2, 145.6 
and 256.9 μAmM-1 for AA, LD and UA, respectively. Also, a good LOD of 5 μM for UA was 
obtained (S/N=3).

Figure 2.19. 
DPVs of AA-LD-UA in bare, MWCNTs and GNRs modified CSPE

Differential pulse voltammograms in CSPE (in black), MWCNT (in green), GNRox (in 
red) and GNRred (in blue) for the detection of 4.0 mM AA (peak AA); 0.05 mM LD (peak 
LD) and 0.05 mM UA (peak UA) in 0.10 M NaH2PO4/Na2HPO4 (pH 7.40). DPV at 25 
mV pulse potential, 0.07 s pulse step and 5 mVs-1 scan rate, potentials versus Ag.
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Figure 2.20. 
Simultaneous calibration of AA, LD and UA

Simultaneous calibration of AA, LD and UA (from 1 to 5 mM for AA and from 10 to 
50 μM for LD and UA). (For experimental conditions, see Figure 2.19).

Figure 2.21. 
DPV of diluted urine samples and spiked with AA-UA-LD

Differential pulse voltammograms of 50-fold diluted urine samples. Urine sample 
(blue), spiked with 1.5 mM AA and 20 μM UA (green) and spiked with 20 μM LD 
(red). (For experimental conditions, see Figure 2.19).

Finally, urine samples were studied to evaluate the applicability of the proposed GNRred-
based electrochemical sensor for UA sensing. Figure 2.21 illustrates the analysis of urine 
samples. A well-defined UA voltammetric peak at +0.39 V with very good S/N characteristics 
was clearly noticed allowing its identification in the samples in less than 100 s. Quantitatively, 
the levels of UA found in healthy individuals were 1.30 ± 0.03 mM with excellent precision, 
RSDs <5.2% during the analysis being these values in agreement with those expected for 
healthy individuals.
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Additionally, in order to evaluate the capability of the method to determine UA in 
presence of AA and LD, urine samples were properly fortified in each analyte. Excellent 
recoveries ranging from 97 to 101% were also obtained as it is listed in Table 2.9. These results 
indicated the accurate determination of the three target molecules in urine samples giving 
additional value to the proposal.

2.2.5. Conclusions

Both GNRs displayed excellent electrochemical behaviour in the detection of the 
target molecules, being this behaviour rigorously attributed to graphene and to other 
graphitic materials. The interactions between the target molecules and the GNR materials 
present new opportunities in the field of electrochemistry. A suitable graphene material 
may potentially be tailored for a particular detection application with consideration 
for the relevant degree of oxidation and sp2 structure in the electrode that would be 
required to promote hydrogen bonding or π-π interactions between the electrode and the 
target molecule. GNRox appeared to be ideal for the detection of molecules having high 
oxidation potentials, whereas GNRred displayed a better response to aromatic molecules, 
such as the conjugated 1,2-diols, which interacted with the electrode predominantly 
through π-π interactions.

Although both graphenes exhibited excellent electrochemical performance, GNRred 
became an exceptional material. The completely opened GNRred lattices, which displayed 
an average thickness of 1.2 nm and a high percentage of sp2-carbon were obtained 
through the synthetic methods described here. GNRred exhibited a 10-fold higher 
electrochemical surface area and a better analytical performance in the context of 
electrochemical sensing in comparison with the GCE. These GNRred features allowed 
for improved electrochemical sensing and suggested that this material was suitable for 
the electrochemical detection of target molecules. The outstanding electrocatalytic 
effect performance relies on the presence of a restored sp2 structure that includes oxygen 
groups in the GNRred lattice. These combined features yielded excellent electrocatalytic 
properties due to the effects of both the π-π and hydrogen bonding interactions 

Table 2.9. 
Determination of AA, LD and UA in urine samples (n=3)

Note: ND Not detected.

Analyte Found in sample (mM) Added (mM) Total (mM) Recovery (%)

AA ND 2.0 2.0±0.1 101±5

LD ND 0.030 0.029±0.001 97±3

UA 0.026 0.020 0.046±0.001 100±4
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between the molecules and the GNRs. These interactions enhanced electrocatalysis 
at the primary catalytic sites at the oxidation centers. These studies demonstrate that 
GNRred is a promising material for use in molecular sensing, with very rich chemistry and 
electrochemistry properties. GNRred combines the advantages derived from both the high 
proportion of sp2-carbon atoms available within the surface layers (similar to the structure 
of exfoliated graphene, 0.4 nm corresponds to one layer) with the advantages derived 
from the remaining oxygen moieties present on the surface. Consequently, we anticipate, 
in this Thesis, the new opportunities opened for electrochemical sensing applications 
by guiding the process of tailoring a suitable graphene electrode material for use in a 
particular molecular detection application.

On the other hand, tailored electrochemical GNRred-based sensor showed an impress 
analytical performance for simultaneous electrochemical sensing of AA, LD and UA on 
disposable screen-printed platforms. These synthesized GNRred that contain remaining 
oxygen moieties and high content of carbons with sp2 hybridization exhibited a marked 
electrocatalysis towards the simultaneously determination of these target molecules. The 
excellent electrocatalysis exhibited by this GNRred electrochemical sensor allowed a fast and 
reliable UA assessment in urine samples opening novel avenues for the construction of novel 
GNR-based electrochemical sensors for point of care testing applications.

2.2.6. Experimental section

2.2.6.1. Reagents

Synthesis of graphene nanoribbons

150 mg of MWCNTs were weighed and dispersed in 150 mL of H2SO4 for 30 minutes 
in US bath. Afterwards, the dispersion was stirred all the night. The obtained suspension was 
heated at 65 º C, and 750 mg of KMnO4 were added, letting react at that temperature for 2 hours. 
After those 2 hours, the product was cooled at room temperature.

Once the suspension was cold, it was dropped in a glass that contains 400 g of water 
ice and 10 mL of hydrogen peroxide, the suspension was let and was filtered with a 3 μm 
of pore polycarbonate filter. The filtered solution was redispersed with 150 mL of water in a 
ultrasound bath and flocculated with 15 mL of concentrated HCl and it was again filtered with 
the 3 μm polycarbonate filter.

Finally the filtered solution was redispersed with 150 mL of ethanol with a ultrasound 
bath and flocculated adding 150 mL of ether and 15 mL of hexane. Then, the solution was 
filtered with a 0.1 μm of pore diameter of polytetrafluoroethylene. The oxide graphene 
nanoribbon was a black powder after drying between 40 to 60 º C.

For synthesizing the GNRred material, 50 mg of GNRox were weighted and dispersed 
in 250 mL of 1% SDS aqueous solution yielding a 0.2 mg/mL concentration, 1% of NH3 was 
added to obtain a basic pH and then was heated to 95 º C. Afterwards N2H4 was added until 
the reaction was completed.
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Standards, reagents and samples 

The sodium dihydrogen phosphate and disodium hydrogen phosphate used to prepare 
a phosphate buffered solution and the potassium hexacyanoferrate (III) were purchased from 
Panreac, (Badalona, Spain). LD, UA, RS, HQ and CT were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). AA and L-Tyr were obtained from Fluka Chemika (Buchs, UK).

The cosmetic sample (Pigmentasa formulation containing 4% (w/w) HQ) was acquired 
in a local market. Urine samples were recollected from healthy patients. 

Standard solutions were prepared in 1 mM in 0.1 M NaH2PO4/Na2HPO4 at 7.40 pH, 
adjusted using NaOH. All working solutions were protected from light and daily prepared. 
A 0.1 g (±0.0001) sample of the Pigmentasa formulation was diluted in 10 mL NaH2PO4/
Na2HPO4, sonicated in an ultrasonication bath for 10 min, filtered through a 0.2 µm Nylon 
filter, and diluted 4-fold prior to analysis. Urine samples were diluted 25-fold prior to analysis.

All solutions were prepared with Milli-Q water produced in a Milli-Q system (Millipore, 
Bedford, MA, USA).

2.2.6.2. Instruments

Atomic force microscopy images were recorded using a Nanoscope IIIa scanning 
probe microscope (Digital Instruments, USA) operated in the dynamic and contact 
modes. In both cases, silicon cantilevers (Vecco) with a force constant of ~40 N/m and 
a nominal radius of 8 nm were employed. The samples used for the measurements were 
prepared by drop-casting 0.5 µL of the graphene suspension (0.1 mg/mL) on the surface 
of a silicon wafer (in the case of the GNRox studies) or on a mica surface (in the case of 
the GNRred studies). The measurements were obtained in the surroundings of the wet 
drop where the concentration and aggregation of graphene sheets was lower. Transmission 
electron microscopy images were collected on a JEOL microscope model 2000 FXII at an 
acceleration potential of 200 kV, which yielded a maximum resolution of 0.28 nm. Raman 
spectra were obtained on a Micro-Raman confocal spectrophotometer model Horiba Jobin 
Yvon HR800 UV using a green laser at 532 nm, which yielded a resolution of 0.4 cm–1. X-ray 
photoelectron spectroscopy was carried out on an ESCAPlus Omicron outfitted with a Mg 
anode and operated at 1253.6 eV with a power of 150 W (14 mA, 10 kV). X-ray diffraction 
measurements were obtained using an X-ray diffractometer Bruker D8 Advance Series. The 
oxygen content of the graphene samples was direct determined using a Flash 1112 analyzer 
from Thermo Fisher Scientific.

FE-SEM images were obtained on a JEOL Model JSM6335F equipment working 
at 5 kV. The aluminum mount stubs used for the FE-SEM analysis were obtained from Electron 
Microscopy Sciences (Hatfield, UK). The aluminum mount stubs used for the SEM analysis 
were obtained from Electron Microscopy Sciences (Hatfield, UK).

Electrochemical measurements (for optimization in GCE) were performed on 
an electrochemical station µ-AUTOLAB type II (Ecochemie, Utrecht, Holland) using a 
conventional three-electrode system comprising a platinum wire as an auxiliary electrode, 
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a silver/silver chloride (Ag/AgCl) 3 M KCl reference electrode (CH Instrument, Austin, 
USA), and a GCE 3.0 mm in diameter (BAS Instrumental, Warwickshire, UK) as the 
working electrode. Electrochemical experiments were performed at room temperature.

Electrochemical measurements (for applications in CSPEs) were performed, on an 
electrochemical station µ- Stat 100 potentiostat  controlled by PSLite 1.6 software, by a CSPE 
which integrates a three-electrode system based on carbon counter and working electrodes 
of 4 mm diameter and silver (Ag) pseudo-reference electrodes (Dropsens, Oviedo, Spain), at 
room temperature.

2.2.6.3. Procedures

Modification of GCE electrodes

GNRox was dispersed in water by bath ultrasonication to form a 0.5 mg mL–1 colloidal 
dispersion. GNRred was dispersed to obtain a 0.5 mg mL–1 dispersion in water/NH3 (1% v/v) 
by ultrasonication in a bath for 30 min, followed by tip sonication using a VCX130, (Sonics, 
Newtown, USA) for 2 minutes at 130 W. Interestingly, this last step was highly important 
for producing excellent dispersions of the GNRred (see Figure 2.S1). The MWCNTs were 
dispersed in DMF by ultrasonication to form a 0.5 mg mL–1 dispersion.

Prior to drop-casting deposition, the GCE was in turn polished using 0.1 and 
0.05 μM alumina powders and sequentially sonicated in Milli-Q water and anhydrous 
ethanol. The GNR and MWCNT-modified electrodes were prepared by casting 10 µL 
of the GNR solutions (oxide or reduced) or MWCNTs dispersions on the GCE surface 
(see Table 2.8).

Modification of CSPE electrodes

GNRred was dispersed to obtain a 0.5 mg mL-1 dispersion in water/NH3 (1% v/v) by 
ultrasonication in a bath for 30 min, followed by tip sonication using a VCX130, (Sonics, 
Newtown, USA) for 2 minutes and applying 130 W. Interestingly, this last step was important 
for producing a good dispersion of GNRred.

The GNRred/CSPE was prepared by casting 10 µL of the 0.5 mg mL-1 dispersion of 
graphene nanoribbons on the CSPE surface.

GNRox was dispersed to obtain a 0.5 mg mL-1 sample in water by ultrasonication in a 
bath for 30 min. The GNRox/CSPE was prepared by casting 10 µL of 0.5 mg mL-1 graphene 
nanoribbons on the CSPE surface.

Electrochemical procedures

The electrochemical effective surface areas of the bare and modified GCE were 
estimated based on the slope of the plot of Q vs. t1/2 obtained by chronocoulometry based 
on Equation 2.1., as described by Anson (Anson and Osteryoung, 1983; Anson, 1964), using 
0.45 mM K3[Fe(CN)6] in 0.1 M PBS (pH=7.40) applying -0.30 V vs. Ag/AgCl (3 M KCl).
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In this equation, A is the effective electrochemical surface area of the working electrode 
(cm2), c is the concentration of the electroactive species (mol/cm3), n is the number of transfer 
electrons (that is, 1), F is the Faraday constant, and D is the diffusion coefficient, 7.6•10–6 cm2s-1 
(Stevens et al., 2001). Qdl is the double layer charge, which could be eliminated by background 
subtraction, and Qads is the Faradaic charge.

DPV (in GCE studies) was used for the voltammetry analysis with a pulse width 
of 0.05 V, a pulse frequency of 0.05 s, a pulse cycle of 0.2 s, a pulse interval of 0.004 V, and a 
standing time of 2 s.

On the other hand for CSPE, only 50 µL of the solution were necessary in the measurement 
to cover the three electrodes. After that, the DPV was scanned and was performed with a 
potential range between -0.20 to +0.60 V, 0.005 V step potential, 0.025 V pulse potential, 5 mV/s 
scan rate, 0.07 s pulse time and 3 s equilibration time.

2.2.7. Appendix

Voltammetry of the benzenediol isomers

+Qdl+Qadsπ1/2

2nFAcD1/2 t1/2
Q (t) = [Equation 2.1]

Table 2.S1. 
Oxidation potentials and peak intensities for HQ, CT, and RS

Note: The brackets indicate the RSD values (%, n=3 electrodes).

Variable Electrodic material HQ CT RS

E (V)

Bare GCE 0.178 (1.6) 0.137 (2.1) 0.530 (2.1)

MWCNTs 0.107 (1.3) 0.228 (1.3) 0.495 (2.6)

GNRox 0.027 (0) 0.243 (1.6) 0.505 (2.0)

GNRred 0.032 (0) 0.142 (1.2) 0.369 (1.0)

Ip (μA)

Bare GCE 10.0 (2.9) 6.2 (3.9) 5.6 (6.0)

MWCNTs 15.1 (2.3) 12.0 (3.6) 11.4 (6.7)

GNRox 26.1 (0.7) 6.5 (4.6) 22.5 (8.4)

GNRred 212.0 (1.1) 111.0 (5.8) 32.1 (5.7)
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Voltammetry of AA, LD and UA

Table 2.S2. 
Oxidation potentials and peak intensities for AA, LD, UA, and L-Tyr. 

Note: The brackets indicate the RSD values (%, n=3 electrodes).

Variable Electrodic material AA LD UA L-Tyr

E (V)

Bare GCE 0.465 (0.7) 0.404 (2.0) 0.493 (1.2) 0.745 (1.0)

MWCNTs 0.273 (1.2) 0.319 (0.5) 0.359 (1.5) 0.580 (0.4)

GNRox 0.142 (1.1) 0.186 (3.0) 0.278 (1.6) 0.575 (0.7)

GNRred –0.054 (1.2) 0.130 (1.0) 0.257 (1.0) 0.535 (2.0)

Ip (μA)

Bare GCE 0.9 (9) 3.3 (10.1) 3.7 (4.1) 1.4 (1.4)

MWCNTs 4.3 (3.7) 4.0 (1.3) 8.0 (3.4) 12.5 (8.0)

GNRox 2.3 (5.0) 15.3 (8.6) 41.3 (6.5) 16.4 (6.1)

GNRred 9.4 (4.0) 33.9 (2.4) 44.1 (4.0) 32.8 (1.5)
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2.3. GRAPHENE NANORIBBONS FOR ELECTROCHEMICAL BIOSENSING

2.3.1. Introduction and objectives

The analysis of enantiomeric L/D-amino acids (L/D-AAs) has been an incessant 
problem for scientists, because of their same physical and chemical properties. Although 
L-AAs have been the most studied enantiomer, because they are involved in important 
physiological functions, D-AAs have recently shown special interest in excellent literature. 
As selected and relevant example, Lam and collaborators described how in Vibrio cholerae, 
a racemase produces D-methionine (D-Met), whereas in Bacillus subtilis generates 
D-tyrosine (D-Tyr) (Lam et al., 2009). These unusual D-AAs, which could be considered 
biomarkers of important diseases, appear to modulate the synthesis of peptidoglycan, 
a strong and elastic polymer that is a component of the bacterial cell wall (Siegrist et 
al., 2013). Likewise, D-Tyr has been recognized as an important biomarker, because its 
excess in plasma and in urine indicates the presence of renal failures in humans (Young, 
Kendall and Brownjohn, 1994).

For the D,L-Tyr determination, there are several methods based on gas chromatography 
coupled with mass-spectrometry, HPLC or CE (Tojo, Murakami and Nagata, 2012; Bruckner 
and Schieber, 2001; Kitagawa and Otsuka, 2011). However, the high cost of equipments and 
assays, the high time consumption and the use of derivatized amino acids have avoided its 
application to directly monitor in situ measurements as point of care testing tools. Other 
approaches such as microchip electrophoresis (Huang et al., 2011), molecular imprinted 
polymers (Liang et al., 2005) or complex strategies based on inclusion complexes for the 
resolution of D,L-AAs (Tao et al., 2014) have also been explored with high sensitivity. 
However, these techniques still require specific expensive technology and qualified training.

Considering the clinical relevance of this issue, in this epigraph of this Doctoral Thesis, 
a fast, simple and reliable in situ approach for the simultaneous resolution and determination 
of the target D,L-AAs on disposable electrochemical (bio-)-sensors is studied. The strategy 
involves the simultaneous enantiomeric resolution and determination of both (i) the D-AA 
bio-sensing using a class-enzyme that selectively reacts with one of the enantiomers to yield 
hydrogen peroxide and, (ii) the direct electrochemical sensing of the L-enantiomer, taking 
advantage of its inherent electroactivity, using a suitable graphene-based transducer. This 
strategy was applied to the simultaneous analysis of D and L Tyr and Met, as relevant target 
clinical amino acids. 

On the one hand, to assess the selectivity in the detection of the D-enantiomer 
biomarker and the complete quantitative reaction to hydrogen peroxide, we have used the 
enzyme D-amino acid oxidase (DAAO). This enzyme oxidatively deaminates D-AAs to  
the corresponding α-keto acids, without reacting with the corresponding L-AA. 

On the other hand, the electrochemical sensing of the L-AAs needs to be selectively 
detected from the hydrogen peroxide, which is generated by the enzymatic reaction, with 
enough sensitivity and preventing the fouling. Therefore, GNRs were selected to enhance 
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these analytical requirements for the direct, selective and in situ electrochemical detection of 
the L-AAs involved in the racemic solution.

As it has been already discussed in the previous sections, we hypothesizes that the 
very rich edge chemistry of GNRs and the features derived from their high specific surface 
area such as electro-catalysis, enhanced sensitivity and their resistance-to-fouling offer 
us a suitable electrochemistry in this (bio-)-sensing approach. Thus, we will describe in 
the following sections the appropriate combination of these advantages of GNRs plus the 
selectivity and sensitivity derived from the DAAO for the fabrication of highly specific sensors 
for enantiomeric analysis as simplified valuable alternative to the well-established technology 
in the field.

Furthermore, despite the large number of applications employing DAAO to exclusively 
measure the generated H2O2 from the D-AAs by different electrochemical approaches (Lata et al., 
2013; Lata and Pundir, 2013; Dominguez et al., 2001; Nieh et al., 2013; Sacchi et al., 2012; 
Wcislo, Compagnone and Trojanowicz, 2007; Wu, Van Wie and Kidwell, 2004), as far as we 
know, no examples of this enzyme coupled with graphene are found in the literature.

2.3.2. Strategy for the enantiomeric amino acid analysis

The proposed strategy involves both the simultaneous D-AA bio-sensing, using a 
class-enzyme that selectively reacts with D-enantiomer to yield hydrogen peroxide, and the 
direct electrochemical sensing of the L-enantiomer using GNR transducers. This strategy was 
applied to relevant AAs such as Tyr and Met, as it is illustrated in Figure 2.22, on a disposable 
platform, just consuming 50 μL of sample and avoiding any adsorption or covalent union of 

Figure 2.22.
DPVs for enantiomeric analysis of L,D AAs: Tyr and Met 

Voltammograms for enantiomeric analysis of 1 mM L,D AAs: (A) Tyr, (B) Met in 10 
mM NaH2PO4, pH 7.00, and 0.50 mg/mL DAAO after 360 s. Background signal of 
NaH2PO4 with DAAO (black). DPV with 25 mV pulse potential and 0.07 s pulse time 
with 5 mVs-1 scan rate and potential versus Ag.
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the enzyme. Under optimum bio-chemical conditions (10 mM NaH2PO4 pH 7.00), L,D-AA 
racemate was resolved under 360 s. Indeed, L-Tyr and L-Met were detected at +0.59 V and 
+1.25 V, respectively and the hydrogen peroxide was oxidized at +0.87 V on the GNRox. 
Suitable controls were also carefully checked. Background signal displayed by buffer and the 
blank of the enzyme without presence of D or L AA did not give any peak in the scanned 
window potential (see Figure 2.22). No formation of hydrogen peroxide at the L-AA tested 
concentrations was either noticed.

2.3.3. Optimization of the enantiomeric amino acid analysis

Firstly, the optimization of the electrochemical sensing was performed, for that, two GNRs, 
GNRred and GNRox were explored in order to examine the suitability of these two 
nanomaterials for the determination of the target enantiomers. As it is shown in Figure 2.23, 
GNRs exhibited an improved electrochemical performance in comparison with non-
modified CSPE. Both GNRs presented much higher current intensity and lower oxidation 
potentials than the non-modified CSPE. The marked electrocatalytic effect exhibited by 
these two graphene materials could be explained considering the interactions between both 
graphene structures and Tyr. The interactions are caused by the adsorption of analytes via 
π-π stacking interaction with the non-oxidized benzene groups, as well as by electrostatic 
or hydrogen bond-based interactions with functional moieties located at the edges. 
Considering the results obtained by XPS, GNRox showed high percentage of carboxyl and 
alcohol groups while the content of sp2 carbons and defects in the structure were increased in 
GNRred (Martin et al., 2014).

Figure 2.23. 
DPV for L-Tyr and D-Tyr using GNRs and non-modified CSPE

Voltammograms for (A) L-Tyr and (B) D-Tyr, using GNRred (blue), GNRox (red) and 
non-modified CSPE (black) in 10 mM NaH2PO4, pH 7.00. (For other conditions, 
see Figure 2.22).
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Remarkably, both L and D Tyr showed the highest intensity current and the 
lowest oxidation potentials with GNRred, however, at potentials over +0.50 V, in 
which analytes such as Met and H2O2 are oxidized, the background signal of GNRred 
makes difficult the detection of molecules of high oxidation potential. In this case, 
in GNRred, potentials over +0.50 V provokes the oxidation of the carbon material, 
avoiding the detection of H2O2. However, this phenomenon does not appear in GNRox, 
becoming this transducer the most suitable for the detection of both H2O2 and Met 
with improved performance than CSPE. Hence, GNRox becomes as the most suitable 
electrochemical transducer for D-Tyr, D-Met and H2O2 detection. Furthermore, 
GNRox demonstrated to improve the sensitivity as well as simultaneously detect and 
resolve the target enantiomers in comparison with non-modified CSPE that did not 
achieve so good results. Table 2.S3 (see Appendix 2.3.7) lists the oxidation potentials 
and the amperometric currents obtained. Remarkably, as it is listed in this table, in 
comparison with CSPE, these GNRox dramatically improved the reproducibility of the 
electrochemical sensing of the L,D-enantiomers (up to 20-folds i.e. from RSDs of 19% 
in CSPE to RSDs of 1% in GNRox, in amperometric currents, n=5). Overall, these 
results confirm our previous hypothesis regarding the electrocatalysis, high sensitivity 
and the anti-fouling effect expected from these carbon nanomaterials.

In order to elucidate how graphene is deposited on the electrode surface, FE-SEM images 
were obtained. In Figure 2.24, clear differences were noticed in the surface of the electrode 
between the modified GNRox and non-modified CSPE (inset). Indeed, GNRox layers of 
several hundred of nm deposited on CSPE are randomly distributed along the electrode. They 
appear as thin GNRox curtains, creating a new surface.

Figure 2.24. 
FE-SEM micrograph for modified GNRox and bare CSPE

Field-emission scanning microscopy images. Micrograph for modified GNRox 
and CSPE (inset) electrodic surfaces.



113GRAPHENE NANORIBBONS FOR ELECTROCHEMICAL (BIO-)-SENSING

Secondly, the optimization of the electrochemical biosensing was carried out. The 
enzymatic reaction was directly performed in situ on the electrode surface with a 50 μL drop 
mixture of the racemic amino acid and DAAO, behaving the electrode surface as the reaction 
cell. In this approach, the enzyme is not covalently immobilized onto the electrodic surface, 
therefore, the procedure is simpler than in the most classical covalent-based approaches.

On the one hand, Table 2.10 lists the enzymatic reaction progress. While the D-Tyr 
current intensity peak decreases, the H2O2 generated in situ increases. The optimal reaction 
time was 360 s. At that time, D-Tyr was quantitatively consumed and consequently, the signal 
obtained is only from the generated hydrogen peroxide. These results indicated the accurate 
resolution of the racemate.

We have also studied the buffer influence in the enzymatic reaction, varying both buffer 
concentration and pH values (results showed in Tables 2.S4 and 2.S5, see Appendix 2.3.7). The 
buffer optimal conditions were 10 mM and pH 7.00 for NaH2PO4.

On the other hand, enzyme and substrate concentrations are also important values 
to be optimized. While L-Tyr did not showed reaction with the enzyme, Figure 2.25A 
shows the increase in the current intensity of the generated H2O2 and the decrease in the 
D-enantiomer when the enzyme concentration increased. At concentrations of DAAO 
higher than 0.50 mg/mL, the D-AA completely reacted with the enzyme, the intensity of the 
hydrogen peroxide kept constant and the correspondent intensity of the D-AA was zero. 
Therefore, this value was considered the optimal enzyme concentration. Moreover, 
Figure 2.25B suggests that at concentrations higher than 1.0 mM of substrate, the linearity 
in the H2O2 intensity is lost and the enzyme is saturated by the substrate. The good response 
of the enzyme and these results demonstrated that the enzymatic reaction carried out in the 
drop solution was perfectly working in the optimized conditions. Furthermore, the strategy 
could be developed in just 50 μL of sample without any covalent immobilization bond of 
the enzyme on the electrodic surface.

Under these electrochemical and bio-sensing optimized conditions, a careful study of 
precision of the method was performed. The electrochemical graphene-based enantiomeric 
bio-sensor presented excellent intra-electrode repeatability (RSD≤3% for redox potentials 
and RSD≤ 4% for intensity currents, n=5) and inter-electrode reproducibility (RSD≤ 5% for 
redox potentials and ≤10% for intensity currents, n=5). It indicated an excellent performance 
of the electrode to be used as a disposable platform.

Table 2.10. 
Optimization of the enzymatic reaction time

Note: 1 mM D-Tyr and 0.50 mg mL-1 DAAO in 10 mM NaH2PO4 pH 7.00.

Time (s) 0 60 120 180 240 300 360 420

Intensity 
(μA)

D-Tyr 0.614 0.598 0.890 0.481 0.360 0.017 ND ND 

H2O2 0.574 0.636 0.733 0.780 0.848 0.855 0.927 0.932 
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2.3.4. Enantiomeric amino acid calibration and analysis

As we depict in the introduction section, the objective of this work was the development 
of an electrochemical point of care system capable of detecting and resolving the D-AA, in a 
similar concentration range than the one established by Lam et al. (2009) Consequently, the 
simultaneous enantiomeric calibration was also another feature assayed during the evaluation 
of the sensor performances. Interestingly, Figure 2.26A shows the DPV for different L,D 
Tyr concentrations, therefore, the two peaks increase with the AAs concentration, one of 
the peaks around +0.61 V corresponding to L-Tyr and the other around +0.92 V from H2O2 
generated from D-Tyr at each assayed concentration. The calibration (see Figure 2.26B) showed 
excellent linearity with (R2 ≥ 0.990) and low LODs of 100 and 60 μM for L and D Tyr, respectively.

In order to evaluate this strategy, we chose urine samples since D-Tyr is a renal biomarker 
(Young, Kendall and Brownjohn, 1994). Furthermore, due to the health hazard of working 
with bacteria, urine samples become a suitable matrix to assess future diagnosis using these 
samples as non-invasive and more accessible ones. 

Figure 2.26C shows the overall analysis carried out using healthy urine samples. Firstly, 
as expected, no detection of D-Tyr was noticed, however, UA was identified at +0.32 V in both 
non-spiked (voltammogram black) and spiked urine samples (voltammogram blue) releasing 
quantitative and reproducible recoveries of 100±1%. Secondly, spiked urine samples in Tyr 
enantiomers were also assayed (voltammogram red) obtaining quantitative and reproducible 
recoveries of 95±5% and 99±3% (n=3) for L-Tyr (at +0.64 V) and generated H2O2 (at +0.99 
V), respectively. 

Figure 2.25. 
Plot for extinction of D-Tyr and apparition of enzymatic product, (A) H2O2 intensity 
current vs. enzyme and (B) vs. D-Tyr concentrations

(A) Plot of current intensities for extinction of D-Tyr (red) and apparition of 
enzymatic product, H2O2 (blue) versus enzyme concentration for 1 mM D-Tyr 10 
mM NaH2PO4, pH 7.00 after 360 s. (B) Plot representation of generated hydrogen 
peroxide current intensity versus D-Tyr concentration for 1 mM D-Tyr in 10 mM 
NaH2PO4, pH 7.00 and 0.50 mg/mL DAAO after 360 s. Bar errors for RSDs (%, n=3).
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Overall, L and D Tyr enantiomers were determined with accuracy and precision in 
presence of UA, giving an additional value to the proposed approach. Even, under these 
conditions, the simultaneous detection of the two targeted D-AAs towards the confirmation 
of the detection of the L-AAs (Tyr and Met) could be possible.

The influence of other amino acids for the analysis of complex samples is expected, 
therefore, as well as L-Met, L-histidine was also considered as potential electroactive amino 
acid interference in biological fluids. This amino acid did not interfere in the Tyr analysis 
because its oxidation potential was found over the ones for tyrosine and hydrogen peroxide. 
Also, the presence of DAAO did not give any further signal, indicating the selectivity of the 
enzyme to D-enantiomers exclusively.

The determination of D-Tyr in urine samples was successfully performed in less 
time and with low cost, in comparison with other approaches found in the literature. The 
results obtained in this preliminary application are very valuable and promising. They 
have allowed the selective detection of the target D-AAs studied in this work (D-Met and 
D-Tyr), involved in important bacterial diseases (Vibrio cholerae and Bacillus subtilis), 
and they have also given a reliable and selective assessment of a D-AA index towards 
the electro-catalyzed detection of hydrogen peroxide. The successful exploration of these 
target D-AAs in non-invasive urine samples opens an exciting perspective for rapid 
in-situ diagnosis.

Figure 2.26. 
Simultaneous calibration of D and L-Tyr and urine analysis

(A) Voltammograms from 0.25 mM to 1.25 mM of D and L-Tyr. (B) Linear plot and 
linear equation for L (up) and D-Tyr (down), respectively. Bar errors for RSDs (%, 
n=3). (C) Voltammograms obtained for urine analysis. Diluted urine (black), fortified 
with 1 mM UA (blue) and fortified with 0.50 mM D-Tyr and L-Tyr (red). (For other 
conditions, see Figure 2.22).
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2.3.5. Conclusions

The strategically driven selectivity of the DAAO towards D-AAs and the inherent 
electrocatalysis  exhibited by GNRox to L-AAs and hydrogen peroxide generated from 
D-AA have allowed to resolve the racemic mixture of L and D electroactive target AAs with 
clinical relevance such as Tyr and Met.

The disposable electrochemical graphene-based enantiomeric biosensor allows a fast, 
selective, accurate and reproducible determination of D-Tyr and D-Met biomarkers in urine 
samples in 360 s and using just 25 μL of sample exploiting the advantages of the enzyme in 
solution.

From a technical point of view, the possibility of simultaneously detect these 
enantiomers and uric acid without any separation step is of chief interest for the clinical field 
since the equipment used is portable, adaptable in any electronic equipment and easy to use 
by any minimally trained personnel.

It is worth to notice that the possibility of using this strategy for new enantiomeric 
resolution of molecules is opened. Additionally, although this work has been merely focused 
on the resolution of L and D AAs, it opens new alternatives and the possibility of measuring 
total D AA content (D-AA index, even for non-electroactive amino acids). This new suggestion 
could be interesting to assure the presence of certain diseases or malfunctions in biological 
samples becoming a valuable screening tool for diagnosis. Even, this approach becomes 
highly promising as future point of care for fast in situ early diagnosis of these diseases related 
to the presence of D-AAs.

2.3.6. Experimental Section

2.3.6.1. Reagents, standards and samples

D-Tyr, L-Tyr and L-Met were purchased from Fluka Chemika (Buchs, UK) and 
hydrogen peroxide and D-Met was obtained in Sigma Aldrich (St. Louis, MO, USA). Sodium 
dihydrogen phosphate was purchased from Panreac, (Badalona, Spain). D-amino acid 
oxidase was purchased from Sigma Aldrich (St. Louis, MO, USA). Different concentrations 
and mixtures of D and L-Tyr were prepared in sodium dihydrogen phosphate buffer adjusted 
with NaOH. The enzyme was also diluted in the same buffer. Both pH value and buffer 
concentration were optimized, as well as the enzyme concentration.

All solutions were daily prepared using ultrapure water treated in a Milli-Q system 
(Millipore, Bedford, MA, USA). Urine samples 1:50 diluted were recollected from healthy 
individuals.

2.3.6.2. Apparatus and measurements

FE-SEM micrographs were obtained on a JEOL Model JSM6335F equipment working at 
5 kV. Direct determination of oxygen was carried out with a Flash 1112 analyzer from Thermo 
Fisher Scientific.
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All electrochemical measurements were performed, at room temperature, on an USB-based 
portable electrochemical station µ-Stat 100 potentiostat controlled by PSLite 1.6 software and 
on a CSPE, which integrates the three-electrode system, a carbon working electrode of 4 mm 
diameter as well as a carbon counter and silver reference electrodes (Dropsens, Oviedo, Spain).

2.3.6.3. Preparation of graphene modified electrode

Graphene detailed synthesis and characterization features have been previously 
reported (see 2.2.2). In brief, graphene materials were synthesized from MWCNTs via the 
longitudinal unzipping method (Kosynkin et al., 2009). Using these oxidized nanoribbons 
(44 wt.% oxygen content, 0.8 nm height by AFM, 46% C=O, 26% C-O, 19% Csp3, 2% Csp2 by 
XPS), reduced graphene oxide nanoribbons (14 wt. % oxygen content, 1.2 nm height by AFM, 
15% C=O, 10% C-O, 47% Csp2, 10% Csp3 by XPS) were obtained by chemical reduction 
with N2H4/NH3 (Gao, Jang and Nagase, 2010). 

GNRox were dispersed to obtain a 0.5 mg mL-1 sample in water by ultrasonication in a 
bath for 30 min. GNRred were dispersed to obtain a 0.5 mg mL–1 dispersion in water/NH3 
(1% v/v) by ultrasonication in a bath for 30 min, followed by tip sonication using a VCX130, 
(Sonics, Newtown, USA) for 2 minutes at 130 W. The graphene nanoribbons modified 
electrodes were prepared by casting 10 µL of 0.5 mg mL-1 graphene nanoribbons on the CSPE 
surface. This volume was previously optimized by modifying the CSPE with different 
volumes 5, 10, 15 and 20 µL of 0.5 mg mL-1 and exploring its electrochemical behavior by 
cyclic voltammetry with 0.5 mM K3Fe(CN)6 in 1 M KCl on both graphene surfaces. The 
modified CSPEs will be named GNRox and GNRred along this work.

2.3.6.4. Analytical procedure

Following the optimal reaction conditions, 25 µL of a 0.50 mg mL-1 DAAO in 10 mM 
NaH2PO4 pH 7.00 were placed on the electrode. Immediately, 25 µL of the amino acid solution 
in 10 mM NaH2PO4 pH 7.00 were added, considering this time reaction 0 s. These total 50 µL 
of the solution permitted to cover the three electrode electrochemical cell and to record the 
measurements.

After the optimized reaction time (360 s), DPV was performed with a potential range 
from +0.20 to +1.20 V and from +0.30 to + 1.50 V for Tyr and Met analysis, respectively, 
with 5 mV step potential, 25 mV pulse potential, 5 mVs-1 scan rate, 0.07 s pulse time and 3 s 
equilibration time.  

2.3.7. Appendix

2.3.7.1. Electrode selection

Table 2.S3 shows both current intensity and oxidation potentials for 1 mM L,D-
Tyr, L,D-Met and 1 mM H2O2 as well as buffer and enzyme background DPVs onto 
bare CSPE and modified with GNRox and GNRred electrodes using 10 mM NaH2PO4 
(pH=7.00) and 0.50 mg/mL DAAO. The controls without analytes with the background 
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electrolyte and enzyme were also carried out and they did not give any peak response. 
The measurements were repeated three times to establish repeatability conditions. (More 
information, see Experimental conditions in 2.3.6).

2.3.7.2. Buffer concentration and pH selection

Tables 2.S4 and 2.S5 show the results obtained for the optimization of buffer 
concentration and pH of the proposed platform to resolve the enantiomeric L and D amino 
acids sample. DPV intensity currents of generated H2O2, produced by the enzymatic reaction, 
depending on buffer concentration (Table 2.S4) and pH (Tabla2.S5). Reaction conditions:  
1 mM D-Tyr, 0.50 mg/mL DAAO in NaH2PO4 after 360 s.

Table 2.S3. 
Electroanalytical features of the oxidation of aminoacid enantiomers in CSPE, 
GNRred/CSPE and GNRox/CSPE. (RSD (%), n=3)

Note: 1 mM analyte; 10 mM NaH2PO4 (pH 7.00); 0.50 mg/mL DAAO.

MATERIAL

Analyte

CSPE GNRred GNRox

E
(V)

RSD
(%)

i
(μA)

RSD
(%)

E
(V)

RSD
(%)

i
(μA)

RSD
(%)

E
(V)

RSD
(%)

i
(μA)

RSD
(%)

L-Tyr 0.81 3.5 1.32 19 0.46 7.2 5.00 4.6 0.54 8.0 3.55 1.0

D-Tyr 0.81 3.6 1.03 19 0.42 3.0 4.50 3.4 0.50 3.0 3.36 5.0

L-Met 1.30 4.0 2.56 17 1.27 4.0 2.10 4.0 1.19 3.0 1.80 6.5

D-Met 1.28 4.0 1.78 14 1.27 3.5 1.61 5.4 1.20 4.0 1.63 4.0

H2O2 1.10 2.8 0.56 3.5 ND ND 0.77 3.6 2.55 4.0

Table 2.S4.
Optimization of detection buffer

Note: Reaction conditions: 1 mM D-Tyr, 0.5 mg/mL DAAO in NaH2PO4 pH 7.00.

[Buffer] (mM) 5 10 25 50 

I (μA) H2O2 1.33 1.35 1.04 0.81 
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Table 2.S5. 
Optimization of pH buffer

Note: Reaction conditions: 1 mM D-Tyr, 0.50 mg/mL DAAO in 10 mM NaH2PO4 .

pH buffer 6.00 7.00 8.00 9.00 

I (μA) H2O2 0.81 0.99 0.97 0.70 
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From building materials and fossil fuels to pots, 
pans, space-age lasers and silicon chips we rely on 
the Earth’s mineral wealth. From prospecting to 
production, understanding earth science is a key 
to our production. 

(Science Museum, London)
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3.1. CARBON NANOMATERIALS FOR ELECTROCHEMICAL  
 MICROFLUIDIC (BIO-)-SENSING: STATE OF THE ART

3.1.1. Microfluidic chips coupled to electrochemical detection

The necessity of the scientific community to fabricate new analytical instruments and 
devices in the micro and nano-scales to adapt the older macro-scales, lead to Manz and other 
scientists to modify the concept of Total Analysis System to the new micro-total analysis 
system or “lab-on-a-chip”. In this latter concept, synthesis and analytical processes are 
performed in the miniaturized system (Manz, Graber and Widmer, 1990; Janasek, Franzke 
and Manz, 2006; Whitesides, 2006). Consequently, a total integration of sample injection, 
reaction, separation and detection would be possible in a simple, automatic device at the 
micro-scale.

The main reasons why the micro-scale presents more advantages in contrast to macro-scale 
are: (i) low sample volume and waste of reactive, (ii) possible integration of sample pre-treatment, 
derivation and calibration steps in the microfluidic system and the possibility of the automation of 
the analytical system, (iii) fast response because of the low dimensions, and (iv) easy coupling with 
nanomaterials such as graphene, CNTs, nanoparticles and other nanostructures.

As a result of the miniaturization in scale, afterwards, the concept of microfluidic was 
defined as the science and technology of systems that process or manipulate small amounts 
of fluids (nL-pL), using channels measuring from ten to hundreds of micrometers (Janasek, 
Franzke and Manz, 2006; Kitamori et al., 2004).

Capillary electrophoresis (CE) miniaturization has constituted one of the first examples 
of micro-total analysis system with the fabrication of microfluidic chips (MC) (Crevillen et al., 
2007; Ríos et al., 2006). The fast development of microfabrication techniques and the low 
volumes in the range of (nL) has permitted the fast improvement of MC. Therefore the basics 
of CE are implemented in these microsystems. From now on when referring to MC, we will 
refer to the electrophoresis miniaturization (microchip electrophoresis).

Briefly, as in traditional CE methods, in MC, analytes migrate through electrolyte 
solutions under the influence of an electric field. The velocity of migration of an analyte in the 
channel is based on the electrophoretic mobility of the molecule fundamentally dependent on 
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its charge-mass ratio and the electroosmotic flow of the buffer solution. Therefore, these two 
variables permit the separation of the analytes along the microchip.

The MC layouts shown in Figure 3.1A-B present a set-up of microchannels with a typical 
length between 3 to 10 cm and widths varying from 10 to 100 μm. The channels are only 
lithographed in one of the two wafers (see Figure 3.1C), therefore, it consists in a semicircle 
of 50 μm diameter by 20 μm width, measured in our set-up. On the other hand, there are 
four main reservoirs to introduce the sample (SR), the running buffer (RB) and two other 
reservoirs for the waste (WR) and for the detection (DR), which volume varies from 50 to 
200 μm.

In general, these MC are fabricated with glass and polymers such as polydimethylsiloxane 
(PDMS) or polymethyl methacrylate (PMMA) substrates. Glass is the most common material 
used because of the good optical properties, it allows optical detection and visual inspection, 
and it is chemically resistant. Likewise, its chemical structure permits a good electroosmotic 
flow and its dielectric properties allow working with high voltages, which are used in MC 
to move fluids in the microfluidic platform. Furthermore, it permits microfabrication to 
manufacture different template microchips. Therefore, either glass or certain polymers 
present good electroosmotic flow and dielectric properties to allow the use of electrokinetic 
approaches to move fluids in the microfluidic platforms. These approaches are based on the 
application of high electric fields between 1 to 5 kV between the extremes of the microchannel 
(generating an electrokinetic flow). With this used approach we avoid valves and pumps, which 
were highly used in conventional analytical systems such as HPLC, based on the pressure 
difference between the extremes of a capillary or a column (in this later case generating an 
hydrodynamic flow) (Szekely and Freitag, 2005; Blasco and Escarpa, 2005).

In MC, two basic injections are necessary, one for including the sample to the main 
channel and the second one to separate and drive the analytes to the detection reservoir. 

Figure 3.1. 
Microfluidic chip schematic layouts: single and double-T models

MC layouts: (A) single cross-injector, (B) double-T injector and (C) cross section 
of the microchannel. Reservoirs: RB, running buffer reservoir. SR, sample reservoir. 
WR, waste reservoir. DR, detection reservoir. 
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Especially, the injection of a well-defined reproducible sample plug into the separation channel 
is essential to obtain an efficient separation and enough sensitivity and reproducibility in the 
detection. The easiest injection procedure is the non-pinched approach (Fu et al., 2002). In 
this procedure, a high voltage is applied to the sample reservoir for few seconds with the 
detection reservoir held at ground (see Figure 3.2.A). During this step, the sample is directly 
introduced in the separation channel by electrokinetic injection. Afterwards, the high voltage 
is switched to the buffer reservoir and applied for few minutes, taking place the separation of 
the analytes (see Figure 3.2.B).

Figure 3.2A presents the distribution of the sample injection using the double-T-
form injection system. When the electric field is applied during the loading step, the 
sample flows from the injection channel (SR) to the waste channel (WR). Meanwhile, 
the potential distribution within the running buffer channel (RB) and the detection 
reservoir (DR) is kept motionless (float) in order to prevent sample leakage. Once the 
sample has filled the intersection in the double-T area, Figure 3.2B shows the sample plug 
moving into the separation channel by establishing a linear potential distribution within 
the long channel. During this separation step, the sample fluid in SR and WR channels is 
kept floating.

Additionally, the reduction in the system dimensions and the low volumes employed in 
MCs imply the extremely low quantity of analyte detected. For this reason, it is necessary a high 
sensitivity in the detection technique for analyzing the target molecules. Consequently, the most 
suitable detection techniques are, in general, electrochemical detection, mass spectrometry 
and optical techniques, such as fluorescence, not only for their high sensitivity but also for 
their non-invasive condition in the sample (Kitamori et al., 2004; Dittrich and Manz, 2005).

Figure 3.2. 
Non-pinched electrokinetic protocol for injection and separation of the analytes

Non-pinched electrokinetic protocol for (A) injection of the sample and  
(B) separation of the analytes. 
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Regarding electrochemical detection, as we have already stated in Chapter 2 (Wang, 
2002; Vandaveer et al., 2002; Tanyanyiwa, Leuthardt and Hauser, 2002), it is a powerful 
detection principle because its high sensitivity and selectivity, allowing to work with 
multiple electrodic materials and potentials. It is also very convenient due to its inherent 
facility for miniaturization without loss of performance, high sensitivity and extremely high 
compatibility with the micro and nanotechnologies, low cost, analytical response independent 
of optical path length and possible sample turbidity (Pumera and Escarpa, 2009; Martín et 
al., 2015). However, in MC-electrochemical detection coupling, the main disadvantage is the 
inherent problem of the coupling of potentials between the electric field from the separation 
in electrophoresis and the potential applied during the electrochemical detection. This latter 
inconvenient is highly reduced with a convenient coupling design between the microchip and 
the electrochemical cell, described below.

In the literature, three main coupling designs in MC with electrochemical detection 
(Vandaveer et al., 2002) are found (see Figure 3.3): end-channel detection, in which the electrode 
is placed just outside of the separation channel, with the working electrode on or off-chip; 
in-channel detection, in which the electrode is placed directly in the separation channel, and 
off-channel detection, which involves grounding the separation voltage with a decoupler before 
it reaches the detector.

During this Thesis, the end-channel design, shown in Figure 3.3.A has been used. 
In this design, the working electrode is externally located, existing a small distance (tens 
of micrometers) in between the channel (from which the sample leaks) and the detector. 
In this case, the separation voltage has a minimal influence on the potential applied in the 
electrochemical cell because most of the voltage is dropped across the channel. It does not 

Figure 3.3.
Design configuration of MCs and electrochemical detection coupling

Design configurations of the coupling between MC and electrochemical detection  
(A) end-channel, (B) in-channel and (C) off-channel detection. Reprinted with permission 
of Vandaveer et al., 2002. 
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require a decoupler and the system is simpler and more compatible with different working 
electrodes. On the other hand, the main disadvantage from this design is the loss of separation 
efficiency due to the distance between the end of the channel and the working electrode in 
comparison with the relatively short length of the channel, therefore, the control of this 
separation distance is crucial.

3.1.2. Carbon nanomaterials in microfluidic chips

The electrochemical detection has been proved as an ideal and valuable technique to be 
incorporated in miniaturized devices, as it was previously explained. More interestingly, the 
compatibility between electrochemical detection with microtechnologies and nanomaterials 
opened the way to significantly improve their analytical performance (Pumera and Escarpa, 
2009; Escarpa, 2012; Pumera, 2011). In addition, as it was stated in Chapter 2, the nanomaterials 
can offer high currents because of their large surface areas, thereby enabling large-scale redox 
conversion, which increases the analytical sensitivity, resists passivation, and yields very good 
reproducibility. Because of the extremely low sample volumes introduced into microfluidic 
systems, the MC sensitivity is often low being this feature a drawback of these systems. This 
problem can be overcome by exploiting the surface characteristics of nanomaterials, turning 
the microfluidic systems-carbon nanomaterials coupling into a very pertinent application 
for a novel generation of microfluidic systems. However, while carbon nanotubes have being 
previously coupled to these devices, graphene has been few times explored (Martín et al., 2015).

The high electronic transference presented by the carbon nanomaterials permits to 
reduce the detection potentials and indeed, the noise. Thus, considering that high potentials 
are going to provoke higher coupling between the electric field of the MC and the detection 
potential, the inclusion of nanomaterials is also very convenient.

In the following sections of this chapter, it will be reviewed the coupling of carbon 
nanomaterials and MCs.

3.1.2.1. Carbon nanotubes in microfluidic chips

Briefly, before addressing the state of the art of MCs-CNTs, we will explain the 
main features of CNTs. These nanomaterials have filled the first dimension of the carbon 
nanomaterials since their discovery in 1997 (Iijima, 1991; Iijima and Ichihashi, 1993). 
They are synthesized by rolling a sheet of graphene (already described in section 2.1) into a 
cylinder. Their properties vary as a function of their chirality and diameter, so they can behave 
as metals or semiconductors with bands gaps that are relatively large or small, even with 
identical diameters (Dumitrescu, Unwin and Macpherson, 2009; Dai, 2002).

CNT properties include high electrical (σ = 10 mS cm-1) and thermal conductivities  
(k = ~6000 W m-1 K-1) and excellent mechanical properties (fracture strength 150 GPa) 
(Burghard, 2005), which have been exploited and have attracted an enormous interest in 
many fields such as energy conversion and storage, electrochemical actuators or chemical 
sensing, among others (Burghard, 2005; Gong et al., 2005).
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CNTs are usually classified into two categories, MWCNTs, which were the first ones 
discovered (Iijima, 1991), being constituted by concentric cylinders which are placed around 
a common central hollow with an interlayer distance around 0.4 nm, correspondent to the 
interlayer distance in graphite. Remarkably, the layers are rotationally disordered one with 
respect to the others and their diameters range typically from 2 to 25 nm. SWCNTs are the 
other group of CNTs that are based on a unique rolled layer of graphene and present diameters 
of 1 to 2 nm (Ajayan, 1999). The length of both materials varies in the micrometer range.

For electrochemical purposes, taking advantage of their high surface area (~ 1200 m2/g 
for SWCNT), the excellent electrical conductivity, among other properties, they have been 
exploited as electrodic platforms in electrochemical applications. Thus, they have allowed 
increasing current intensities, improving the heterogeneous electron-transfer rates, decreasing 
the fouling of the electrodic surface, and provoking electrocatalysis on the redox potentials of 
a wide variety of analytes (Pumera, 2009).

CNTs are commonly synthesized by laser ablation, electric arc discharge and CVD. 
The first two involve the condensation of carbon atoms generated from evaporation of solid 
carbon sources by employing high temperatures (3000-4000 oC). On the other hand, the 
CVD growth process involves flowing a hydrocarbon gas over a catalyst material based on a 
transition metal to get the carbon nanomaterial.

CNTs have been predominantly the most employed carbon materials for the last years 
coupled with microchips. The highly established knowledge of CNTs in electrochemistry and 
their excellent behavior in electrochemical detection have permitted CNTs to be the most 
developed materials as carbon surface materials coupled with microchips for the last ten 
years. Different approaches such as the ones described in CE have been explored for MC using 
CNTs, such as thin film CNTs-based electrodes, composite electrodes based on polymer/CNTs 
mixtures and a new strategy only published in CNTs-based electrodes coupled with 
microfluidic chips known as press-transfer approach, in which the nanomaterial is directly 
pressed on the surface of a inert polymer substrate.

The attraction of CNTs as carbon amperometric detectors in microfluidic chips have 
arisen since the first works of Wang and collaborators in 2004 using both thin film (Wang 
et al., 2004) and composite-based electrode (Chen, Zhang and Wang, 2004) approaches. In 
both works the analytical advantages of using SWCNTs and MWCNTs as carbon-source 
detectors were explored in the separation of molecules belonging to five groups, (a) hydrazine, 
dimethylhydrazine; (b) dopamine, catechol, ascorbic acid; (c) phenol, 2-cholorphenol, 
2,4-dichlorophenol, 2,3-dicholorphenol; (d) guanine, xanthine, and (e) homocysteine, 
cysteine, glutathione, N-acetylcysteine. These two works demonstrated in the separation of 
these five groups of electroactive molecules the excellent features of CNTs in drop-casting and 
CNTs-paste electrodes, showing excellent sensitivity of the analysis, an impressive decrease 
in the operating potential in contrast to non-modified electrodes or graphite-paste electrodes 
because of the electrocatalytic activity of the CNT-modified detectors, and excellent 
repeatability and reproducibility with RSD values under 3% in contrast with the 15% for non-
modified electrodes. These two works were the starting point of others using the approaches 
stated before to carry out different separations of analytes and their determination.
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In order to more easily understand how SWCNT and MWCNT changed the 
analytical detection of common electrode surfaces, an interesting work, in which a 
comparison between graphite powder, SWCNT and MWCNTs films on GCE, gold and 
platinum electrode surfaces were modified, was explored (Pumera, Merkoci and Alegret, 
2007). To evaluate the electrocatalytic effect of these materials in comparison with non-
modified electrodes, the hydrodynamic voltammograms (HDVs) were performed for 
dopamine and catechol separation in a MC. While MWCNT films on GCE showed a strong 
electrocatalytic effect, in the case of gold electrode as a substrate for deposition, graphite 
microparticle films were the carbon structures that showed the strongest electrocatalytic 
effect, both in comparison with non-modified surfaces. On the other hand, when Pt 
electrode was used as substrate, SWCNTs and differently synthesized MWCNTs showed 
this reduction in redox potentials. Although there is not a clear explanation of these shift 
in potentials, authors suggest that the defects in CNT walls, open ends of CNTs, and 
edge plains of graphite microparticles resemble an edge plane pyrolytic graphite, that 
were considered as cause of this effect (Moore, Banks and Compton, 2004), as well as the 
different contact resistance of carbon materials and GCE, Au and Pt surfaces.

The employment of CNT film electrodes in MC allowed not only low potentials of 
detection for dopamine and catechol, but also, high sensitivities for SWCNT film modified 
GCE in contrast to bare GCE and reproducible signals for all modified electrodes, with RSDs 
lower than 3% and 4% for dopamine and catechol, respectively, because of the high surface of 
CNTs that have a high number of electroactive sites, decreasing the capacity of the electrode 
to be fouled.

Another work explored the dramatic improved of SWCNTs deposited on gold detectors 
among the analytical response in the separation and determination of aminophenols 
and neurotransmitters (Pumera et al., 2006). Remarkably, SWCNTs showed an excellent 
electrocatalytic effect versus non-modified gold detector. The HDVs showed current 
intensities five times higher than the non-modified gold electrode for the two (ortho and 
para) aminophenols. Moreover, the electropherograms showed sharp and well-resolved peaks 
for this mixture of aminophenols, reflecting the fastest electron transfer of SWCNTs. This 
work also studied the separation and detection of two important catecholamines, dopamine 
and catechol, the excellent linearity (R2≥0.998) and good sensitivities found suggested that 
SWCNTs are excellent nanomaterials coupled with MC.

Although many works are focused on the improvements of using CNTs in the detection 
of different electroactive molecules, the role of the material in the detection of just separated 
molecules gives value to the synthesis and final preparation processes of the CNTs before being 
used as electrochemical detectors. Consequently, different SWCNT materials with different 
purity index, dissolved in different dispersant agents and treatments have been employed 
to modify CSPE detectors in MC (Vilela et al., 2012). The purity index was evaluated by 
measurements in near infrared as a ratio of the intensity bands for SWCNT content and the 
carbonaceous impurities in that material. Therefore, the near infrared-purity index value 
increased as the carbon impurity content decreased in the material explored.
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In this work, two groups of SWCNTs, involving different purity indexes, dispersants 
(SDBS, pluronic F68 and DMF) and air oxidation and/or purification (centrifugation) 
treatments were carefully studied. All these SWCNTs with different near infrared-purity 
indexes were chosen to modify CSPEs and the analytical performance in MC was explored 
using a mixture of model electroactive analytes such as dopamine and catechol (Vilela 
et al., 2012). All SWCNT-based electrodes demonstrated to better resolve the peaks and 
improve the signal-to-noise features and sensitivities, in contrast to the unresolved peaks 
in the case of CSPE. Remarkably, in terms of sensitivity, the highest near infrared-purity 
index SWCNT electrodic surfaces yielded the highest current intensities in the analyte 
detection. Further studies involved the influence of the dispersant, (SDBS, pluronic and 
DMF), showing the better analytical performance, the SWCNT dispersed with SDBS. This 
fundamental work demonstrates to the community of electrophoresis the significance of a 
complete and precise physical characterization of the nanomaterial before the integration 
in electrochemical detection coupled with MC as well as the value in the final analytical 
measurement of the solvent and nanomaterial selection.

Although the use of MC-CNTs have been studied with proof analytes and standards, the 
possibility of integration of real samples in the analysis has been actually very scarce as it has 
been previously reviewed (Blasco et al., 2007; Escarpa et al., 2008; Martín, Vilela and Escarpa, 
2012; Escarpa, 2014). The technology seems to have jumped a gigantic leap improving 
the analytical performance, however, the complexity of real sample matrices has blocked the 
advances in real world analysis. Recently, the Lights and shadows on Food microfluidics have 
been discussed in a Frontier review (Escarpa, 2014). This insight clearly invited to question 
the reader and attempt to answer why MC coupled with electrochemical detection should be 
used to solve analytical challenges in the food sector.

Initial studies including the detection of a variety of target molecules such as dietary 
antioxidants, water-soluble vitamins, vanilla flavors, and isoflavones found in representative 
food samples integrating CNTs and MC opened new opportunities in future routine 
analysis (Crevillen et al., 2007; Crevillen et al., 2009a; Crevillen et al., 2008; Avila et al., 2009; 
Kovachev, Canals and Escarpa, 2010) MCs using both SWCNT and MWCNTs with different 
features were studied to explore the response in different groups of molecules and real 
samples. From the study of detection potential, HDVs were constructed for selected groups 
of analytes (polyphenols, vitamins, flavours and isoflavones). HDVs profiles showed lower 
oxidation potentials and enhancement of voltammetric currents with CNTs, being more 
remarked with MWCNT, with independence of the analyte under study. However, authors 
found a relationship between the surface area effect and the structures of the analytes, being 
decreased the oxidation potential on the analytes with enol and enodiol as electroactive 
groups. On the contrary, this effect was not observed for carbonyl and hydroxymethyl 
as electroactive groups. Thus, it was demonstrated that the oxygen-containing species 
presented on the surface of CNTs and generated during acid treatment were responsible 
for an enhanced electron transfer reaction for these structures, confirming their crucial 
role during the surface preparation process of this electrocatalysis (Crevillen et al., 2009b). 
Again, this work reinforces the idea of studying the inner structure of the nanomaterial to 
take advantage of the properties of carbon nanotubes to enhance the analytical performance.
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CNT/polymer composites on MC platforms are also giving excellent results in the study 
of complex real samples. Cheng et al. reported a new CNT/polystyrene composite electrode 
for the determination of rutin and quercetin in a traditional Chinese medicine, Flos Sophorae 
Immaturus (Xu, Zhang and Chen, 2007). The composite electrode was fabricated in a piece 
of fused silica capillary under polymerization of CNT and styrene. This composite electrode 
showed high anti-passivation capability, which was attributed to the electrocatalytic activity 
of CNT. At the optimum conditions, 50 mM borate buffer (pH 9.20) and a detection potential, 
+0.80 V vs. Ag/AgCl electrode, the herbal drug was evaluated showing good repeatability in 
the measurement of the target analytes with RSD < 3.7% (n=3).

This group also developed another composite electrode using PMMA with CNTs 
based on the same procedure as the one with polystyrene. The performance was evaluated 
by the separation and detection of eight phenolic pollutants, and purines (guanine and 
xanthine) (Yao et al., 2007). The MC permitted an excellent reproducibility with RSD < 5% 
for the current peaks (n=20). Because of the good results found, a river water sample was 
evaluated and spiked with eight phenols, the excellent recoveries found from 93 to 101% 
and good RSDs ≤5%, n=3, showed the potential in environmental field of this MC coupled 
with CNT/PMMA detection.

A new cobalt hexacyanoferrate modified MWCNT/graphite composite electrode was 
electrochemically prepared and exploited as an amperometric detector in MC for the rapid 
detection of hydrazine and isoniazid (Li et al., 2012). The excellent results were attributed to 
the synergetic electrocatalytic effect of cobalt hexacyanoferrate nanoparticles and MWCNTs, 
both metallic and carbon nanomaterials improved the analytical sensing of hydrazine and 
its derivative. The electrophoresis separation was carried out in a glass/PDMS hybrid chip 
using end-channel detection with engagement of the modified disk electrode, with 10 mM 
2-(N-morpholino) ethanesulfonic acid (MES) at pH 6.10 as running buffer and a separation 
voltage of +1500 V at +0.70 V. The RSDs for peak current and migration time were 3.4% and 2.1%, 
respectively. These analytes were explored in river water sample and pharmaceutical tablets, and 
the recoveries found were between 92-105% in water and 95-98 % pharmaceutical tablets, 
respectively.

A new CNT/copper composite electrode was developed for the detection of 
carbohydrates and amino acids which were separated using a MC (Wang et al., 2004). 
The marked catalytic action of the CNT/Cu material permitted a low amperometric 
potential detection.

In addition, a mineral oil was used to obtain the CNT-Cu paste where the 1:1:2 oil/
MWCNT/Cu composition exhibited the lowest noise level and higher sensitivity yielding 
sharper peaks and improved resolution. A well-defined separation of mixture containing 
glucitol, glucose, gluconic acid and glucuronic acid was obtained. For this separation, it 
was required a strongly alkaline running buffer 35 mM NaOH and separation and injection 
voltages of +1000 V and injection time of 2 s.

The favorable signal-to-noise characteristics of a mixture containing 50 µM glucose 
and gluconic acid indicated low detection limits of 20 µM for glucose and 25 µM gluconic 
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acid (based on S/N= 3). The high sensitivity and speed of the MC was coupled with a good 
reproducibility (RSD≤ 5%).

Apart from the classical casting and composite approaches, recently, a novel technology 
to fabricate CNT-based detectors in which the nanomaterial is the exclusive transductor 
has been proposed (Vilela et al., 2012). This new approach directly exploits the inherent 
advantages of CNTs.

These novel electrodes termed as press-transfer electrodes have been recently coupled 
with MC (Vilela et al., 2012). In this approach, CNTs are press-transferred on PMMA 
substrates acting as the exclusive transducer in the detection of the target molecules.

The fabrication reproducibility showed RSD values of <3% and <9% (n = 5) for 
dopamine and catechol currents, respectively. After carefully studying the detection and 
separation performances and HDVs to assess the suitability of the channel coupling of 
the novel single-walled press-transfer electrodes with microfluidic devices, the oxidation 
potential of +0.70 V applied on single-walled press-transfer electrode working electrodes, 
in connection with a separation voltage of +1500 V were chosen as optimized conditions 
to carry out the studies of analytical performance evaluation because they resulted in a 
well-defined, sharp, and resolved peaks, a flat baseline, and favorable signal-to-noise 
characteristics. Indeed, for all the electrodes, the signal-to-noise characteristics were 
excellent. Authors explained that these improvements could be provoked by the CNT rigid 
films obtained on the PMMA substrate, in contrast to the vibrate film often obtained in 
casting approaches.

Finally, the resistance to the fouling was also evaluated through consecutive 
measurements during one hour obtaining RSD values of ≤4% and ≤9% (n = 15) for migration 
times and peak heights, respectively.

Press-transfer technology has been also recently reported in the separation of class-
selective isoflavones (total glycosides and total aglycones) in less than 250 s in soy extracts and 
dietary products (Vilela et al., 2014). In order to demonstrate this concept, different mixtures 
of targets aglycone (daidzin, genistin) and glycoside (genistein, daidzein) isoflavone-classes 
were examined. Good intra-electrode repeatability (RSD ≤ 8 %, n=5) and inter-reproducibility 
(RSD ≤ 9 %, n=3) were found. Under the optimized separation (borate 25 mM, pH 9.00 at 
+1500 V) and detection (E= +1.00 V in 0.1 M nitric acid) conditions, the analysis of real 
samples was in agreement between the values declared by the manufacturer and the ones 
obtained with single-walled press-transfer electrodes.

Press-transfer electrodes have demonstrated to be highly compatible with microfluidic 
technologies and this coupling opens a new idea of using new nanomaterial-based electrodes 
as unique transducers to enhance the sensing and biosensing.

The summary of the target analytes studied, real samples explored and the 
electrophoretic and detection conditions using CNTs have been listed in Table 3.1 for 
MC-CNTs works.
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3.1.2.2. Graphene in microfluidic chips

Graphene materials have been received important attention in the last years (see  
Chapter 2.1); as a result, it has been used as the new carbonaceous nanomaterial for 
electrochemistry (Pumera, 2010; Shao et al., 2010; Ratinac et al., 2011; Brownson and Banks, 
2010). Although this detection has been highly employed in MC, as we could understand 
from the discussion about CNTs-based detectors, graphene material is still in its beginning 
in both electrochemical applications and in its coupling with MC. Graphene isolation and 
superior properties from those of CNTs rapidly opened new alternatives in electrochemical 
sensing (Kuila et al., 2011; Brownson and Banks, 2010; Li et al., 2012; Valentini, Carbone and 
Palleschi, 2013) however, the coupling with MC has been less studied and the first examples 
were introduced only some years ago. Indeed, there are only few examples showing this 
coupling. Thus, the foreseeable future is expected to present an increment in the study of interest 
analytes with MC coupled with graphene as electrochemical detector in the detection step.

In the bibliography, it is possible to find two papers using MC and graphene as detector 
nanomaterial. In the first published article, Pumera et al. shows an evaluation about the 
advantages of using GO as detector in MC with end-channel amperometric detection. They 
compared GO and graphite microparticles as modifiers in GCE and the bare GCE (Chua, 
Ambrosi and Pumera, 2011). In order to evaluate the electrochemical performance of these 
three materials, two different kinds of analytes were studied. Firstly, important catecholamines 
such as dopamine and catechol were separated using MES buffer (25 mM, pH=6.50) and 
detected at +0.60 V. Furthermore, nitroaromatic explosives such as, 2,4-dinitrotoluene, 
1,3-dinitrobenzene and 2,4-dinitrotoluene were separated using borate buffer (15 mM, 
pH=9.20) with addition of 20 mM SDS and detected at -0.50 V. They conclude in a preliminary 
study that there were no differences in terms of sensitivity and selectivity for the detection of 
these analytes using GO as electrochemical detector in MC over that obtained with graphite 
microparticles, attributing the results to the low electrical conductivity of GO.

On the other hand, it was demonstrated that conductive graphene showed strong 
electrocatalytic activity when it was employed to improve the electrochemical response of 
some bioactive substances (Chen et al., 2011; Du et al., 2011; Ping et al., 2012).

The performance of various graphene materials (GO, chemically, electrochemically and 
thermally rGO), graphite and graphite oxide was compared to GCE as control using dopamine 
and catechol (Chua and Pumera, 2013). Graphite-oxide modified electrode achieved the 
highest currents for the detection of dopamine while graphite modified electrode produced 
the highest current peaks for catechol detection. The lowest currents for both dopamine 
and catechol were observed on the thermally reduced graphene oxide modified electrode in 
comparison to the bare GCE. The poor performance exhibited by graphenes coupled with 
MC is due to the large capacitive behavior of all graphene materials, which leads to high 
background currents in MC coupled to electrochemical detection systems.

The electrochemically reduced graphene oxide yielded the highest resolution, with 
almost a two-fold increment as compared to the bare GCE. On the other hand, the thermally 
reduced graphene oxide provided the lowest resolution among all the modified electrodes. At 
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the light of these findings, the performances of the chemically modified graphene materials on 
these MC devices greatly differ compared to the well-studied three-electrode electrochemical 
cell set up analyses. Therefore, it must be emphasized that graphene materials prepared 
from various routes must be tested for detection on MC devices before making conclusion 
of beneficial/detrimental performance of the graphene materials on these devices and their 
practical applications.

Indeed, graphene has demonstrated to be an excellent nanomaterial in electrochemistry 
with excellent properties in sensing. Remarkably, this enhancement in the electrochemical 
properties depends on the graphene material and its synthesis. Recently, it has been published 
the possibility of new tailored graphene electrodes that have brought light about the use of 
different graphene nanoribbons with different oxygen content and oxygen functionalities in 
its structures to improve the electrochemical sensing (Martín et al., 2014). Consequently, 
from these ideas as well as from the good results already found in CE with electrochemical 
detectors based on graphene (Martín et al., 2015) we foresee that MC coupled with graphene 
will catch up with the CNT coupling and would be more and more exploited in the resolution 
of analytical problems because of the significantly enhancement in the final detection analysis.

Analytical relevant remarks of graphene electrodic surfaces as detectors coupled with 
MC have been listed in Table 3.2. In this table, graphene material, analyte and real samples 
tested as well as separation and buffer electrophoretic conditions have been detailed.

Table 3.2. 
Analytical remarks of the coupling MC-graphene

Note: ND. Not detected.

ANALYTE SAMPLE

ELECTROPHORETIC CONDITIONS DETECTION

Capillary 
features

(length, i.d.)

Separation 
media

Injection/ 
separation

Electrode 
substrate

E(V)
(vs.Ag/AgCl)

LOD 
(μM)

Ref

Catecholamines ND 75 mm,  
50 μm

25 mM MES 
(pH=6.50)

+1.5 kV,5 
s/ +1.5kV GO/GCE +0.60 ND 55

Explosives ND 75 mm,  
50 μm

15 mM borate
20 mM SDS

(pH 9.20)

+2 kV, 3 s/ 
+2 kV GO/GCE -0.50 ND 55

Catecholamines ND 75 mm,  
50 μm

25 mM MES 
(pH=6.50)

+2 kV, 3 s. 
+2 kV

GO and 
rGO/GCE +0.50 ND 59
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3.1.3. Outlook and perspectives

The state of the art of MC coupled with electrochemical detection using the carbon 
allotropes has shown the improvement reached in analytical chemistry. From this overview, 
it is clear the strong role of carbon nanomaterials in electrochemical detection and, more 
remarkably, the importance in the last years of CNTs materials coupled with MC. Additionally, 
the newest nanomaterial in the multidimensional carbon family, graphene, is catching up with the 
rest of the carbon materials in the applications of electrochemistry and in the coupling 
with MC. Therefore, graphene and its new derivates are waiting to improve the analytical 
performance in the separation (resolution and width of the peaks) and in the detection 
(increasing current intensities, decreasing redox detection potentials) because of the higher 
surface areas and rich chemistry of these novel carbon nanomaterials.
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3.2. GRAPHENE-BASED MATERIALS IN ELECTROCHEMICAL 
 MICROFLUIDIC BIOSENSING

3.2.1. Introduction and objectives

D-enantiomers of amino acids (D-AAs) have been thought to have a minor role in the 
regulation of biological processes, being L-AAs the ones that predominate in nature. However, 
it was reviewed that D-AAs can appear naturally in antibiotics, immunosuppressive drugs 
and antitumor agents (Blanke, 2009). As selected significant examples, they prevent biofilm 
formation and can break down the already formed (Kolodkin-Gal et al., 2010), may regulate 
adult neurogenesis (Kim et al., 2010) (i.e. D-aspartate) and present a role as neurotransmitters 
(Wolosker et al., 2008) (D-serine) becoming its availability altered in the nervous system of 
schizophrenic patients (Madeira et al., 2008).

As we have stated in epigraph 2.3.1, recently, relevant publications highlight that some 
bacteria produce types of D-AAs, which were not previously known to be synthesized but 
are present in the supernatants of the stationary phase cultures (Lam et al., 2009; Cava et 
al., 2011). These works have revealed that different bacteria produce diverse D-AAs: Vibrio 
cholerae generates mainly D-Met and D-leucine (D-Leu); whereas Bacillus subtilis produces 
principally D-phenylalanine and D-Tyr, among others. The particular D-AAs identified 
in stationary phase supernatants varied among bacterial species (Lam et al., 2009), being 
the proportion and amount of D-AAs characteristic of each bacteria. Consequently, these 
D-AAs biomarkers might become a molecular fingerprint. Some of these bacteria present 
clinical importance, for example V. cholerae is the etiologic agent of the pandemic cholera 
disease. Hence, this information based on the identification and detection of D-AAs is highly 
important and is expected to be extremely relevant in a foreseeable future.

Due to these biological and clinical relevancies, the development of screening methods 
for detecting different D-AAs in a biological sample has become a must. Since enantiomers 
present the same physical and chemical properties but react very differently, scientists have 
attempted for many years to find a simple and efficient method to identify and separate the 
enantiomers present in a mixture. Several methodologies have been reported to achieve this 
purpose. One of the most common methods is the chiral derivatization in combination with 
reversed-phase HPLC methods, using different reagents for the derivatization (Visser et al., 
2011; Grant et al., 2006), however, this methodology presents several disadvantages derived 
from the derivatization step. Hence, other HPLC strategies as chiral stationary phase and 
2D-HPLC systems have been reported (Waldhier et al., 2011; Miyoshi et al., 2012). CE has 
been another technique used in the chiral separation of AAs using both direct and indirect 
approaches, with different chiral selectors and chiral reagents for diastereomers formation, 
respectively (Wan, 2000).

MCs offer excellent opportunities to carry out novel and creative analytical works. 
One of the most important applications of MCs is their role as point of care devices 
for clinical diagnosis as analytical screening tools because of inherent miniaturization, 
portability and extremely low biological sample required (Garcia and Escarpa, 2014). Some 
related works for detecting (L,D)-AAs have employed fluorescence detection (Munro 



142 TESIS. SERIE CIENCIAS DE LA SALUD

et al., 2000; Huang et al., 2009), however, this detection is a little expensive, making 
difficult design a portable device for in situ monitoring of D-AAs. In this way, as it was 
already detailed in this Thesis (section 3.1) the electrochemical detection in MC has 
been proved as an ideal and valuable analytical technique highly compatibility with the 
micro and nanotechnologies (Pumera and Escarpa, 2009; Martín et al., 2015), and with 
carbon nanomaterials (Crevillen et al., 2007; Crevillen et al., 2009; Vilela et al., 2012; 
Vilela et al., 2012; Ambrosi et al., 2014), however, only a few examples are found with 
graphene (Crevillen et al., 2007; Chua, Ambrosi and Pumera, 2011).

Another valuable merit of MC is its high compatibility with biological molecules for 
selective and sensitive bio-sensing (Hervás, López and Escarpa, 2012; Iqbal, J., Iqbal, S. and 
Muller, 2013; Blanes et al., 2007). In this sense, DAAO, which oxidatively deaminates D-AAs 
to the corresponding alpha-keto acid, generating one mol of H2O2 per mol of deaminated 
D-AA, has been previously used for D-AA detection using a post-column approach 
(Wang, 2002). 

Therefore it, the main objective has been the development of an electrochemical 
microfluidic strategy on a single and simple MC capable of separating and detecting D-Met 
and D-Leu biomarkers of V. cholerae as future point of care for bacterial screening, where 
miniaturization and extremely low biological sample consumption are highly required. 
Furthermore, the presented strategy allows the controlled microfluidic manipulation of the 
D-AAs and the class-enzyme DAAO to govern both the D-AA separation and the specific 
reaction between DAAO and each D-AA biomarker avoiding any covalent immobilization of 
the enzyme into the wall channels or on the electrode surface such as in the biosensor-based 
approaches (Mora, Giacomelli and Garcia, 2009).

3.2.2. Enzyme-based microfluidic chip for D- amino acid enantiomer biomarkers  
 detection

The optimized electrokinetic microfluidic protocol proposed in Figure 3.4 consists in (i) the 
simultaneous electrokinetic injection of DAAO (from enzymatic reservoir, ER) and amino acids 
(from amino acid reservoir, AA) (4A), (ii) the electro-focusing of the DAAO and AAs (in 
downstream and in the upstream of the micro-channel, respectively) (4B), and (iii) the AAs 
separation, the selective in-channel reaction and the hydrogen peroxide detection produced 
from each D-AA enantiomer after enzymatic reaction (in detection reservoir DR) (4C).

A simultaneous injection of the enzyme (from ER) and the AAs (4A) was developed 
by applying +1200 V in ER, +1000 V in AA and +100 V in RB (running buffer reservoir) 
during 5 s with the DR grounded at 0 V. Then, for the AAs separation and selective in-channel 
reaction, RB was pumped at +450 V with all reservoirs grounded at 0 V (4B-C), until complete 
detection of hydrogen peroxide from each enantiomer was achieved. 

The difference between the high voltages applied between ER (+ 1200 V) and DR (0 V) 
and between AA (+ 1000 V) and RB (+450 V) reservoirs was essential in order to electro-focus 
the amino acid in the upstream and the DAAO in the downstream of the channel. Indeed, 
applying the same high voltages (+1200 V) from both ER and AA did not give satisfactory 
results. In addition, the separation voltage applied from RB was optimized to +450 V for 
achieving the AA separation.
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Secondly, enzyme concentration and in channel enzymatic reaction between DAAO 
and the target D-AA were carefully assayed in phosphate buffer at pH 8.00 since at this target 
pH the enzymatic reaction is favored (Lopez-Gallego et al., 2005). From the Figure 3.5A can 
be noticed that enzymatic activity increased with the enzyme concentration, revealing 0.50 
mg•mL-1 as optimum value. The amount of DAAO injected was controlled towards injection 
time and potential with reproducibility. Figure 3.5B illustrates the influence of the 
injection time of the D-Met as selected example on the hydrogen peroxide production. It 
was observed that increasing injection time, the hydrogen peroxide also increases revealing 
the suitability of the strategy. An optimum time of 5 s was chosen, since with longer injection 
times, sensitivity was not much enhanced and not well-defined peak shape was either obtained.

Thirdly, electrochemical detection of hydrogen peroxide, as product of the in-channel 
enzymatic reaction, was also carefully evaluated. In order to improve the signal obtained with 
bare CSPE, this electrode was modified with nanomaterials. GNRred previously characterized  
(Martín et al., 2014) (see epigraph 2.2.2), briefly (1.2 nm height, 3-4 layers, 120 nm x 50 nm, 
47% Csp2, 10% Csp3 functionalities and 14% total oxygen content) were evaluated following an 
off-chip approach drop-casting the CSPEs. The edge chemistry is an important characteristic 
of these GNRred, because the edges present chemical functionalities such as carboxylic acid 
or carbonyl, among others. Different volumes of GNRred were deposited onto the CSPE 
for setting the optimal volume of graphene, detecting an improvement in the signal when  
the amount of GNRred increased. The optimal GNRred volume was fixed as 3 µL because 
higher amounts raised the background signal.

Figure 3.4.
MC strategy: enzyme and D-AAs electrokinetic injection, electro-focusing, 
D-AAs separation, in-channel enzymatic reaction and H2O2 detection 

Electrochemical microfluidic strategy: (A) enzyme and D-AAs electrokinetic co-
injection for 5 s, (B) enzyme and D-AAs electro-focusing and (C) D-AAs separation 
and in-channel enzymatic reaction and hydrogen peroxide detection. RB: running 
buffer reservoir; ER: enzymatic buffer reservoir, AA: amino acid reservoir, DR: 
detection reservoir. Color symbols: DAAO (blue square); D-Met (dark blue); D-Leu 
(red); H2O2 (grey). Conditions: (RB) 20 mM borate buffer pH 10.0; (ER) 0.50 
mg•mL-1 DAAO 5 mM NaH2PO4; (AA) 0.50 mM D-Leu and 0.30 mM D-Met in  
20 mM borate buffer pH 10.0. Detection conditions: +0.70 V vs. Ag/AgCl.
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Since the GNRred edge chemistry facilitates the interaction of the negatively 
charged carboxylic acid moieties of the GNRred with cationic amine groups of some 
polymers such as polyallylamine (PAA) and polyethyleneimine (PEI), the influence 
of these polymers was also assayed. Indeed, the presence of the polymer points out 
an increase in the electrode effective electrochemical area (Song and Xu, 2013) and 
provides the conducting bridges for the electron-transfer process. The modification 
with PEI always showed more electrochemical effective area than the ones modified with 

Figure 3.6
Estimation of electrochemical surface area of the different electrodes

Estimation of electrochemical surface area of the different electrodes (0.30 x 2.50 mm): 
black (CSPE), red (GNRred), green (CSPE/PEI), blue (GNRred/PEI). Conditions: 3 μL 
of a dispersion of 0.50 mg•mL-1 GNRred plus 3 μL of a 100 mg mL-1 polymer preparation.

Figure 3.5
Effect of DAAO concentration on D-Met amperometric signal

(A) Effect of DAAO concentration on 1 mM D-Met amperometric signal.  
(B) Effect of injection time on 0.50 mM D-Met amperometric signal. Conditions as 
in Figure 3.4.
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PAA (data not shown). So, the chosen electrode for the end-channel microchip 
detection was the CSPE modified with GNRred and PEI, which henceforth will be 
named as GNRred/PEI electrode. Figure 3.6 shows the impressive enhancement of  
the electrochemical area of this electrode more than 30 times bigger than the area of the 
bare CSPE when GNRred/PEI was used as electrode modifiers. Indeed, the inclusion 
of hybrid polymer/graphene-based electrodes end-channel coupled to the microfluidic 
system notably improved the analytical performance.

Under optimized electrokinetic conditions, the detection potential was also carefully 
studied. Figure 3.7 shows the hydrodynamic voltammograms for the involved molecules: 
H2O2, DAAO and the moderate electroactive D,L-Met (Martín et al., 2015). The optimal 
detection potential was found to be +0.70 V where H2O2 detection showed the best analytical 
sensitivity on the GNRred/PEI electrode in comparison with bare electrode (as control), 
while D,L-Met did not exhibit electroactivity. Under these conditions, a complete isolation 
of the detection potential from the electrokinetic protocol was also noticed, exhibiting 
H2O2 detection excellent S/N characteristics. Also, as expected, DAAO did not exhibited 
electroactivity at any assayed potential.

Finally, separation of both AAs was carefully optimized using a 20 mM borate buffer at 
pH 10.0. Figure 3.8 illustrates the separation and D-enantiomeric detection of Met and Leu 
at +0.70 V accordingly to a capillary zone electrophoresis mechanism where both D-AAs 
remains negatively charged. The detection of D-Leu (pKa2=9.58; Mr=131.17 g mol-1) was 
achieved through the detection of H2O2 with a well-defined peak that migrated at 568.5 ± 6.8 s. 
The H2O2 peak corresponding to D-Met (pKa2=9.08; Mr=149.21 g mol-1) presented higher 
migration time of 727.8 ± 9.8 s. The sensitivity of the system allowed to detect the D-AAs 
concentration indicated in the relevant literature (1 mM) (Lam et al., 2009). An excellent 
precision in migration times (RSD≤ 2 %, n=5) and in peak heights (RSD≤ 10 %, n=5) were 
also achieved indicating a very good precision and a very good electroosmotic flow stability. In 

Figure 3.7
HDVs for H2O2 on GNRred/PEI and CSPE 

HDVs for 1 mM H2O2 on GNRred/PEI (black) and CSPE (blue). 2 mM D,L-
Met on GNRred/PEI (red). Conditions as in Figure 3.4.



146 TESIS. SERIE CIENCIAS DE LA SALUD

contrast, when only L-amino acids (L-Met and L-Leu) were injected, no peaks were detected; 
as the enzyme does not react with L-enantiomers (Figure 3.8, control).

3.2.3. Conclusions

This work demonstrated a simple and creative strategy which allows both the racemic 
resolution and detection of D-AAs involved in high significance diseases, such as those 
produced by V. cholerae, on a single layout MC, highly compatible with extremely low 
biological sample consumption. This approach improves previous literature since it uses a 
simpler and commercial MC layout and geometry, extremely low amount of enzyme and 
offers a high versatility allowing the electro-focus of the enzyme along the main channel 
avoiding the use of additives (i.e. cyclodextrins) for enantiomeric separation as well as it 
does not require any covalent immobilization of the enzyme into the wall channels or on the 
electrode surface such as in the biosensor-based approaches.

This proof of the concept approach opens novel avenues for the detection of amino acidic 
enantiomers on microfluidic systems, not only for clinical but also for agro-food relevant 
applications using commercial and available micro-technology, becoming a breakthrough for 
future development of point of care devices applied to the detection of bacteria.

3.2.4. Experimental section

3.2.4.1. Reagents

L-methionine, D,L-methionine, D-leucine, L-leucine were purchased from Fluka 
Chemika (Buchs, UK) and hydrogen peroxide, D-methionine and sodium tetraborate 

Figure 3.8 
MC electropherograms for D-Leu and D-Met separation using DAAO

Microchip electropherograms corresponding to the reaction of: 0.50 mg•mL-1 
DAAO with a mixture of 0.50 mM D-Leu and 0.30 mM D-Met (blue) and 0.50 
mg•mL-1 DAAO with a mixture of 0.50 mM L-Leu and 0.30 mM L-Met (red). 
Conditions as in Figure 3.4.
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decahydrate were obtained in Sigma Aldrich (St. Louis, MO, USA). Sodium dihydrogen 
phosphate was purchased from Panreac, (Badalona, Spain). D-amino acid oxidase (DAAO) 
was purchased from Sigma Aldrich (St. Louis, MO, USA). All solutions were daily prepared 
using ultrapure water treated in a Milli-Q system (Millipore, Bedford, MA, USA).

3.2.4.2. Apparatus and measurements

All electrochemical measurements were performed at room temperature, using a 
Potentiostat Autolab PGSTAT101 from Eco Chemie. The high-voltage source was a LabSmith 
Model HVS448 high-voltage sequencer with eight independent high-voltage channels and 
programmable sequencing (LabSmith, Livermore, CA).

The used analytical microchip was previously reported (Wang, Tian and Sahlin, 1999) 
and some design adaptations were performed (Blasco and Escarpa, 2005). The microchip 
fabricated by Micralyne (Model MC-BF4-001, Edmond, Canada) consisted of a glass plate 
(88 mm x 16 mm) with a four-way injection cross, a 74 mm long separation channel with a 
semicircular section of 50 µm width and 20 µm depth. The side arms, measuring 5 mm long, 
and separation channels have a double-T shaped. The amperometric detector (end-channel 
detection) consisted of an Ag/AgCl wire as a reference electrode, a platinum wire as a counter 
electrode, and a CSPE as a working electrode of 0.3 x 2.5 mm (Dropsens, Oviedo, Spain). A 
spacer (easily removable adhesive tape, 60 µm thick) was placed between the surface of the 
electrode and the channel outlet to reproducibly control the distance between the electrode 
and the separation channel and to avoid interference from the electrical field applied for the 
separation in the detector.

3.2.4.3. Preparation of graphene modified electrode 

CSPE for MC coupling (0.30 x 2.50 mm) was modified following a two-step drop-
casting protocol. Firstly, 3 µL of a 0.50 mg•mL-1 GNRred dispersion in H2O/NH3 (1%) were 
deposited (previously optimized, results are not shown) along the electrode. Secondly, a 
solution of 100 mg•mL-1 PEI or PAA was prepared in 5 mM sodium phosphate buffer pH 
8.00. After 1 hour, when the GNRred modified electrode was totally dried, the second 
step of the deposition procedure took place. Then, 3 µL of the polymer preparation were 
deposited onto the electrode, covering all the length of the electrode with the solution. 
The modified electrode rested during 1 hour until all the electrode was dried, before 
using it. 

3.2.4.4. Estimation of the electrochemical effective surface area

To characterize the electrodes and in order to find the electrochemical effective 
surface area, the slope of the plot of Q vs. t1/2 obtained by chronocoulometry using 0.50 mM 
K3[Fe(CN)6] in 0.1 M KCl have been calculated. This methodology is based on Equation 3.1, 
given by Anson (Anson, 1964): 
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2nFAcD1/2 t1/2

[Equation 3.1]+Qdl+QadsQ(t)=
π1/2

The different parameters of this equation are the following ones: A is the effective 
electrochemical surface area of the working electrode (cm2), c is the concentration of  
the electroactive species (mol/cm3), n is the number of transfer electron that is 1, and 
D is the diffusion coefficient, 7.6 x 10-6 cm2•s-1 (Stevens et al., 2001), Qdl is the double 
layer charge which could be eliminated by background subtraction and Qads is Faradaic 
charge.

3.2.4.5. Electrophoretic procedure and amperometric detection

Before the application of the microfluidic voltages as it will be described in the results 
and discussion section, the channels of the glass microchip were treated before their use with 
0.50 M NaOH for 40 min, being rinsed afterwards with deionized water for 10 min. The 
running buffer, the enzymatic, the amino acid and the detection reservoirs were suitably fill 
accordingly with the buffer media. 

A detection potential of +0.70 V was applied to the working electrode placed in the 
detection reservoir, to analyze the hydrogen peroxide generated in the enzymatic reaction. All 
experiments were performed at room temperature.
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3.3. NOVEL CARBON NANOMATERIAL-BASED ELECTRODES FOR  
 ELECTROCHEMICAL MICROFLUIDIC SENSING

3.3.1. Introduction and objectives

The design of nanomaterial-based electrodic surfaces has fundamentally consisted of 
casting a drop of a carbon nanomaterial on a solid commercial electrode surfaces. Despite 
this approach has given excellent results (see epigraph 2.1) the use of two transducers, the 
carbon nanomaterial and the carbon electrode itself, make the displayed signal be dependable 
on two carbon sources. Therefore, new alternative strategies relying on exclusive carbon 
nanomaterial-based electrodes could improve the analytical response and permit reliable 
studies of the pure nanomaterial.

Recently, free-standing electrodes fabricated by filtering CNTs (buckypapers) (Chen 
and Chatterjee, 2013; Fagan-Murphy et al., 2013) and graphene papers (Dikin et al., 2007; 
Chen et al., 2008; Xu et al., 2006; Wang et al., 2009) have been described in the literature 
with high applicability as electrode materials for batteries and supercapacitors. This 
approach has been explored off-chip stuck on solid electrodes (Sieben et al., 2014) and as 
unique working electrode in the electrochemical cell (Xiao et al., 2012; Dong et al., 2015; 
Wang et al., 2013) but never coupled to microfluidic devices. Another electrode technology, 
namely press-transfer, opened a new idea of using directly SWCNTs for electrochemical 
on-chip applications (Vilela et al., 2012; Vilela et al., 2014; Gomez et al., 2015) and 
for spectroelectrochemistry using other transfer strategies (Garoz-Ruiz et al., 2015). 
This technology relies on SWCNT embedded in a PMMA piece, inert wafer, not being 
necessary the deposit on other electric surface or a mixture of polymer or mineral oil as in 
the majority of strategies.

Besides, as it was concluded in section 3.1, for the suitable coupling of MCs and 
electrochemical detection, CNTs were the most exploited carbon nanomaterials while 
graphene (GP) was few times explored.

Consequently, the first objective was the tailored design of novel electrodes based 
on carbon nanomaterials (SW, MWCNTs and GP) as a unique conductive material. These 
electrodes named as teflon filtered electrodes (TFEs) rely on the filtration of conductor 
carbon nanomaterials on a teflon filter using tailor-designed templates. The filter becomes the 
main assembly of the nanomaterial not involving chemical reactions or high external forces 
or energies. Two different designs a three-electrode and one-electrode configurations for off-
chip and on-chip detection, respectively, have been proposed. 

The second objective was to couple these TFEs to MC for the separation of quality 
phenolic markers, tyrosol (TY), hydroxytyrosol (HTY) and oleuropein (OL), presented in 
olive oil as selected application with food significance.

3.3.2. Graphene and carbon nanotubes teflon-filtered electrodes for electrochemical  
    microfluidic sensing

Two designs a three-electrode and a line-electrode configuration were proposed as it 
is shown in Figure 3.9. The filtration of these nanomaterials in a porous Teflon membrane 
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allows the accumulation of the carbon nanomaterial on the filter. Figure 3.9A shows the 
three electrode configuration, in which working electrode (WE) and auxiliary electrode 
(AE) consist of the same filtered carbon nanomaterial. The desired shape of the WE and 
AE are previously cut in two polyethylene terephthalate (PET) wafers, which are located 
in between the filter and act as templates during the filtration process. For enhancing the 
mechanical resistance of the filter, and to demonstrate the possibilities of using different 
substrates, the filtered nanomaterial was stuck using a double-sided tape on a PET substrate  
(3.5 x 1.5 x 0.05 cm3). The silver reference electrode (RE) was also integrated in the PET 
substrate. Figure 3.9B shows the line electrode configuration to be coupled to MC. This design 
only contained the WE, because RE and AE are integrated in the MC electrochemical cell (see 
experimental). The detector design consisted of a line-sized (1 x 10 mm) filter of nanomaterial 
centered and stuck on the PMMA wafer (3.5 x 1.0 x 0.2 cm3). PMMA offers a mechanical 
extra-support for suitable end-channel coupling to the MC.

Both three-electrode and line-configuration TFEs were explored using SW, MW and 
GP-TFEs and DA and CT as model analytes.

Firstly, a three-electrode configuration was evaluated by CV and DPV. On the one 
hand, the carbon nanomaterial based TFEs were characterized by CV. The electrochemical 
behaviour of the three SW, MW and GP TFEs was very similar as it is shown in Figure 3.10A.

Particularly, GP and MW-TFEs showed the lowest potential difference between anodic 
and cathodic peaks (~160 mV), being in the three cases the peak current ratios close to 1.

On the other hand, Figure 3.10 shows the electrochemical sensing of DA (B) and CT (C) 
using DPV. Table 3.3 lists the oxidation potentials and the amperometric currents obtained 
during the electrochemical sensing of the analytes. While for DA sensing, the three materials 
showed similar intensity currents, MW-TFEs showed the highest current intensities for CT 
sensing. Interestingly, the DA peak oxidation was narrower for GP-TFE. RSDs ≤ 4 % (n=3) 
for intra-electrode repeatability and RSD ≤ 7 % (n=3) for inter-electrode reproducibility were 
obtained revealing a very good precision for these electrodes.

Figure 3.9. 
Design of the carbon nanomaterial-based TFEs: three and line-electrode 
configuration for off and on-chip measurements, respectively

Design of the carbon nanomaterial-based TFEs: (A) three electrode configuration 
for off-chip and (B) line electrode configuration for on-chip detection.
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Both CV and DPV electrochemical techniques suggested the good performance and 
capabilities of these tailored-design TFEs and the good response of even GP-TFEs with  
6 times less quantity of material than in the case of CNTs.

Secondly, the line electrode configuration coupled with the MCs was also evaluated 
using DA and CT. Thus, different dispersion volumes (1, 2.5, 5, 10, 15 and 20 mL) were 
explored during the development of the SW, MW and GP TFEs. Table 3.4 lists the migration 
times and amperometric currents for the DA and CT electrochemical microfluidic sensing. 
It is worth it to mention that 15 mL were chosen for SW and MW and 2.5 mL was chosen for 
GP. This fact suggested the good conductivity of GP and the excellent results obtained with  
6 times lower content of material than in the case of CNTs.

The precision obtained was good whichever the electrode used, showing RSD values ≤ 1% 
and ≤ 4 % in DA and ≤1% and ≤15% (n = 5) in CT, for migration times and amperometric 
currents, respectively.

Figure 3.10.
CV and DPVs of DA and CT using SW, MW and GP-TFEs

(A) CV of 0.5 mM Fe(CN)6
3-/4- in 0.10 M KCl (B) DPV for 1 mM DA in 25 mM 

MES and (C) DPV for 1 mM CT in 25 mM MES using SW (red), MW (black) 
and GP (blue) TFEs. Filtered volumes: 2.5 mL for GP and 15 mL for SW and MW, 
respectively.

Table 3.3. 
Electrochemical sensing of DA and CT using three-electrode TFEs

Note: Values are expressed as mean values ±standard deviation for n=3.

Carbon 
nanomaterial

E, mV Intensity, μA

DA CT DA CT

SW  96.0 ± 0.4 179 ± 1 10.10± 0.03 3.80± 0.01
MW 117.0 ± 0.5 190 ± 1 10.80± 0.05 5.60± 0.03

GP 95.0 ± 0.3 203 ± 2 9.30± 0.02 2.80± 0.01
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Furthermore, these electrodes exhibited a good electroanalytical performance and low 
resistance (see Table 3.4) involving very low quantity of carbon nanomaterial accumulated in 
the electrode surface (0.25 g/m2 and 1.5 g/m2 for CNTs).

Under optimized electrokinetic conditions (5 s injection time at +1500 V for injection 
and separation voltage), Figure 3.11 illustrates the HDVs at the three carbon nanomaterial 
based TFEs. The response between the three materials slightly differs from one to the others, 

Figure 3.11.
Hydrodynamic voltammograms for DA and CT using TFEs 

Hydrodynamic voltamograms for 100 μM DA (A) and 100 μM CT (B) in SW (red), 
MW (black) and GP (blue) TFEs. Conditions: 5 s injection time, +1500 V injection 
and separation voltage, 25 mM MES (pH 6.50). Detection voltage +0.70 V vs.  
Ag/AgCl .

Table 3.4.
Analytical evaluation of the TFEs

Note: Values are expressed as mean values ±standard deviation (n=5). 

Electrode 
Dopamine Catechol 

Filtered volume 
(mL)

R (kΩ) t±s (s) i±s (nA) t±s (s) i±s (nA) 

SW-TFE 
5.0 216 76.2±0.3 10.8±0.4 119.8±0.4 2.2±0.1 

10.0 72 76.0±0.2 16.2±0.1 121.8±0.3 4.3±0.1 
15.0 58 76.8±0.2 17.0±0.1 123.9±0.2 7.4±0.2 

MW-TFE 
5.0 2120 80.3±0.8 16.1±0.5 128.8±1.0 4.2±0.7 

10.0 150 76.5±0.4 18.8±0.7 121.0±0.7 4.4±0.7 
15.0 10.8 75.6±0.9 20.9±0.5 122.5±0.8 5.9±0.1 

GP-TFE 

2.5 110 80.2±0.1 16.3±0.3 121.7±0.7 5.5±0.6 
5.0 54 76.4±0.3 14.4±0.3 125.0±0.5 1.9±0.2 

10.0 16 82.1±0.2 13.9±0.6 125.4±0.4 4.6±0.6 
15.0 10 76.1±0.5 8.7±0.1 120.0±0.2 2.8±0.3 
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suggesting the good behavior of all the nanomaterials employed. While, for DA (Figure 3.11A), 
GP-TFE reached the highest sensitivity at +0.60 V, both CNT-TFEs, reached higher values 
at +0.80 V. For CT (Figure 3.11B), SW-TFEs showed the better response and started at lower 
potentials of +0.40 V. The optimal detection potential was chosen at +0.70 V because it offered 
the best signal-to-noise characteristics.

Figure 3.12 illustrates the electrochemical microfluidic sensing of DA and CT using 
SW, MW and GP-based TFEs. The oxidation potential of +0.70 V applied on TFE working 
electrodes, in connection with a separation voltage of +1500 V, resulted in a well-defined, 
sharp, and resolved peaks, a flat baseline, and favorable signal-to-noise characteristics. 
A very good intra-electrode repeatability with RSD values found were ≤1% and ≤3% 

Figure 3.12. 
DA and CT sensing using MC coupled to SW, MW and GP-TFEs

Sensing capabilities on electrochemical microfluidic sensing of 100 μM of  
DA and CT (n=10) in SW (red), MW (black) and GP (blue). Conditions as in 
Figure 3.11. 

Table 3.5. 
Calibration analytical features MC-TFEs detection

Note:  Calibration analytical features (α= 0.05, n=5). 

Analyte Material a±tsa (nA) b±tsb (nA μM-1) R2 LOD (μM) 

DA 

SW 2.72± 2.73 0.15 ± 0.04 0.990 10 

MW -0.48 ± 1.89 0.21 ± 0.04 0.994 6 

GP -1.78 ± 3.76 0.30 ± 0.07 0.990 8 

CT 

SW 0.20 ± 0.82 0.046 ± 0.006 0.995 12 

MW -2.01 ± 2.75 0.097 ± 0.030 0.990 18 

GP -2.25 ± 2.29 0.092 ± 0.017 0.994 15 
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for DA and ≤1% and ≤10% for CT (n=10), in migration time and current intensities, 
respectively. These results suggested the inherent resistance of the electrode to be fouled 
by the analytes with independence of the carbon nanomaterial assayed, which is one of 
the most valuable advantages derived from the large surface area of carbon nanomaterials 
to be exploited with analytical purposes. In addition, these results indicated a good 
stability of the electrode.

To prove the reliability of the fabrication process, various electrodes with different filters 
were fabricated and evaluated. Non significant differences were found in terms of current 
intensities for DA and CT with the three carbon nanomaterials, indicating optimal inter-
electrode reproducibility with RSD values of 5, 8 and 6% in DA and 14, 12 and 19% in CT 
currents (n=5 electrodes) in SW, MW and GP-TFEs, respectively. 

Also, TFEs displayed well-defined concentration dependence for DA and CT. The 
resulting calibration plots were highly linear (R2 ≥ 0.990) in the assayed concentration ranges 
(from 10 to 125 μM for DA and from 20 to 250 μM for CT), with intercepts statistically zero 
and with high sensitivities for all the electrodes explored. Optimal precision was also obtained 
with independence of the concentration assayed (RSDs<6%, n=3).

Combining the high sensitivity of the TFEs with its low noise level resulted in suitable 
LODs calculated as 3 Sa/b, (∼8 and ∼15 μM for DP and CT, respectively) (S/N = 3) as it is 
appreciate in Table 3.5.

3.3.3. Characterization of the carbon nanomaterial-based teflon filter electrodes

The TFEs were characterized by microscopy techniques. In a first approach, Figure 3.13 
shows the FE-SEM micrographs for the nanomaterial and the control teflon filter. The surface 
of the SW-TFE indicates a compact deposit of nanomaterial largely incrustated within the 
Figure 3.13.
Morphological characterization. FE-SEM micrographs for TFEs

Morphological characterization. FE-SEM micrographs for (A) SW-TFE, (B) MW-TFE, 
(C) GP-TFE and (D) teflon (control). Scale bar 200 nm except in teflon 5 μm.
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filter pores leading to a homogeneous morphology with low contrast by FE-SEM. MW-TFE 
seems to present a highly porous surface with clear protrusions. Many MWCNTs are observed 
with different tilts some quite horizontally disposed. This MW-TFE presents holes and high 
roughness (darker areas in the image). In GP-TFE, the graphene sheets are extended as thin 
layers on the teflon filter covering the whole filter pores, generating a thin film of stacked 
graphene layers. The control teflon filter structure is a net of polymer with pores down  
to 1 μm.

In a second approach, the TFEs were carefully evaluated by current sensing AFM to 
assess the roughness, level of porosity and the electric resistance of these electrodes. On the 
one hand, Figure 3.14A illustrates the topography micrographs of the nanomaterials and 
informs about the roughness of each nanomaterial on the teflon filter. Thus, the roughness 
values found were 88, 220, 113, 140 nm for SW-TFE, MW-TFE, GP-TFE and teflon (control), 
respectively. SW-TFE shows the lowest roughness values, suggesting that all the material may 

Figure 3.14. 
Current sensing AFM: topographical and resistance data

Current sensing AFM characterization: (A) topographical and (B) resistance data.
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be filling the pores of the teflon filter during the filtration process. GP-TFE consists in stacked 
graphene layers constructing a thin film with average roughness of 113 nm.

Interestingly, MW-TFE presents the highest roughness value even higher than the teflon 
(control). These roughness values are in agreement with the micrographs found in FE-SEM 
and suggest the high porosity of MW-TFEs in comparison with the other teflon filtered carbon 
materials. Moreover, clear protrusions are observed. Some of them appear blurred to some 
extent, which can correspond to the fact of imaging dangling nanotubes. On the other hand, 
as it is shown in Figure 3.14B, the teflon surface shows high resistance on its entire surface 
around 500 GΩ compared to the MΩ found for the nanomaterials on the nanomaterial-TFEs. 
These data demonstrate that the nanomaterials are the exclusive responsible for the decrease 
of resistance and indicate that they are the unique transducers for the electrical signal. The 
average resistances found for the nanomaterial surface- arrangements were 50, 10 and 14 MΩ, 
for SW-TFE, MW-TFE and GP-TFE, respectively. These results revealed the highest resistance 
in SW-TFE and the lowest resistance for MW-TFE, suggesting that these data may be related 
with the arrangement of the nanomaterials on the filter. Interestingly, for these fabricated 
electrodes, the final disposition of the nanomaterials on the filter seems to be crucial for the 
final device performance. As a result, the distribution of the MWCNTs on the teflon filter 
suggests the best performance. 

We have further characterized the, previously shown in Figure 3.9B, line configuration 
TFEs by electrochemical impedance spectroscopy. Figure 3.15 illustrates the Nyquist plot 
for the three carbon nanomaterial based electrodes. The plots at high frequencies, in 
the frequency range between 105 to 0.1 Hz, except in MW until 1 Hz (see Figure 3.15A) 

Figure 3.15. 
Electrochemical characterization of TFEs by impedance

Nyquist impedance plots of GP-TFE (blue), SW-TFE (red) and MW-TFE (black) for 
5 mM Fe(CN)6

4-/3- in 0.01 M PBS (pH=7.4) and 5 mV amplitude in the range of (A) 
105 to 0.1 Hz (except MW to 1 Hz) and (B) 105 to 0.01 Hz (except MW to 0.1 Hz) 
frequencies.
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present a linear tendency, demonstrating the low resistance of the nanomaterials to the 
electronic transference. However, when the range of the frequencies studied is widen to 
0.01 Hz, (see Figure 3.15B) the Nyquist plot ends with a semicircle, showing high resistance 
values reaching 60, 180 and 360 kΩ for MW, SW and GP, respectively. This behavior 
suggests the behavior of a porous electrode (Candy et al., 1981; Lasia, 2014) where the 
electrode consists of two differentiated parts. The bottom part is an insulator and non-
conductive material, (teflon filter) and the top part is the conductive material (the carbon 
nanomaterials embedded on the filter). The electrochemical impedance spectroscopy 
results found in these porous surfaces are more complex than in conventional electrodic 
surfaces or commercial modified surfaces due to the interfacial impedance throughout 
the pore (Lasia, 2014 ). MW-TFE displays again the lowest resistance demonstrating a 
high agreement with the current sensing AFM results.

The characterization of the surface-arrangements suggests that each material is filtered 
adopting a particular arrangement on the filter and the final disposition of the material in  the 
filter is key for achieving the lower resistance. Figure 3.16 illustrates an interpretation of  
the final disposition of the materials on the filter.

3.3.4. Application of the carbon nanomaterial-based teflon filter electrodes  
    for phenolic detection in olive oil

Due to the distribution of the MW on the teflon filter suggested the best performance, 
these electrodes were chosen as the optimal to be coupled as electrochemical transducer 
with MC.

The nowadays challenging food sector is demanding fast, simple, cheap and reliable 
responses (Hamburg, 2011; García-Cañas et al., 2012). The valuable inherent features, the 
enormous analytical potential and the drawbacks of lab-on-a-chip for food safety and quality 
assurance have recently been discussed under the term Food Microfluidics (Escarpa, 2014). 

Figure 3.16. 
Interpretation of the disposition of the nanomaterials in the TFE

Interpretation of the disposition of the nanomaterials on the filter pores of the SW, 
MW and GP-TFE.
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Some of the identified drawbacks in Food Microfluidics are the sensitivity, selectivity and 
reproducibility during the analysis of food complex samples. The exploration of these novel 
materials and technologies, without the need of expensive and sophisticated facilities (i.e. 
clean room facilities) could improve food microfluidic performances.

As a result, MW-TFEs were explored for the fast assessment of relevant phenolic 
compounds, TY, OL and HT as quality markers in olive oil. On chip detection performance 
was carefully assayed for the target analytes. Figure 3.17 shows the chemical structure and 
HDV plots at the MW-TFEs for TY, OL and HTY. The response suggests the good behavior 
of MW-TFE and the optimal detection potential at +0.70 V because it offered the best 

Figure 3.17. 
Chemical structures and HDVs of TY, OL and HTY in MW-TFE, and MW-CSPE 
and bare CSPE

Chemical structures and hydrodynamic voltamograms using (A) 100 μM TY (arrows 
highlight the optimal oxidation potential), (B) 100 μM OL and (C) 200 μM HTY 
at MW-TFE (blue), non-modified CSPE (black) and MW-CSPE (red). Other 
conditions: running buffer 10 mM borate and 5% MeOH, 5 s at +1700 V injection 
voltage, +1700 V separation voltage and detection buffer 0.1 HNO3 and 5% MeOH.
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signal-to-noise characteristics. In addition, these electrodes were compared with drop-casting 
modified MW-CSPEs and further with commercial non-modified CSPEs. Furthermore, as it 
is shown in Figure 3.17 in the detection of TY using the non-modified CSPEs, the potential 
for the detection of the molecule with a good signal to noise features starts at +1.20 V,  
while for MW-CSPE it is +1.00 V. In contrast, as MW-TFE provokes a strong electrocatalysis on  
this oxidation, it only requires +0.70 V. Furthermore, TY and HTY showed lower potential 
with oxidation starting at +0.50 and +0.30 V for TY and HTY, respectively using MW-TFE 
than with CSPE modified and non-modified.

The microfluidic separation media was optimized to be 10 mM borate at pH 9.50 with 5% 
MeOH as additive to improve the resolution (data not shown). The influence of separation voltage 
on electrochemical microfluidic sensing of TY, OL and HTY when separation voltages were 
increased from +750 to +2750 V was initially evaluated. As expected, the increment of separation 
voltages from +750 V to +2750 V caused a dramatic decrease in the migration times, with a clear 
decrease in the analyte resolution (the peak resolutions were 0.85 and 0.79 at +2750 V, 1.6 and 
2.1 at +1700 V and increased until 3.7 and 4.6 in the case of +750 V, between the couples TY-OL 
and OL-HTY, respectively). Also, initial rise in charging-current baseline indicates incomplete 
isolation of the electrochemical detector from separation voltages higher than +2000 V. Thus, 
+1700 V became the most favorable separation voltage for the phenolic compounds detection.

Figure 3.18.
TFE coupling with MC in real samples. Electropherograms for the separation of TY, 
OL and HTY in MW-TFE and in olive oil

(A) Microchip electropherograms for the separation of 100 μM TY, 100 μM 
OL and 200 μM HTY at MW-TFE (blue), MW-CSPE (red) and non-modified 
CSPE (black). (B) Microchip electropherograms corresponding to a virgin olive 
oil sample (down) and virgin olive oil spiked with 25 μM of TY, 100 μM of OL 
and 50 μM of HTY (up) at MW-TFE. Other conditions: running buffer 10 mM 
borate and 5% MeOH, injection voltage 5 s +1700 V, +1700 V separation voltage 
and detection buffer 0.1 HNO3 and 5% MeOH, +0.70 V detection potential.
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Under optimized separation (borate 25 mM, pH 9.50 and 5% MeOH, + 1700 V) and 
detection (+0.70 V in 0.1 M nitric acid + 5% MeOH) conditions, the separation of phenolic 
markers was successfully achieved. Figure III.18A shows the microchip electropherograms for 
the separation of the quality phenolic markers TY, OL and HTY using MW-TFEs compared 
to drop casting modified MW-CSPE as well as non-modified CSPE. MW-TFEs showed the 
best sensitivity (5 times higher peak height than non-modified CSPE) and improved from 
the drop casted MW-CSPEs. Furthermore, as illustrated in this figure, the separation with 
MW-TFEs showed narrower peak widths, which is probably due to the exclusive presence of 
nanomaterial and the faster electron transfer using this TFE approach.

Table 3.6 quantitatively indicates that MW-TFE improves the electrochemical detection 
towards a decrease in the oxidation potentials and an enhancement of the amperometric 
currents with improved precision.

The selected MW-TFEs displayed well-defined concentration dependence for TY, OL 
and HTY. Table 3.7 lists the data from the resulting calibration plots, which were highly linear 
(R2 ≥ 0.990) in the assayed concentration ranges (from 25 to 125 μM for TY, 50 to 250 μM 
for OL and from 100 to 500 μM for HTY), with intercepts statistically zero and with high 
sensitivities for all the electrodes explored. Precision was also carefully evaluated with excellent 
values for intra-electrode repeatability (RSDs <7%, n=10) and inter-electrode reproducibility 
(RSDs <8%, n=5). 

Table 3.6.
 Analytical evaluation of the MW-TFEs

Note: Values are expressed as mean values ± standard deviation (n=5).

Electrode Analyte E opt (V) tm ± s (s) RSD(%) i ± s (nA) RSD(%)

MW-TFE

TY + 0.70 112.6±0.6 0.5 10.0±0.6 6

OL + 0.70 152.9±0.8 0.5 5.9±0.3 4

HTY + 0.70 205.7±0.8 0.4 7.9±0.4 4

MW-CSPE

TY + 1.00 113.1±0.6 0.5 4.4±0.2 5

OL + 0.70 153.4±0.4 0.3 4.1±0.1 2

HTY + 0.80 209.4±0.6 0.3 6.8±0.2 3

CSPE

TY + 1.20 112.2±1.8 1.6 2.0±0.2 10

OL + 0.80 153.0±3.8 2.5 1.3±0.1 7

HTY + 1.00 210.1±8.0 3.8 1.9±0.2 9
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Combining the high sensitivity of the MW-TFEs with its low noise level resulted  
in suitable LODs, calculated as 3 Sa/b, (~10 μM for TY, OL and HTY) as it is appreciated in 
Table 3.7. These TFEs showed better analytical response than the other previous work using 
MC coupled with gold electrodes (Godoy-Caballero et al., 2012), showing MW-TFEs much 
better sensitivity for TY and lower LODs for the analytes under study.

Figure 3.18B illustrates the analysis of virgin olive oil samples. TY at 113 s and HTY 
at 212 s were identified in less than 240 s. As expected, OL was not detected since it is a 
minority phenolic compound (Servili et al., 2004) and also its concentration highly vary in 
virgin olive oil depending on agronomical and technological factors (Lerma-García et al., 
2009). Two unidentified compounds (peaks I and II) were also detected. A good precision 
was also obtained during the analysis of virgin olive oil samples with values of RSD<6% (n=5) 
indicating the good performance and stability of the TFEs when they are operating with these 
complex matrices.

In order to evaluate the accuracy and capability of the approach for the simultaneous 
determination of TY, OL and HTY, VOO samples were properly fortified in each analyte. 
Quantitative recoveries ranging from 97-101% were also obtained with excellent precision 
(RSDs≤5 %, n=3). These results indicated the accurate determination of the three target 
molecules in virgin olive oil samples, showing the reliability of these electrodes for quantitative 
analysis of these target quality markers in complex matrix, which gives additional value to the 
presented electrodes.

3.3.5. Conclusions

A straightforward and direct use of the excellent properties of carbon 
nanomaterials using two different TFEs designs: the three-electrode configuration 
for off-chip detection and line configuration for on-chip detection was demostrated. 
The exclusive electronic transduction allowed unique analytical response with good 
sensitivity and excellent precision due to the extremely low fouling of the nanomaterial-
based electrodic surface.

The TFEs demonstrated their electrochemical applicability for different carbon 
nanomaterials off chip and coupled with microfluidics, in which graphene has been rarely 

Table 3.7. 
Calibration analytical features of TY, OL and HTY

Note: Calibration analytical features (α= 0.05, n=5). 

Analyte a±tSa (nA) b±tSb (nAμM-1) R2 LOD (μM)

TY 0.58±0.92 0.094±0.011 0.990 7

OL 0.15±0.53 0.021±0.003 0.990 10

HTY 0.37±0.58 0.029±0.002 0.997 13
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explored. This is a clear example of the first coupling of all the carbon nanomaterials as a 
unique electrochemical transducer with MC.

These TFEs have demonstrated to be a very useful approach for all conductive carbon 
nanomaterials and for any supporting non-conductive wafer (PET and PMMA). Thus, the 
filter becomes the main assembly of the nanomaterial not involving any chemical reaction or 
high external energy.

These electrodes exhibited a porous surface-arrangement, being the nanomaterial the 
only responsible for the electrochemical transduction. The nanomaterial disposition plays 
a relevant role in the final performance, opening novel avenues for designed and tailored 
nanomaterial-based electrodes. MW-TFEs showed a very good analytical performance 
during the fast determination of quality phenolic markers in olive oil.

This approach opens the field to other porous films based on nanomaterials for 
electrochemical detection as a clear alternative to other traditional transducers. The 
valuable properties of the TFEs such as excellent analytical performance, high versatility, 
potential disposability and easy fabrication suggest a tailored electrode manufacturing 
for many other nanomaterials or composites such as hybrid carbon nanomaterials and 
metallic nanoparticles or related microstructures. Hence, these electrodes pave the way 
to a broad field of opportunities in electrochemistry for the exclusive use of nanomaterial 
transducers and suggest the interest of their coupling with microfluidic devices for analysis 
in real domains and pave the way for new applications not only in the food but also in other 
relevant fields.

3.3.6. Experimental section

3.3.6.1. Reagents and materials 

The used carbon nanomaterials were reduced graphene oxide (Graphenea, Spain), 
single-walled carbon nanotubes (Sigma-Aldrich, 704121) and multi-walled carbon nanotubes 
(Sigma-Aldrich, 659258). Other employed materials for the development of the TFEs were 
35 x 10 x 2 mm3 piece of PMMA (Maniplastic, Spain) as the support structure, a teflon filter 
with a pore size of 0.1 μm (JVWP01300, Millipore Omnipore), double-sided cello tape, silver 
conductive paint (Electrolube, UK) for the electrical contacts and epoxy protective overcoat 
(242-SB, ESL Europe) for the isolation.

DA, CT and MES were purchased from Sigma Chemical Co. (St. Louis, MO, USA). 
Potassium hexacyanoferrate (III) and potassium chloride were purchased in Panreac 
(Badalona, Spain). All standard solutions were daily prepared by diluting the reagents in 
the buffer before the measurement and were well-protected from the light. OL and HTY 
were obtained from Sigma (St. Louis, Missouri, USA). TY was purchased from Fluka 
Chemika (Buchs, UK), methanol from Scharlab S. L. (Barcelona, Spain). Sodium tetraborate 
decahydrate from Merck (Germany) and sodium hydroxide and nitric acid from Panreac 
(Badalona, Spain). Stock solutions of 0.01 M of the phenolic compounds in methanol were 
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stored in amber vials, at -20 ºC, avoiding exposure to direct light. Thus, fresh solutions of 
determined concentrations were daily prepared by appropriate dilution of the stock solution 
with the selected solvent. Buffer solutions of sodium tetraborate were prepared by dissolving 
the amount of the salt in water and adjusted to pH 9.50 with NaOH. Ultrapure water (18 MΩ 
cm) was used for the experiments and obtained from Milli-Q system (Millipore, Bedford, 
MA, USA).

3.3.6.2. Carbon nanomaterial-based electrode fabrication

Carbon nanomaterials were dispersed with a 0.50 mg/100 mL concentration in DMF. 
The dispersion protocol was as follows: (a) ultrasound bath for 1 hour to provoke the strongest 
dispersion. (b) tip sonication for 15 minutes at 130 W, to assure the maximum dispersion of 
the carbon materials in the DMF. Before each filtration, the nanomaterial is sonicated for  
15 minutes with a US bath and for 5 minutes with a tip-sonicator at 130 W.

The carbon nanomaterial dispersions were gently filtered in soft vacuum conditions 
using a steel funnel on a 0.1 μm teflon filter in between two PET layers cut with the desired 
tailored size and shape. The two PET wafers with an external size equal to the filter and cut in 
the inner with the selected design of the electrode are used as a template for further filtrations, 
conferring inherent reproducibility in the final fabrication process. Each filter is used for one 
electrode and afterwards, the filter is dried at room temperature overnight.

Silver conductive paint was employed. This silver paint was also used as the reference 
electrode for the three-electrode configuration. An overcoat paint to isolate the silver paint 
was used to avoid possible interferences of silver conductive paint in the measurement and 
short-circuit and for confining the volume of sample in the three-electrode configuration.

3.3.6.3. Carbon nanomaterial-based teflon filter electrodes characterization

In order to characterize the TFE surface, the electrodes were firstly metalized with 
a layer of gold to improve the conductivity of the surface and afterwards characterized by 
FE-SEM on a JEOL Model JSM6335F equipment working at 20 kV.

AFM images were recorded using an Agilent 550 Pico Plus equipped with an 
environmental chamber. Current sensing AFM measurements were performed under 
nitrogen ambient to minimize humidity interferences. Diamond coated cantilevers (DCP11 
from Nt-MDT) were used. A resiscope module (from CSInstruments, France), which allows 
accurate current and resistance measurements over a large current range, was employed. A 
bias of 5 V was applied between the tip and the TFE sample (the electrical contact, for this 
purpose, was made on the sample on the silver paint spot). Three signals: topographical, 
current flowing from the tip to the sample and the sample resistance were simultaneously 
recorded with this set-up.

Electrochemical impedance spectroscopy measurements were carried out starting 
at open circuit potential using AC signals of amplitude 5 mV peak to peak in the 
frequency range of 105 Hz to 0.01 Hz, at room temperature, in an electrochemical 
station PGSTAT-204 (Autolab, Utrecht, Holland) using a conventional three-
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electrode system comprising a platinum wire as an auxiliary electrode, a silver/
silver chloride (Ag/AgCl), 3 M KCl as a reference electrode (CH Instrument, Austin, 
USA), and the explored TFEs as working electrodes. A concentration of 5 mM of  
potassium hexacyanoferrate (III), purchased from Panreac (Badalona, Spain), and potassium 
hexacyanoferrate (II), purchased from Sigma Aldrich (St. Louis, MO, USA), were 
dissolved in 0.01 M Na2HPO4/NaH2PO4 (pH 7.40) adjusted with NaOH, purchased 
from Panreac (Badalona, Spain).

3.3.6.4. Drop-casting modified electrodes

CSPE for microchip coupling (34 × 10 × 0.5 mm3) were modified following a drop-
casting protocol. For that, 3 μL of a 0.50 mg mL−1 MWCNTs dispersion in DMF were deposited 
along the electrode and let dry for 1 h before using it.

3.3.6.5. Olive oil sample extraction

Extra virgin olive oil sample was obtained from different batches of mixed varieties 
including Dritta, Coratina, Leccino and Tortiglione cultivars in an industrial olive mill. 
Sampling was carried out in the year 2013 and a representative sample was selected in 
order to carry out the analyses. Samples were stored at room temperature in amber glass 
bottles. Commercially available octadecyl C18 cartridges (1 g, 6 mL) (International Sorbent 
Technology, UK) were used for the extraction of the phenolic fraction according to the 
following protocol: 1 g of olive oil was dissolved in 5 mL of hexane, and the solution was loaded 
onto a column, previously conditioned with 2 x 5 mL of methanol and 2 x 5 mL of hexane. 
The column was eluted with 2 x 5 mL of hexane to eliminate the entire lipophilic fraction; the 
retained polar compounds were recovered by eluting with 2 x 10 mL of methanol. The elute 
was evaporated to dryness at room temperature (30 ºC, 150 rpm) in a rotary evaporator. The 
extract was recovered with 0.5 mL of methanol and stored in amber glass at -20 ºC.

3.3.6.6. Microfluidic chip system and electrochemical procedures

The used microfluidic set-up was identical to the described in the Experimental section 
in epigraph 3.2.4.1.

For DA and CT determination, the optimized injection was 5 s at +1500 V and the 
optimized separation voltage was +1500 V. A detection voltage of +0.70 V was applied in 
the detection cell to the nanomaterial-based lab-manufactured working electrode for the DA 
and CT detection. All experiments were performed at room temperature.

For quality phenolic markers determination, the running buffer consisted in 10 mM 
borax buffer (pH 9.50) and 5% MeOH, while the detection buffer was 0.1 M HNO3 and 5% 
MeOH. The sample solution consisted of selected concentrations of the phenolic compounds 
dissolved in the running buffer. The running buffer, sample and detection reservoirs were 
filled with their respective solutions. A voltage of +1700 V was applied for 5 min to the buffer 
reservoir to fill the separation channel, while the detection reservoir was grounded and the 
others were floating. This process was performed on each sample reservoir for 20 s to facilitate 
filling the injection channel (between the separation channel and the sample reservoir), and 
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then the voltage was applied for 5 min to the running buffer reservoir to eliminate the residues 
of the previously introduced samples from the separation channel.

The optimized injection was 5 s at +1700 V and the separation voltage of +1700 V. 
The optimized detection voltage of +0.70 V was applied in the detection cell to the carbon 
nanomaterial-based working electrode against the Ag/AgCl reference electrode. All 
experiments were performed at room temperature.

All electrochemical measurements were performed, at room temperature, using a 
Potentiostat Autolab PGSTAT12 from Eco Chemie. A total volume of 100 μL is dropped on 
the three-electrode TFE electrochemical cell consisting of carbon nanomaterial as a working 
and counter electrodes and Ag as pseudo-reference electrode.
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4.1. MICROMOTORS: STATE OF THE ART

4.1.1. Micromotors: novel analytical tools 

Human being has been developed many devices for improving the chemical sensing 
and facilitate the daily life. The development of autonomous machines or artificial smart 
devices had been the dreamt illusion in our lives (Ozin et al., 2005). Inspired by the biological 
machines in nature and imitating their behavior, scientists started in 2004 to create analogous 
artificial machines in the nano and micro scales (Paxton et al., 2004). The micromotors has 
resulted, during the last years, to be a fascinating challenge in nanotechnology and a new tool 
for enhancing the (bio-)-sensing (Hänggi and Marchesoni, 2009; Wang et al., 2013; Guix, 
Mayorga-Martinez and Merkoçi, 2014; Sánchez, Soler and Katuri, 2015; Wang, 2013).

It is worth to mention that in the literature many terms are used for describing this device 
such as micromotor, microengine, microrocket, microjet, microbot, micromachine, among 
others. A motor or engine could be define as a device capable of transforming any kind of 
energy into movement and forces, thus micromotors are, in the same way, devices able to move 
autonomously in fluids by converting different sources of energy into mechanical work at the 
microscales. Commonly, these micromotors are particles with a few microns dimensions and 
their shapes and composition are creatively designed with certain asymmetry. Therefore, the 
application of certain energy in the system permits a local gradient and the uneven distribution 
of the forces in the micromotor, permitting the expected movement. These motors can move 
autonomously in fluids at speeds up to millimeters per second and even generate sufficient force 
to penetrate cell membranes (Esteban-Fernandez de Avila et al., 2015).

At the microscale, as it happens in microfluidics, fluids and particles do not behave as 
in the macroscale. When the particle size decrease the inertia force is insignificant compared 
to the viscous forces, thus the Reynolds number, ratio of inertia and viscous forces, is very 
low. The main consequences of this low Reynolds number and the negligible inertia suppose 
that there can only be instantaneous motion caused by the instant forces applied on the 
micromotor, and the motion ends when the energy is finished. Also, as we have anticipated, 
for inducing motion, the motors have to be asymmetrical in the particle composition, the 
shape, or this asymmetry has to be forced by the reactions suffered on their surface. Therefore, 
the broken asymmetry in one axis dictates the direction of the final motion. Additionally, the 
mechanism responsible for propulsion is usually ineffective when decreasing the motor size 
under 1 μm.
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In general, the movement of these synthesized motors is autonomous, as it will be 
discussed during the explanation of the propulsion mechanisms, however, external fields such 
as magnetic and electric fields may be used to direct and control the propulsion of the motors 
at nano and microscales (García et al., 2013), allowing a directed and non-autonomous motion.

Fabrication is a key step towards successful realization of the applications of micromotors. 
The ultimate goal of fabrication is to make micromotors that are suitable for application in an 
easy and cost-effective way. The rapid development of nanotechnology has resulted in 
diverse strategies and techniques for the fabrication of micro- and even nanoscale motors. 
Micromotors could be classified considering many features, such as the fabrication method, 
the method of propulsion or the final application. In this Thesis, the classification has been 
proposed according to the propulsion methods.

4.1.2. Micromotors: propulsion methods

As we stated before, micromotors are devices capable of converting energy into movement. 
Thus, the propulsion methods will depend on the source of energy. If the energy comes from a 
chemical reaction, we will have chemically-driven micromotors, in which we could find several 
propulsion methods, self-electrophoresis (see Figure 4.1.A), self-diffusiophoresis and bubble-
propulsion (see Figure 4.1.B). When using acoustic energy, ultrasound propulsion motors are 
found (see Figure 4.1.C). Other propulsion methods are based on other external fields such 
as, magnetic or electric fields or external stimuli such as light, pH or temperature yielding the 
respective propulsion methods (see Figure 4.1.D). A scheme of these motions is shown in  
Figure 4.1. Briefly, the most used propulsion mechanism will be discussed in the following sections.

Figure 4.1.
Micromotors classification attending to the propulsion method

Micromotors classification attending to the propulsion mechanism: (A) self-
electrophoresis, (B) bubble-propulsion, (C) Ultrasound propulsion, and (D) other 
propulsion methods: magnetically and light-induced .
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Self-electrophoresis propulsion

In general terms, as we have already seen for microfluidic chips in Chapter 3, 
electrophoresis is based on the migration of charged particles under the application of 
an electric field. However, these autonomous motors do not respond to the application of an 
external field. The self-electrophoresis propulsion of these motors relies on the generation of 
chemical gradients along the motor and the movement in response to the self-generation of a 
local electric field due to these chemical gradients.

Figure 4.2 shows the scheme of these micromotors. In the literature, the most common 
structures found are the bimetallic rods-wires (cylinders) (Paxton et al., 2004) or the Janus 
particles (spheres) (Yoshizumi et al., 2013) with the characteristic of having both two different 
segments or parts based on two different materials, which confer the motor of asymmetry. In 
self-electrophoresis, the micromotor moves in a self-generated electric field as a result of an 
asymmetric distribution of ions. In the case of bimetallic motors, as in Figure 4.2, the oxidation 
of A preferentially occurs at the anode (M1) end and the reduction of A at the cathode (M2) 
end. This bipolar electrochemical reaction leads to a higher concentration of protons near the 
M2 end and a lower concentration near the M1 end. Since the protons are positively charged, 
the asymmetric distribution results in an electric field pointing from the M2 end to the M1 end. 
The negatively charged motor therefore moves in the self-generated electric field, an effect 
similar to electrophoresis. In this example a proton gradient is responsible for the motion of 
bimetallic motors as it happens when A is H2O2 solution, M1 is Au and M2 is Pt. (Paxton et 
al., 2004; Kagan et al., 2009; Laocharoensuk, Burdick and Wang, 2008), however other ions 
gradient can also be used for the same propose (Ibele et al., 2007).

Figure 4.2. 
Self-electrophoresis propulsion of bimetallic structures

Self-electrophoresis propulsion of bimetallic structures. The motion is against 
the protons (H+) and electrons (e-) flow. M1 and M2 are two different catalytic 
metals. A, B and C are the chemical reagents and products yielded from the redox 
reactions.



176 TESIS. SERIE CIENCIAS DE LA SALUD

Although there has been much progress on self-electrophoresis propelled micromotors, 
there are few disadvantages that slow down the progress on these micromotors. One of them 
is the use of toxic fuels such as H2O2, hydrazine, although some biocompatible motors have 
been explored such as glucose-propelled. Another main problem of self-electrophoresis is 
that it does not work at high ionic strength (Paxton et al., 2006), so the use in biological media 
is not viable. Furthermore, these motors have low energy efficiency, thus the research has 
been more focused on new designs and propulsion methods.

In terms of fabrication, the bimetallic nanowire motors are commonly prepared by 
template-directed electrodeposition as other nanowires (Paxton et al., 2004; Laocharoensuk, 
Burdick and Wang, 2008). This method employs the pores of the membrane to synthesize 
the desired tubes and wires composed of different materials such as polymers, metals, 
semiconductors, and carbons. Because of the monodisperse diameters and large pore densities 
in the membrane, similar nanostructures can be mass produced. The final shape of the wire 
relies on the pore diameter (diameter of the wire) and the charge deposited (proportional 
to the length of the wire). An alumina membrane with the desired nanosized pores is used 
and sequentially, different metals are deposited to form striped rod structures. Figure 4.3 
shows the electrochemical template based method for wires fabrication. Firstly, a layer of 
silver or gold is deposited on one side of the membrane to serve as the working electrode. 
The membrane is assembled in a teflon plating cell with flat aluminum foil against the  
metal layer to serve as a conductive contact for subsequent electrodeposition. Usually, a 
sacrificial layer of copper or silver is first deposited, followed by sequential electrodeposition of the 
desired materials. The silver or gold working surface and the sacrificial layers are removed 
by mechanical polishing or chemical etching. Finally, the alumina membrane is dissolved in 
NaOH solution and the nanowire motors can be obtained after rinsing steps.

Figure 4.3.
Electrosynthesis of nanowire motors on alumina membrane template

Synthesis of nanowire motors. (a) Sputtering of a gold or silver layer on the 
membrane template. (b) Electrodeposition of a sacrificial layer. (c) Sequential 
electrodeposition of the desired materials. (d) Removal of the working surface 
and sacrificial layers and dissolution of the membrane.
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The main application of these micromotors has been the cargo-towing and delivery 
(Kagan et al., 2010; Sundararajan et al., 2008). In applications in chemical sensing, only few 
works have been reported. The Ag (I) ion determination in water in the range between 0.5 to 
100 μM (Kagan et al., 2009) and the detection of DNA and bacterial ribosomal RNA down 
to the 40 attomol level (Wu et al., 2010).

Bubble propulsion

Bubble propulsion was the first reported mechanism of locomotion for micromotors. This 
propulsion mechanism is based on the generation of a gas by a chemical reaction, which allows 
the motion of the motor. The more used strategy has been the bubbling upon rapid breakdown 
of hydrogen peroxide into water and oxygen by the motor itself in the presence of one or more 
transition metals (e.g., platinum, silver, manganese…). However, more environmental-free 
strategies are starting to be used suggesting the use of water as fuel in presence of magnesium 
(Gao, Pei and Wang, 2012) or gallium/aluminum as catalyst in the motor (Gao, Pei and Wang, 
2012). Another fuel employed is hydrochloric acid for its use for future in-vivo applications in 
the acid media of the stomach (Gao et al., 2013) in presence of zinc-based motors (Gao et al., 
2015) to generate in both cases hydrogen bubbling.

In the literature, tubular micromotors (Gao et al., 2011; Mei et al., 2011) and Janus 
particles (Sánchez, Soler and Katuri, 2015) are the main motors found using these propulsion 
methods. Furthermore, the tubular micromotors are usually fabricated by template 
electrodeposition or rolled-up strategies.

In this Thesis, we are going to focus on tubular micromotors. Such microengines 
rely on the propulsion of oxygen bubbles generated on the inner surface by catalytic 
decomposition of H2O2. The bubble recoiling mechanism provides these micromotors 
with higher speed (Sanchez et al., 2011; Gao, Sattayasamitsathit and Wang, 2012) and 
lower problem using biological media or higher ionic strength (Zhao, Viehrig and Pumera, 
2013; Gao et al., 2013) than self-electrophoresis wire-based motors as well as greater 
towing ability (García et al., 2013; Wang, 2012), thus they have been highly applied in 
practical biomedical and environmental applications (Gao and Wang, 2014; Wang and 
Gao, 2012; Soler et al., 2013).

Figure 4.4 shows the electrodeposition method for fabricating microtube engines. 
Cyclopore polycarbonate (PC) membrane, which consists in a symmetrical double-cone pore 
structure, is used to electrodeposit the asymmetric microtubes. The procedure is the same as 
that for preparing nanowires, first a gold layer is sputtered for acting as working electrode. 
Afterwards a monomer such as aniline, 3,4-ethylenedioxythiophene, pyrrol, or other conductive 
electroactive monomers are electropolymerized (Gao et al., 2011). They are deposited on 
the walls of the PC membrane, creating a hollow truncated cone. Then, a layer of platinum 
is subsequently deposited, and bilayer polyaniline (PANI)/Pt, polypyrrol (PPy)/Pt, poly-3,4-
ethylenedioxythiophene (PEDOT)/Pt microtubes is formed. The resulting microtubes are 
conical in shape with lengths of several micrometers and diameters depending on the pore size 
of the membrane template (1, 2, 5 μm) (Gao et al., 2012). The microtube engines fabricated 
by this method exhibit ultrafast speed and require a very low concentration of hydrogen 
peroxide fuel. 
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The other fabrication strategy, rolled-up nanotechnology, pioneered by Schmidt 
employs strain engineering to prepare microtube motors from deposited films (Mei et 
al., 2011; Solovev et al., 2009). Its nature is more complex and more expensive than the 
electrochemical fabrication but considerable efforts have been devoted to simplify the rolled-up 
process and reducing its cost. The technique relies on the deposition on a photoresist 
sacrificial layer patterned by photolithography of a prestressed nanomembrane. Different 
layers of materials are deposited by a tilted physical vapor deposition process controlling 
temperature and deposition rate, together with the stress evolution during deposition, to 
create the strain gradient needed for the rolling process. By removal of the sacrificial layer, 
the deposited nanomembrane rolls into a microtube. Microtubes with different opening 
diameters ranging from 1 to 30 μm can be obtained by changing the thickness and the 
built-in strain of the nanomembranes (Harazim et al., 2012). The lengths of the microtube 
engines are in the range of hundred micrometers. The order of the layers in the final 
microtube is, therefore, controlled by simply depositing from the outer to the inner the 
layers on top of the nanomembrane.

The mechanism of propulsion in the tubular micromotors is based on the detachment of 
the bubbles generated on the inner surface of the tube, propelling the motors through a recoil 
force, see Figure 4.5. The fuel, peroxide, enters the microtubes through the small opening, 
then the bubble generation results from the catalytic decomposition of H2O2 into O2 along 
the inner wall of micromotors. The produced oxygen coalesces into bubbles which grow and 
expand into the cavity of the tube, and then diffuses and migrates toward the larger opening 
of the micromotor (due to the pressure differential caused by the asymmetry of the conical 
tube). The conical shape of the microtube assists the unidirectional bubble expansion and  
the expelled bubbles produce a force in the opposite direction resulting in the movement 
of the microtube (Li et al., 2011; Li et al., 2014). Due to the hydrophobic character of the 
platinum surface cationic (sodium cholate) or anionic (sodium dodecyl sulfate) surfactants 
are used to facilitate the fuel filling. Also, they reduce the surface tension, stabilize the bubbles 
and reduce their size (Wang, 2013; Mohammadi, Wassink and Amirfazli, 2004).

Figure 4.4.
Electrosynthesis of tubular motors on PC membrane template

Synthesis of tubular conical motors. (a) Sputtering of a gold or silver layer on the 
membrane template. (b) Sequential electrodeposition of an outer polymer layer 
(green) and an inner platinum layer (grey). (c) Removal of the sputter layer and 
dissolution of the membrane.
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Since each micromotor is itself an engine that converts chemical energy into movement, 
they exhibit autonomous and uncontrolled trajectories (linear, circular, spiral…). However, it is 
possible to impart directionality via magnetically guided movement of the micromotors. Thus, 
a short of ferromagnetic material (nickel) layer is incorporated in the structure. The new design 
can be magnetized transversely in a direction perpendicular to the motor axis by an external 
magnetic field. Then, the direction of the motors may be remotely controlled using a magnet or 
a magnetic field (Kline et al., 2005). It is worth mentioning that the magnetic field is exclusively 
employed for controlling the direction of the motion and does not influence the speed of the 
motors.

This group of micromotors has been not only used in cargo-release approaches, but 
also they have been highly developed in both clinical and environmental applications as 
stated before.

Furthermore, in the framework of this Thesis, as analytical tools in (bio-)-sensing, the 
use of micromotors is still in its beginning. Micromotors may have some advantages over 
conventional electrochemical or optical sensors, such as no electrical interferences, and 
operation in a wireless manner, using low amount of sample. However, among its drawbacks, 
they still present poor reproducibility.

Indeed, these motors have been mostly used for detection of heavy metals (Moo et al., 
2014; Orozco et al., 2013), inorganic electrolytes present in blood (Wang, Zhaoa and Pumera, 
2013a), organic compounds such as dimethyl sulfoxide (Zhao et al., 2013), uric acid (Wang, 
Zhao and Pumera, 2014), blood proteins such as bovine serum albumin, ϒ-globulin, and 
glucose oxidase enzymes (Wang, Zhao and Pumera, 2013b), amino acids containing thiol 

Figure 4.5.
Schematic of bubbling principle. Growth, migration and recoiling

Schematic of bubbling principle. From right to left, grow of oxygen bubble, migration 
to the large opening and recoiling. Motion is against the bubble flow.
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groups, for example, cysteine, serine, and methionine, peptides such as glutathione (Zhao et 
al., 2013), protein (Morales-Narváez et al., 2014) and DNA (Kagan et al., 2011).

Ultrasound propulsion

The disadvantages of bubble-propelled micromotors such as the generation of bubbles 
sometimes not desirable, the high use of toxic fuels, and the necessity of new micromotors for 
in-vivo applications with motion in biocompatible media, with high viscosity or high ionic 
strength, brought to the scientist the necessity of new biocompatible energy and externally 
driven micromotors. Among the ways of achieving this motion, acoustic energy is an 
interesting candidate for moving micromotors in fluids because this acoustic high frequency 
sound waves present minimal deleterious effects on biological systems.

The first autonomous micromotors propelled by ultrasound (US) frequency were based 
on metallic nanowires (synthesis described before, see Figure 4.3) which showed speeds 
around 200 μm s-1. The template-assisted electrodeposited micromotors are autonomously 
propelled in water using a home-made cell, which consists in a transducer connected to 
the generator of acoustic waves (Wang et al., 2012). Mallouk’s group demonstrated that by 
applying a MHz constant frequency to the cell, all the particles in solution levitates in a 
unique nodal plane (in axis z) where the pressure is minimum, so the particles are trapped in 
that z plane and are only allowed to move in x-y plane (see Figure 4.6.A). In that plane, the 
micromotors form patterns in the levitation plane as a result of nodes and anti-nodes within 
the plane. Consequently, when turning off the acoustic energy results in sinking the motors  
to the bottom of the cell (Rao et al., 2015).

Interestingly, depending on the material composition, size, shape and compressibility 
of the particle, the behavior under acoustic field dramatically change. Therefore, only some 
materials can be autonomously propelled under ultrasound:

Figure 4.6.
US propelled micromotors. Principle of acoustophoresis mechanism

US propelled micromotors. (A) Microwires are propulsed by an ultrasonic standing 
wave generating a levitation plane where the microwires move. (B) Scheme of 
explanation of the acoustophoresis mechanism on the asymmetrically shaped metallic 
microwires (Wang et al., 2012).
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■ Microparticles with sizes bigger than 1 μm. Sizes smaller than the wavelength of the 
soundwaves can hardly be manipulated (Rao et al., 2015).

■ Particles with densities bigger than the medium and low compressibility, rigid, such as 
metallic structures, polymers or cells only levitate and aggregate in the levitation plane 
(Wang et al., 2012; Xu et al., 2015).

■ The microparticles should present certain asymmetry (Wang et al., 2012; Garcia-Gradilla 
et al., 2013).

This last characteristic is of great importance because it allows the uneven distribution 
of the acoustic pressures in the fluid that is going to permit the autonomous motion. Figure 
4.6B shows metallic microwires fabricated by template-assisted electrodeposition. Regardless 
of the metal deposited, the end grown immediately after deposition of the sacrificial layer, 
the first step in the electrodeposition of nanowires present a concave shape while the other 
end is slightly convex. Thus, this asymmetric structure of the motors leads to an asymmetric 
distribution of the acoustic pressure (pressure gradient) from the dispersion of the incident 
acoustic waves at the motor surface, high at the concave end and low at the convex end.

The main disadvantages of these micromotors are that the propulsion mechanism is not 
well understood and the set up is still home-made and has not been completely optimized; 
besides the motion behavior is still difficult to predict.

The main applications of these ultrasound-based motors are in biological or clinical 
fields, in cargo-towing and release of drugs (Garcia-Gradilla et al., 2014) or bacteria E. Coli 
and S. Aureus (Garcia-Gradilla et al., 2013). From this later work, nanomotors coupling the 
antibacterial activity of lysozyme with rapid movement were proved toward efficient bacteria 
killing (Kiristi et al., 2015).

Recently, acoustically powered gold nanorods were propelled inside cells showing the 
possibilities of these motors in biomedical research (Wang et al., 2014). In terms of chemical 
sensing, and incorporating the capability of nanowires to penetrate the cell, a microRNA-21 
detector based on the quenching of fluorescence by graphene (on/off fluorescence signal) into 
living cells have been performed (Esteban-Fernandez de Avil et al., 2015).

Interestingly, Wang’s group developed a novel biocompatible red blood cell-based 
motors. The magnetic iron oxide nanoparticles were internalized in the red blood cells and 
they were aggregated within the cells. The aggregated magnetic nanoparticles within the 
red blood cell provided the required density necessary to achieve an acoustic response after 
applying the US field. The red blood cell membrane serves as an intrinsic shield to protect 
the magnetic nanoparticles from etching by coexisting ions (e.g., chlorides, phosphates) 
in the blood and prevent uptake by immune cells such as macrophages. Thus, they display 
remarkable biocompatibility essential for practical biomedical uses (Wu et al., 2014).

Furthermore, in another work, these red blood cell motors, which were able to convert 
acoustic energy into motion due to the uneven distribution of the magnetic nanoparticles 
within the red blood cell, incorporated imaging fluorescence particles, quantum dots 
and chemotherapy drug within the cell, towards theranostic applications. They were also 
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explored as the first example of US motors in microfluidic channels for mimetizing the 
blood vessels. Thus, the performance of the theranostic red blood cell motors was proved 
applying US for the autonomous movement and controlling the direction of the multicargo-
loaded red blood cell micromotor in different microfluidic chip by changing the orientation 
of a magnet (Wu et al., 2015).

Another ultrasound-based motor is the one based on the vaporization of perfluorocarbon 
(PFC) loaded emulsions. PFC emulsion are stable under physiological conditions, however, 
the US pressure wave break the emulsion and vaporize the molecule, which presents a low 
boiling point. By applying focalized short pulses (4.4 ms) of high pressure (3.8 MPa) to the 
emulsion, the gas expands firing the micromotor. Kagan et al. developed a conically shaped 
rolled-up microtube loaded with PFCs with potential use in drug delivery and penetration into 
tissues. The propulsion is ultimately provided by the ejection of gas bubbles of the vaporized 
PFC, therefore, its mechanism is the same than other bubble-propelled micromotors (Kagan 
et al., 2012).

Other propulsion methods

Other propulsion methods are based on external fields such as, magnetic or electric 
fields or external stimuli such as light, pH or temperature yielding the respective propulsion 
methods.

As an example, magnetically driven micromotors are a group of highly explored motors. 
The propulsion mechanism is based on magnetic forces and torques, therefore, helical-shape 
micromotors have been explored by this propulsion mechanism (Li et al., 2014; Schamel et al., 
2013). Furthermore, the use of stimuli responsive mechanisms offers the possibility for smart 
behaviors such as autonomous responses in specific environments. In this sense, hydrogels are 
some of the most employed materials in these devices since they are able to swell significantly 
in response to some of these stimuli generating the energy and force to perform the expected 
mechanical tasks (Breger et al., 2015).

4.1.3. Nanomaterials in micromotors

We have presented during this Thesis the importance of the nanomaterials being part 
of electrochemical (bio-)-sensors (Chapter 2) and electrochemical microfluidic chips (Chapter 3). 
The main question is if it is possible to include these nanomaterials in the micromotors. The 
similarities in the scale between the nanomaterials and the micromotors make the fabrication 
of these machines with nanomaterials or nanostructures an easy coupling, due to the 
similarities in the scale, so the immediate answer would be yes. 

Nanomaterials, as we have described in Chapter 2, present a large surface area, this feature 
would improve the final characteristics of the tubular bubble-propelled micromotors whether 
they comprise outer or inner layers. In the case of tubular micromotors, the nanomaterials in 
the outer layer will enhance the contact points for generating more interaction with cargos 
improving the interaction between the surface of the motor and the target cargo to be towed. 
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On the other hand, being part of the inner layer, they will enhance the probable chemical 
reaction with the fuel, improving the motor speed.

More interesting features of some nanomaterials such as carbon or metallic 
nanomaterials is the high electrical and thermal conductivities, the former one is going to let 
an easy fabrication using electrodeposition techniques, as discussed before in the template-
based electrochemical manufacturing of tubular micromotors or nanowires.

Furthermore, the excellent physical features of nanomaterials as discussed in the case of 
graphene, extraordinary elasticity and mechanical strength will provide the final motor of the 
inherent properties of the nanomaterial.

Consequently, nanomaterials are excellent candidates for developing new applications 
using nanomaterial-based micromotors.

Focused on carbon nanomaterials in micromotors, in the literature, these previous ideas 
have been started to be exploited. 

The first example was the use of CNT in the Pt catalytic segment of a Au/Pt nanowire, 
which highly improved the speed of the self-electrophoresis propelled motor (Laocharoensuk, 
Burdick and Wang, 2008). Then, CNTs were included in Pt nanoparticles for improving the 
speed of tubular micromotors (Li et al., 2015).

On the other hand, in the case of graphene, the literature presents different examples 
of fabrication of tubular micromotors using this material as the outer layer. Thus, a complex 
synthesis of multilayered GO/Ti/Pt tubular microengine, by roll-up approach was fabricated 
with 1-2 μm diameter and 10-20 μm length (Yao et al., 2012). The hydrothermal reduction of 
GO on a Cu wire contained in a glass pipeline and the posterior functionalization with metals 
in the outer of inner walls of the previously synthesized graphene tube was described (Hu et 
al., 2012). A different micromotor synthesis based on a Janus particle micromotor based on 
graphene-iridium (Wang et al., 2014), an hydrothermal synthesis of MnO2/graphene (Feng et 
al., 2015) and a balloon-like MnOx–graphene crumples synthesized via an ultrasonic spray 
pyrolysis method are found to move under hydrogen peroxide (Chen et al., 2014).

4.1.4. Outlook and future perspectives

Artificial micromotors have appeared in the chemical sensing scene as a new tool for 
diverse medical and environmental applications, among other fields. These smart devices are 
capable to cooperate and communicate for achieving a demanded task. Particularly attractive 
is the impressive progress in the great diversity of propulsion methods, which still requires 
further improvement due to the disadvantages needed to be enhanced.

Indeed, for future development of fabrication methods the tendency should be the 
development of easy and cost-effective approaches to produce large quantities of motors in 
order to improve the reproducibility in the sensing and the uniformity of the structure. Thus, 
the morphology and final structure of the motor is going to determine the movement.
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The main limitation currently is the few fuels used in the proof-of-concept applications 
(mainly H2O2, with certain toxicity) and thus, the low compatibility with living systems. 
Although some attempts are reported in the literature, mainly using US propulsion 
mechanisms, they are still in its infancy.

The inspiration and creativity in the design of new micromachines is, consequently, key 
for enhancing the motion of the future motors as well as the materials used. Nanomaterials 
are then starting to appear for improving the physical properties (mechanical strength, 
resistance) and chemical properties for posterior functionalization or interaction with target 
molecules or particles and of course, enhancing the speed of the micromotor. Therefore, 
artificial micromotors are expected to advance in material composition and into more 
practical and sophisticated applications.

The inspiration in the real macroscopic world full of interesting engines could launch 
the emerging and exciting future technological breakthroughs of micromotors.
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4.2. CHEMICALLY POWERED GRAPHENE MICROMOTORS

4.2.1. Introduction and objectives

As it has been stated in the previous section 4.1, the motion of synthetic microscale 
objects has inspired considerable research efforts over the past decade (Paxton et al., 2004; 
Ozin et al., 2005; Wang, 2013; Wang et al., 2013; Mei et al., 2011; Sánchez, Soler and Katuri, 
2015; Fischer and Ghosh, 2011; Huang, Wang and Mei, 2012; Sánchez and Pumera, 2009; 
Wang, 2009). Particular attention has been given to chemically powered micromotors that 
exhibit self-propulsion in the presence of hydrogen peroxide fuel (Paxton et al., 2004; Ozin 
et al., 2005; Mei et al., 2011; Sánchez and Pumera, 2009). Several approaches have been 
explored to prepare different tubular micromotors (Mei et al., Sánchez, Soler and Katuri, 
2015; Mei et al., 2008; Solovev et al., 2009) and Janus microparticles (Howse et al., 2007; 
Baraban et al., 2012), including top-down photolithography, e-beam evaporation and stress-
assisted rolling of functional nanomembranes on polymers. The complexity and high cost of 
these fabrication processes led to the development of template electrodeposition methods 
for preparing catalytic nanowire motors (Paxton et al., 2004; Laocharoensuk, Burdick and 
Wang, 2008) and microtubular motors (Gao et al., 2011; Zhao and Pumera, 2013; Wang, 
2014; Gao et al., 2012). Bubble-propelled microtube motors are particularly attractive for 
diverse real-life applications owing to their efficient locomotion in diverse (salt-rich) matrices. 
Particular attention has been given to the template-assisted electrodeposition of polymer-Pt 
tubular micromotors (Gao et al., 2011; Zhao and Pumera, 2013; Wang, 2014; Gao et al., 
2012) or bimetallic Cu-Pt microwires (Zhao and Pumera, 2013). The versatility of template 
electrosynthesis methods allows explorations of micromotors based on new compositions 
and structures, with improved catalytic performance and new functionalities essential for 
diverse new practical applications. 

In addition, it has been widely commented in this Thesis that graphene has captured the 
attention of the scientific community because of its outstanding material’s properties, already 
described in section 2.1, including high electrical and thermal conductivities, large surface 
area, extraordinary elasticity and mechanical strength (Stankovich et al., 2006; Lee et al., 2008; 
Martín and Escarpa, 2014). Due to these material characteristics, graphene is an attractive 
candidate for advanced micromachines applications. Yao et al. described a multilayered GO/
Ti/Pt tubular micromotor, using e-beam evaporation to coat the previously deposited 
GO with Ti and Pt that spontaneously roll into full or partial scrolls of 1-2 μm diameter 
and 10-20 μm length (Yao et al., 2012). Hu et al. (2012) illustrated millimeter size graphene 
tubes, in which GO is hydrothermally reduced and confined on a Cu wire contained in a 
glass pipeline and selectively functionalized with metals in the outer of inner walls of the 
previously synthesized graphene tube (Hu et al., 2012). Pumera’s team described a Janus 
particle micromotor based on graphene-iridium (Wang et al., 2014) and Chen and coworkers 
showed balloon-like MnOx–graphene crumples synthesized via an ultrasonic spray pyrolysis 
method (Chen et al., 2014). Graphene tubes of larger sizes were prepared using CVD (Li 
et al., 2011; Wang et al., 2010; Yang et al., 2014; Yu et al., 2014; Sidorov et al., 2009) and 
other complex strategies (Sidorov et al., 2009). However, these last examples involving 
costly preparation of graphene tubes (without inner metal layers) have focused mainly 
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on applications involving flexible actuators, robots, photovoltaic cells and supercapacitors 
(Cheng et al., 2014).

In this chapter, the main objective has been to demonstrate a greatly simplified template 
electrodeposition approach for the mass production of highly efficient graphene-based 
microtubular motors as well as the reole of graphene micromotor propulsion. The template-
assisted approach for preparing the graphene-based tubular micromotors relies on the 
electrodeposition of graphene oxide on the inner wall of a polycarbonate membrane by a cyclic 
voltammetry technique, followed by deposition of the inner porous metal layer (Figure 4.7).

4.2.2. Synthesis and characterization of chemically powered graphene micromotors

A new template electrodeposition protocol for the fabrication of electrochemically 
reduced graphene oxide (erGO)/metal (platinum (Pt) or gold (Au)) bilayer micromotors 
was designed as illustrated in Figure 4.7A. In a first step (a), GO was electrodeposited on 
the inner wall of a polycarbonate (PC) membrane by a CV technique, leading to a rapid 
formation of an electrochemically reduced GO film. GO was electrochemically reduced with 
a potential cycling at 50 mV s−1 in 0.1 M H2SO4 (+0.30 to -1.50 V vs. Ag/AgCl). Figure 4.7B 
shows the cyclic voltammograms obtained during the reduction process (n= 2, 3 and 5 scans, 
respectively). As it can be seen, the current reduction peak decreases while the potential 
cycling proceeds, implying a reduction in the graphene structure. The resulting erGO structure 
is partially modified and the oxygen functionalities are mainly removed (Shao et al., 2010). 
This reduction of oxygen moieties in the graphene surface implies a change in its structure, 
increasing the sp2-carbons and thus the hydrophobicity of the graphene film. Under these 
conditions, graphene layers tend to aggregate between them via π-π interactions and within 
the walls of the PC membrane via hydrophobic interactions (Martín et al., 2014). This erGO 
film has higher conductivity than the pure GO, and favors the electrodeposition of a second 
metallic layer (platinum or gold) using a galvanostatic method (step b in Figure 4.7A). The 
most favorable electrochemical growth conditions of erGO/Pt and erGO/Au micromotors 
(number of cyclic scans, n=5; Pt deposition, -2 mA, 500 s; Au deposition, -0.90 V to a total 
charge of 1 C) were optimized for their microtubes bilayer structures.

Figures 4.7B (inset) and 4.7C display side-view and cross-view SEM images of the 
typical 10 μm-length conical erGO/Pt microtubes under the optimized conditions. These 
images indicate that the resulting micromotors have outer diameters of 5.0 and 4.0 μm and 
inner opening of 3.8 and 3.2 μm, with a semi-cone angle (δ) of 3.2°. A close examination of 
such bilayer structure (Figure 4.7D) reveals that, unlike common micromotors that exhibit 
a Pt smooth surface (Gao et al., 2011), the Pt layer is composed of granular nanoparticles 
with average diameters of ~200 nm. As will be illustrated below, such Pt structure leads to a 
dramatically increased catalytic surface area and to an improved propulsion behavior. This 
nanoparticle-based porous Pt structure can be directly related to the presence of higher 
boundaries and defects in the graphene thin shell-layer. Similarly, a gold inner layer can 
be electrodeposited inside the outer erGO tube layer for immobilizing oxygen-generating 
biocatalytic layers (such as catalase). Figure 4.7E displays a SEM image of five template-
prepared erGO/Au microtubes. This image illustrates the reproducibility of the method, 
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along with the characteristic conical morphology of the resulting erGO/Au microtubes and 
an inner opening of 3.9 μm.

The synthesis conditions have a profound effect on the thickness and length of the 
erGO-based microtubes. From the SEM images displayed in Figure 4.S1, it can be seen that 
the Pt layer plays a critical role in maintaining the shape and mechanical stability of the erGO 
microtubes. At lower Pt deposition times (100 s, Figure 4.S1 a) the graphene tube collapsed 
because the thin layers lack the strength to retain the open tubular shape after removal of the 
template. However, when the platinum content is increased, the resulting bilayer microtube 
structure is preserved after the template dissolution (Figure 4.S1 b). Longer deposition times 
(1000 s) results in the overgrowth of platinum, which form wires, filling the pores completely 
and overgrowing over the top of the tubular structure (Figure 4.S1 c). Similar results were 
observed after deposition of different Au layers (not shown). Furthermore, the effect of GO 
electrodeposition time was evaluated by varying the number of cyclic CV scans from 1 to 
10. After two redox scans, a low percentage of the GO is reduced, therefore, a lower content 
of graphene is deposited on the PC membranes; this leads to less uniform, rougher tubular 
structures with thicker walls (Figure 4.S1 d). erGO/Pt microtubes prepared using 5 scans 
(Figure 4.S1 e) are characterized with a more regular surface morphology and defined conical 
bilayer microtube structure, which contains a wider opening pore essential to achieve an 
optimal bubble evolution and speed for practical applications.

Figure 4.7. 
Template electrodeposition of erGO/Pt or Au tubular micromotors. CV of erGO 
and SEM of erGO–Pt and erGO–Au micromotors

Template electrodeposition of graphene/metal tubular micromotors. (A) Schematic of 
the template-based fabrication procedure: (a) electrodeposition of reduced graphene 
oxide, (b) deposition of Pt or Au layers, (c) removal of the membrane template.  
(B) CVs corresponding to the electrochemical reduction of GO, scans n = 2 (dash line),  
n = 3 (solid line) and n = 5 (dotted line) and SEM images of the side view of erGO–Pt 
(inset). (C) SEM of top view and (D) Pt roughness in erGO–Pt and (E) top view in 
erGO–Au microtubes. Scale bars: (C,E) 5 μm and in (D) 1 μm.
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Further characterization of the unique surface morphology of the nanoporous metallic layer 
deposited on erGO was carried out using SEM. Figure 4.8A, 8B and 8C shows the cross-views 
(a) of the bilayer erGO/Pt, erGO/Au and PANI/Pt structures, respectively. Higher magnification 
images (b) illustrate that the inner Pt or Au layers display a very rough morphology, as compared 
to the smooth surface obtained after depositing the metals on common polymer (PANI)-based 
microtubes prepared under similar conditions (Figure 4.8B (b)). Such close examination of the 
catalytic Pt layer on the outer erGO tube reveals that the Pt surface is composed of granular metal 
nanoparticles. Similarly, the inner Au layer (shown in Figure 4.8B) is characterized with a porous 
structure, composed of smaller, fine-grain size gold nanoparticles. TEM was carried out to further 
characterize the size and morphology of the Pt nanoparticles in erGO microtubes, as displayed 
in the two images of Figure 4.8D and Figure 4.S2, a. It is observed that the Pt layer is composed 
of granular metal nanoparticles with average sizes ranging from 10 to 50 nm. For comparison, 
TEM images PANI/Pt micromotors (See Figure 4.S2, b) reveal the thin film structure of the Pt 
layer, with the absence of nucleation sites. This structure can be attributed to the presence of a 
high density of intra-grain and grain-boundary defects in the erGO layer. The intermittent layers 
of erGO that form the shell of the micromotor implies the presence of large number of edges and 

Figure 4.8.
SEM and EDX images of erGO–Pt/Au and PANI-Pt/Au. TEM of Pt 

SEM images of the cross view of the bilayer tube structure (a) and magnification images 
showing the different inner metal layer structures (b) of (A) erGO–Pt, (B) PANI-Pt and 
(C) erGO–Au micromotors. Scale bars, 500 nm. (D) TEM image of Pt nanoparticles 
in the erGO layer. Scale bar, 50 nm. (E) EDX spectroscopy images of an erGO–Pt (left) 
and erGO–Au (right) micromotor illustrating the distribution of carbon, Pt, and Au. 
Scale bars, 5 μm. 
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defects in this thin carbon film. Pt and Au layers thus tend to nucleate and grow from the defects of 
erGO sheets, leading to such porous structures (Zhou et al., 2010; Yoo et al., 2009; Li et al., 2014). 
Previous reports also suggest that carbon atoms with dangling bond or oxygen functional groups 
(such as that one existing in our erGO layer) enhanced the interaction between graphene and Pt 
clusters, stabilizing the porous structure and improving its catalytic properties. Anchoring metallic 
nanocatalysts onto erGO porous structure has been shown to enhance the active surface area 
and increase the effective transport of the reactants (Orozco et al., 2013). The energy dispersive 
X-ray spectroscopy (EDX) mapping analysis, depicted in Figure 4.8D, clearly shows the presence 
of either Pt or Au (metals) and carbon (from erGO) within the tubular erGO/Pt and erGO/Au 
microtubes, respectively.

4.2.3. Propulsion of chemically powered graphene micromotors

Compared with normal smooth tubular micromotors, both erGO-metal bi-layers exhibited 
larger electrochemical active surface area, enhanced catalytic properties and high-density of 
binding sites for attaching biomolecules. Hierarchical porous Pt structures are expected to 
provide an enlarged catalytic surface area and improved fuel accessibility, and hence, lead  
to remarkably efficient propulsion (Li et al., 2014). The erGO/Pt micromotor displays an attractive 
propulsion behavior even at very low peroxide fuel levels. The microscopic images in Figure 4.9A, 
a, taken from Video 4.1, illustrate the fast propulsion of an erGO/Pt micromotor at a speed of 
over 37 μms-1 using a peroxide fuel concentration of 0.1%. Control PANI/Pt micromotors (of 
similar size but a smooth catalytic surface) required a two-fold increase in the peroxide level for 
efficient propulsion at a diminished speed of 30 μms-1 (see Figure 4.9A, b and corresponding 
Video 4.1). To further test the performance and advantages of the graphene/Au micromotors, 
we immobilized the enzyme catalase onto their inner porous gold layer surface, using an earlier 
protocol (Orozco et al., 2013). Catalase offers an attractive alternative to electrocatalytic metals 
for propelling peroxide-driven nano/microscale motors. Figure 4.9A, c (and corresponding 
Video 4.2) display the movement of graphene/Au/catalase micromotors at high speeds of 
321 ± 80 μms-1 (32 bl/sec). (Note that the speed is given in bodylenght per second (bl/sec) for 
comparative purposes with the literature). In comparison, control motors, PANI/Au/catalase 
micromotors (with a smooth inner gold layer), prepared under similar conditions, propelled at 
a significantly lower speed of 156 ± 38  μms-1 (11 bl/sec); see Figure 4.9A, d and corresponding 
Video 4.2. The speed of the new graphene/Au/catalase micromotors is significantly higher 
than that reported for polypyrrole/Au/catalase (8 bl/sec in 0.5% H2O2) (Gao et al., 2012) and 
rolled-up Ti/Au (6.8 bl/sec in 1.5% H2O2) (Sanchez et al., 2010) micromotors. Such remarkable 
speed of graphene/Au/catalase micromotors can be attributed to the very rough Au surface of 
the graphene based micromotors (Figure 4.8C) which increases the specific surface area for 
immobilizing large amounts of the enzyme.

Figure 4.9B displays the dependence of the speed of the erGO/Pt and PANI/Pt 
micromotors upon the hydrogen peroxide concentration (from 0.1 to 3.0% fuel, for  
n=50 micromotors). As expected, the speed of the micromotors is strongly dependent on the 
concentration of the peroxide fuel, which influences the frequency of the generated oxygen 
bubbles. For example, the bubble frequency of the erGO/Pt micromotors increases greatly 
from 25 to 227 Hz upon raising the peroxide level from 0.1 to 0.5%. As expected, the higher 
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bubble frequency led to an increased speed, e.g., 37 μms-1 in 0.1 % H2O2 as compared to 170 
μms-1 in 0.5% H2O2. In contrast, no bubble evolution is observed for the control PANI/Pt 
micromotors at the 0.1% H2O2 solution. In addition, a lower bubble frequency (188 Hz) is 
observed for these control micromotors at the 0.5 % H2O2 level, resulting in a substantially 
lower speed of 96 μms-1 compared to that (170 μms-1) observed for the erGO/Pt at the same 
conditions.

Previous reports (Li et al., 2011; Li et al., 2014; Manjare, Yang and Zhao, 2013) indicate 
that, for a tubular cavity with a defined radius Rj and length L, the rate of oxygen generation is 
linearly proportional to the area of the Pt surface and to the H2O2 concentration. The oxygen 
bubble expelling frequency (f) can be thus deduced using the average bubble radius (Rb), as 
described in Equation 4.1.

                               
f=

nCH2O2 
2πLRj 3nCH2 O2

LRj
Vbubble 2R3

b

= [Equation 4.1]

Figure 4.9.
Propulsion of erGO–Pt and Au/catalase micromotors vs. PANI-Pt 

Ultrafast propulsion of erGO–Pt and erGO–Au micromotors. (A) Propulsion images of 
erGO–Pt-based micromotor, based on Video IV.1, in 0.1% H2O2 solution (a), as compared 
with a control polyaniline (PANI)-Pt micromotors in 0.2% H2O2 (b); propulsion images of 
erGO–Au-catalase micromotors, based on Video 4.2, in 1.0% H2O2 solution (c), compared 
with control PANI-Au-catalase micromotors (d). (B) Comparison of the speed profile of 
erGO–Pt micromotors (blue bars) and PANI-Pt micromotors (lined bar graphs) over the 
0.1%−3.0% peroxide range, in the presence of 1.5% sodium cholate surfactant (n = 50). 
Inset: magnified speed dependence over the 0.1%–0.5% peroxide range. Scale bars, 10 μm.
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Based on the previous equation, the average velocity (vj) of erGO/Pt and PANI/Pt 
tubular micromotors can be theoretically predicted from Equation 4.2. 

                              

9nCH2O2
LRj

(Equation 4.2)
3Rb+LRb/ ln 2L   -0.722

Rj 

v ave=j

These equations are valid for cylindrical motors. A more recent model (Li et al., 2014) 
introduces slight modifications for a conically-shaped motor.

Figure 4.10 depicts the calculated average velocities for erGO/Pt and PANI/Pt tubular 
micromotors, assuming the same geometric dimensions (length, L, 10 µm and inner 
opening radius, Rj 2.2 µm) as a function of H2O2 concentration. The solid curves represent 
the calculated speed assuming bubble radius (Rb) with values ranging from Rj to Rj/5. The 
triangular and circular symbols are derived from our experimental results for PANI/Pt and 
erGO/Pt-based micromotors (n=50), respectively. As can be seen, the experimental results 
for PANI/Pt micromotors fit well with the curve Rb=Rj/2. This data deviates slightly from the 
adopted model, which assumed that the equivalent bubble radii should be equal or slightly 
larger than the radius of the micromotors. Surprisingly, a much higher deviation is found 
for erGO/Pt micromotors, which fit well with the curves Rb=Rj/4 at low peroxide levels  
(0.1-1.0%) and Rb=Rj/5 in 2.0 and 3.0% H2O2 solutions. According to the equation adopted in 
our model, such small bubble size leads to a higher bubble expelling frequency, resulting 
in a faster micromotor movement, as indicated by our experimental results. Both the large 
surface area of the platinum catalyst and higher oxygen microbubble generation frequency 
are responsible for the highly efficient propulsion behavior of graphene/Pt micromotors, 
compared to the smooth (control PANI) micromotors. The high bubble expelling frequency 
at low peroxide fuel levels leads to small size O2 bubbles and results in a faster micromotor 
movement compared to the control PANI-based controls (Gao et al., 2011; Li et al., 2014; Li et 
al., 2011). The dynamics of microtube motors has been described quantitatively by the body-
deformation model that considers the micromotor and the microbubble to be one system (Li 
et al., 2011). The average speed of tubular micromotor is approximately equal to the product 
of the bubble radius and expelling frequency (Solovev et al., 2009; Li et al., 2011). The role of 
the geometric dimensions of the micromotor, such as length and radius, on its dynamic 
characteristics was also investigated. The average motor speed depends also strongly on the 
micromotor length. The length of our erGO-based micromotors can be controlled by varying 
the number of CV scans during the GO reduction. Longer micromotors (up to 20 µm length) 
can thus be prepared, leading to micromotors with a large inner Pt surface. This results in a 
higher bubble expelling frequency and an increased speed. However, the increase is not so 
pronounced since is counteracted by the larger drag force, thus slowing down the micromotor 
(Li et al., 2011).

Such ultrafast speed is attributed to the increased catalytic reactivity of the inner  
platinum surface, associated with the higher surface roughness, compared to the smooth platinum 
surface of common micromotors. Thus, erGO/Pt micromotors can propel at high speeds of 
37 ± 10, 81 ± 23, 170 ± 40, 390 ± 80 and 1700 ± 200 µms−1 at H2O2 levels of 0.1, 0.2, 0.5, 1.0 
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and 3.0%, respectively. Such speed is remarkably high compared to those reported for the 
common polymeric-based PANI/Pt, PPy/Pt and PEDOT/Pt micromotors, e.g., 660, 435 
and 932 μms-1, respectively, at 3.0% H2O2 (Gao et al., 2012). Graphene-based motors, prepared 
previously using different synthetic routes, displayed much lower speeds even using higher fuel 
concentrations, e.g., 138 µm s−1 at 10 % H2O2 for rolled-up GO/Ti/Pt catalytic micromotors (Yao 
et al., 2012), 40 µms−1 for graphene Janus motors in 3.0 % H2O2 (Wang et al., 2014) or 24 cm in 
6 seconds for graphene millitubes operated at a very high (20%) peroxide concentration (Hu et 
al., 2012). The fast catalytic locomotion and hence high power of the template-electrodeposited 
erGO/Pt micromotors make them excellent candidates as efficient micromachines for a wide 
range of practical applications.

The combination of Pt microparticles with the graphene layer has demonstrated 
efficient catalytic effect, a powerful propulsion thrust and distinct moving trajectories. The 
optical images (and corresponding tracking lines) of Figure 4.11 illustrate representative 
trajectories of autonomous motion of erGO/Pt based micromotors. The microbubble tails 
resulting from the hydrogen-peroxide decomposition reaction reveal unique trajectories with 
(a) linear, (b) circular, (c) flower-like, (d) helical, (e) self-rotation and (f) snake-like motions. 
Although, some similar motion trajectories (linear, circular, helical and self rotating ones) 
were reported previously for larger rolled-up micromotors (Solovev et al., 2009), the erGO/Pt 
micromotors display unique moving trajectories, such as flower and snake-like motions (c and 
f, respectively) that were not reported earlier. The enhanced catalytic activity and ultrafast-

Figure 4.10.
Dependence of the micromotor speed upon the H2O2 concentration 

Dependence of the average micromotor speed upon the H2O2 concentration 
(0.1%−3.0%). For calculations, micromotors were assumed to have the same geometric 
dimension (length, L, 10 μm, and inner opening radius, Rj 2.2 μm). The solid curves 
represent the calculated speed bubbles radii (Rb) with values from Rj to Rj/ 5. The 
triangular and circular symbols are derived from our experiment results for PANI-Pt 
and erGO–Pt-based micromotors, respectively. Inset: magnified speed dependence 
over the 0.1%−1.0% peroxide range.
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bubble production of the erGO tubular micromotors lead to a unique combination of bubble 
recoil and fluid pumping into the tubular structure, resulting in a new torque and distinct 
flower and snake-like moving behaviours. It was reported that the motion of the microtube 
motors is strongly influenced by the tubular geometry (Solovev et al., 2009). The erGO/Pt 
micromotors, due to the asymmetric inner porous Pt catalyst structure, provide anisotropic 
distribution of drag forces along the axial and radial directions. This inner asymmetry in the 
structure causes unbalanced oxygen production along the tube, leading to the distinct motion 
patterns shown in Figure 4.11.

4.2.4. Conclusions

We described a greatly simplified, low-cost membrane template electrodeposition 
of erGO/Pt and erGO/Au tubular micromotors with an efficient propulsion performance. 
Unlike earlier graphene-based micromachines, the micromotors described here are based on 
the electroreduction of GO followed by deposition of a porous inner metal layer. The effective 
movement of such template-prepared graphene-based has been attributed to the porous 
metallic surface that offers a greatly enhanced catalytic activity and efficient bubble evolution 
compared with common smooth tubular micromotors. This nanoporous metallic structure 
can be directly related to the presence of higher boundaries and defects in the thin graphene 
shell-layer. Such enhanced catalytic activity along with improved reactant accessibility and 
larger surface area enabled a dramatic acceleration of the fuel catalytic reaction. In addition, 
the aromatic character of the outer graphene layer could be used for on-the-move removal of 
polyaromatic compounds via π–π interactions (removal of interferences).

Figure 4.11.
Propulsion images showing trajectories and tracking lines of erGO–Pt micromotors 

Propulsion images showing the motion trajectories and corresponding tracking lines 
of erGO–Pt-based micromotors (taken from Videos IV.3, IV.4). The lower schematic 
diagrams sketch the corresponding moving behaviors. Movements: (A) linear, (B) circular, 
(C) flower-like, (D) helical, (E) self-rotation, and (F) snake-like motions. Conditions: a 
2.0% H2O2 solution containing 1.5% sodium cholate. Scale bars, 20 μm. 
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The electrodeposition protocol was highly versatile, allowing control of the graphene 
micromotors dimensions by using membrane templates with different pore sizes, or by 
variation of the number of cyclic scans. Furthermore, in order to remote control the motion 
of the micromotors, an intermediate magnetic layer can be easily incorporated, providing 
magnetically-guided propulsion for future on-chip applications. In addition to the preparation 
of graphene-based micromotors, the template electrodeposition route holds considerable 
promise for creating a wide range of graphene-based core-shell materials and composite 
nanostructures for diverse applications.

4.2.5. Experimental section

4.2.5.1. Electrochemical synthesis of reduced graphene oxide micromotors and control  
       micromotors

The erGO micromotors were prepared by electrochemical reduction of graphene 
oxide (GO, graphene supermarket, New York, USA) into 5 μm-diameter conical pores of a 
polycarbonate membrane (Catalog No. 7060–2513; Whatman, Maidstone, UK). A thin gold 
film was first sputtered on the branched side of the membrane to serve as a working electrode. 
The membrane was assembled in a Teflon plating cell with aluminum foil serving as an electrical 
contact for the subsequent electrodeposition. GO, 0.10 mg mL–1 was first dispersed in a solution 
containing 0.10 M H2SO4 and 0.50 M Na2SO4 by ultrasonication for 15 min. The resultant 
homogeneously dispersed yellow-brown GO can be stable for several weeks because of the high 
presence of oxygen functionalities. The simultaneous electrochemical reduction and deposition 
of GO was carried out using CV, over +0.30 to –1.50 V vs. Ag/AgCl/Cl- (3 M), at 50 mV s−1, for 
five cycles (n = 5), using a Pt wire as counter electrode. Subsequently, a metal tube layer was plated 
inside the erGO layer. For erGO–Pt, the inner Pt layer was galvanostatically deposited at –2 mA 
for 500 s from a commercial platinum plating solution (Platinum RTP; Technic Inc, Anaheim, 
CA); for erGO–Au microtubes, the gold was plated at –0.90 V for 1 C from a commercial gold 
plating solution (Orotemp 24 RTU RACK; Technic Inc.). The control PANI-Pt micromotors 
were prepared in a similar fashion. Briefly, aniline was freshly distilled before use at a vapor 
temperature of 100 °C and a pressure of 13-mm Hg. PANI microtubes were electropolymerized 
by CV, +1.50 to –1.50 V vs. Ag/AgCl (KCl 3 M), 50 mV s−1, n = 5 from a plating solution 
containing 0.10 M aniline, 0.10 M H2SO4 and 0.50 M Na2SO4. Subsequently, the inner Pt layer 
was deposited galvanostatically at –2 mA for 500 s. The sputtered gold layer was gently removed 
by hand polishing with 3–4 μm alumina slurry. The membrane was then dissolved in methylene 
chloride for 15 min to completely release the microtubes. The micromotors were collected by 
centrifugation at 7000 rpm for 3 min and washed repeatedly with isopropanol, ethanol and 
three times with ultrapure water (18.2 Ω cm), with a 3 min centrifugation following each wash. 
All microtubes were stored in ultrapure water at room temperature when not in use.

4.2.5.2. Catalase Immobilization

The Au inner layer was first modified with an alkanetiol monolayer by overnight incubation 
in a mixture containing 7.5×10−3 M 6-mercaptohexanol and 2.5×10−3 M 11-mercaptoundecanoic 
acid, prepared in ethanol. The microtubes were rinsed with water for 5 min. Then, they were 
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transferred to an eppendorf vial containing a 200 μL MES solution (25 mM, pH 6.50) containing 
the coupling agents, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (0.4 M), 
N-hydroxylsulfosuccinimide (0.1 M), and the catalase enzyme (2 mg mL−1), and incubated for 
7 h at 37 °C. This step was followed by two 15 min rinsing steps with phosphate buffer saline-
Tween (pH 5.50). Finally, the microtubes were washed three times with water to remove the 
excess of catalase and then suspended in 5.5 pH buffer and stored at 4 °C.

4.2.5.3. Equipments

Template electrochemical deposition of microtubes was carried out using an 
electrochemical station μ-Autolab Type III (Eco Chemie, Utrecht, Holland). SEM images 
were obtained with a Phillips XL30 ESEM instrument, using an acceleration voltage of 20 
kV. Energy-dispersive X-ray mapping analysis was performed using an Oxford EDX detector 
attached to SEM instrument and operated by INCA software. TEM were taken using a Zeiss 
EM10C instrument. An inverted optical microscope (Nikon Eclipse Instrument Inc. Ti-S/
L100), coupled with 10X and 20X objectives, and a Hamamatsu digital camera C11440 and 
NIS Elements AR 3.2 software, were used for capturing movies at a rate of 45 frames per 
second. The speed of the micromotors was tracked using a NIS Elements tracking module. 
Aqueous hydrogen peroxide solutions (Sigma-Aldrich, cat. 95313), with concentrations 
ranging from 0.1%–5.0%, were used as the chemical fuel. Sodium cholate (Sigma-Aldrich, 
cat. 270911) was used as surfactant in all propulsion experiments.

Figure 4.S1. 

SEM images of the morphology erGO-Pt based micromotors prepared under variable 
platinum deposition times: (A) 100 s, (B) 500 s and (C) 1000s and under different 
number of scans for the electrochemical reduction of GO (D) n=2 and (E) n=5. For 
the study of the influence of Pt, GO was deposited in 5 μm PC membranes fixing the 
scan number to 10. For the GO deposition times experiments, Pt was deposited for 
500 s. Scale bars, 2 μm.
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Figure 4.S2.

TEM images revealing the size of the platinum nanoparticles in erGO-Pt based 
micromotors (A) and the thin platinum film in PANI-Pt micromotors (B). Scale 
bars, 50 nm.  

4.2.6. Appendix

Videos, figures and tables

Video 4.1. Propulsion of erGO/Pt and control PANI/Pt micromotors in ultrapure water 
in the presence of 0.1% H2O2 and 0.2% H2O2, respectively; using 1.5% sodium cholate as 
surfactant

Video 4.2. Propulsion of erGO/Au/catalase and control PANI/Au/catalase micromotors 
in ultrapure water in the presence of 1.0% H2O2, using 1.5% sodium cholate as surfactant

Video 4.3. Linear, circular and flower-like motion of erGO/Pt micromotors in 2.0% 
H2O2 with 1.5% sodium cholate. For linear motion, the speed of the video has been slowed 
down 5 times for a better visualization of the micromotor trajectory

Video 4.4. Helical, self-rotating and snake-like motion of erGO/Pt micromotors in 2.0% 
H2O2 with 1.5% sodium cholate. For self-rotating motion, the speed of the video has been 
slowed down 5 times for a better visualization of the micromotor trajectory
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4.3. ULTRASOUND POWERED GRAPHENE MICROMOTORS

4.3.1. Introduction and objectives

“Magic bullets” that would drive drugs deep into diseased tissues have been a dream of 
biomedical researchers for over a decade (Sanhai et al., 2008; Wang, 2013). Such “magic bullet 
vision” has inspired and encouraged scientist to create efficient delivery devices towards the 
successful treatment of human diseases. Designing the right tool for efficient tissue penetration 
at small scales is essential for diverse applications in drug delivery and microsurgery applications. 
Novel micro/nanoscale ballistic could pave the way of deep tissue penetration on small scales, 
providing distinct advantages, due to their size and ability to reach places where catheters 
cannot. Powerful machinery, including ballistics, exists on the macroscopic scale to penetrate 
and cut through tissues. However, these large scale ballistic tools do not have analogous micro/
nanoscale counterparts, hindering the ability to operate at this small scale and resulting in 
very limited tissue penetration. Traditional technology cannot just be scaled down due to the 
dominating viscosity effect (over inertia forces) at lower scales (Purcell, 1977; Feynman, 1960; 
Walker et al., 2015). Accordingly, small scale machinery tools need to be powered and actuated 
by fundamentally different approaches than macroscopic devices. New nanomachine strategies 
have been developed recently in this direction (Nelson, Kaliakatsos and Abbott, 2010; Solovev 
et al., 2010; Wang et al., 2013; Wang and Pumera, 2015, Chałupniak, Morales-Narváez and 
Merkoçi, 2015). Such tiny machines are capable of performing diverse applications (Soler et 
al., 2013; Singh et al., 2015; Cheng et al., 2014; Gao et al., 2015), including some initial reports 
of microsurgery (Xi et al., 2013; Kagan et al., 2012) and cell internalization (Wang et al., 2014; 
Esteban-Fernandez de Avila et al., 2015). However, obtaining a stable, controlled, powerful, 
and directed means of penetrating tissue and delivering payloads at these small scales remains 
a major technological challenge. Although bullet-shaped microstructure materials have been 
designed (Gautam et al., 2009) and metallic bullets are reported as therapeutic tools (Pissuwan 
et al., 2007; Elinav and Harnessing, 2013), they do not offer penetration capabilities or motion 
but rather they are only incubated with the target. Indeed, there are no earlier reports regarding 
the controlled firing of nanobullets (nBs) from a microstructure.

To address this challenge and fill this gap, our objective was to demonstrate the use of 
acoustically-triggered template-based graphene/Au micromotors and its use as novel tools 
towards advancing microscale tissue penetration of therapeutic payloads.

In this context, these micromotors would be named as microcannons (Mcs) in this 
epigraph. They are loaded with a gel matrix containing the nB and a PFC emulsion (Figure 
4.17A). The US-triggered vaporization of the PFC emulsion (Giesecke and Hynynen, 2003; 
Reznik et al., 2013), confined inside the Mc results in the rapid ejection of the nB, reaching 
remarkable speeds (on the scale of meters per second), analogous to the firing of a bullet 
through a barrel of a gun (Figure 4.17B).

Despite there are no reports of acoustic microcannons capable of firing nanobullets, 
US-triggered microbubble vaporization is an extremely attractive candidate for externally 
triggering the actuation of such micro/nanoscale ballistic tools, as it is biocompatible 
(Litvak, Foster and Repacholi, 2002; Zanelli, Hennige and Kadri, 1993) and can be used to 
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enhance the permeation and delivery of therapeutics into blood vessels and tissue (Ibsen 
et al., 2011; Rosenthal, Sostaric and Riesz, 2004; Tachibana et al., 2008; Okada et al., 2005; 
Zarnitsyn, Rostad and Prausnitz, 2008; Skyba et al., 1998; Ibsen, Schutt and Esener, 2013; 
Duncanson et al., 2014; Lentacker, De Smedt and Sanders, 2009; Wang et al., 2012; Huang 
et al., 2015).

4.3.2. Synthesis and characterization of US-propelled graphene-gold microcannons

A schematic of the synthesis of acoustically-powered graphene/Au Mcs is illustrated 
in Figure 4.12A. First, the hollowed cone structure of the Mc was fabricated using template 
electrodeposition of electrochemically reduced graphene oxide (erGO) and gold (Au) on the 
walls of micropores in a polycarbonate membrane, (see experimental section and further 
synthesis discussion in epigraph 4.2.2) (Martín et al., 2015). Afterwards, a liquid gel matrix (at 

Figure 4.12.
Microcannon fabrication, composition and SEM after US-pulse 

Ultrasound triggered nB firing based on vaporization of PFC droplets as a propulsion 
system. (A) Microcannon (Mc) fabrication by template electrodeposition, loading of 
cargoes by infiltrating them inside a gel matrix into the hollow Mcs interior and 
Mc release from the template. (B) Mc composition (left) and schematic illustrating 
the firing of nanobullets (nB) from Mc by the spontaneous PFC vaporization upon 
application of US pulse (right). (C) SEM images showing the nB-loaded Mc before 
(left) and after (right) the US-triggered firing. Micrographs are from microcannons of 
the same batch. Scale bar 20 μm.
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40 ºC), containing 1 μm silica nBs and PFC emulsions, was infiltrated by gravity and capillarity 
forces into the hollow of the Mcs anchored in the template membrane (Wu et al., 2015; Daglar 
et al., 2014). After cooling down to room temperature, the particles were entrapped in the 
solidified gel matrix, which served as a stabilizer and scaffold to protect and retain the loaded 
nB and PFC emulsion within the Mc interior.

The Mc components and operation is schematized in Figure 4.12B. Upon application of 
a focused ultrasound pulse by a piezoelectric transducer (see experimental and Figure 4.S5), 
the nBs are ejected rapidly from the Mc. The mechanism responsible for the propulsion thrust 
of the nB relies on the momentum associated with the ultrasound-induced vaporization of 
the PFC emulsion droplet into a rapidly expanding microbubble. Such vaporization events 
results from the collapse of the PFC gas microbubbles after the peak negative pressure exceeds 
its threshold, indicating that such event does not follow linear or exponential dependence 
on the applied ultrasound power. The subsequent expulsion of these microbubbles from 
one opening of the Mc structure, leaded to the ejection of nBs, and displacement of the Mc.  
The ejection of the nB from the Mc structure by the acoustic energy is further supported 
by Figure 4.12C which shows SEM micrographs of Mc before and after the US pulse. While 
the nBs are initially packed in the gel within the Mc, the cannon is nearly empty after the 
ultrasound pulse, reflecting the PFC vaporization and the ejection of the nBs.

Figure 4.13 A and Video 4.5 illustrate a vaporized PFC gas bubble, which is clearly 
visible after the US pulse. The rapid emulsion expansion during the vaporization process 
provides a sudden impulse that projects both Mc and nB out of the microcope field, leaving 

Figure 4.13.
Scheme and time-lapse images of the Mc with(out) PFC before/after US-pulse 

Mc loading schematic and time-lapse images of the Mc before (left) and after (right) 
application of US pulse, taken from Video IV.5 at 1 ms intervals. (A) Images illustrating 
the US-triggered vaporization of the PFC-emulsion embedded inside the Mc. The rapid 
expansion of the PFC microbubble is responsible for the firing and propulsion thrust of 
the nB. (B) In the absence of PFC in the Mc, no firing, motion or ejection is produced. 
Schematic of the bubble expansion (Inset). Scale bar, 45μm.
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a PFC gas cloud. In this work, perfluorononane is used as the PFC fuel, and although it has a 
boiling point, of 125-126º C (Lugert, Lodge and Bühlmann, 2008), the US pulse generates 
enough energy for this PFC emulsion to cavitate and vaporize into a gas microbubble (Ibsen, 
Schutt and Esener, 2013). Subsequent control experiments were performed using silica 
nB-loaded Mc structures without the PFC emulsion. No motion of Mc or ejection of bullets 
was produced, as illustrated in Figure 4.13B and Video 4.5, supporting the hypothesis that 
the firing is caused by vaporization of the PFC emulsion, as was demonstrated previously by 
Kagan et al., 2012.

The number of nB loaded into the Mc can be adjusted by controlling the density of 
the nB embedded in the gel matrix, as shown in Figure 4.14A. These SEM micrographs 
demonstrate the efficient and tailored loading of different nB concentrations inside the Mc 
structure: from a gel matrix not containing nBs (Figure 4.14A, a) to a high packing density of 
nB (with minimal gaps) using the original commercial nB concentration (Figure 4.14A, d). 
Further (1:1000 and 1:100) dilutions of the original concentration result in low or medium nB 
loadings, respectively (Figure 4.14A, b-c).

To obtain a better characterization and visualization of the firing mechanism, we evaluated 
static graphene/Au microcannons. These static microcannons consist in the same template 
electrodeposition protocol, without dissolving the polycarbonate template. Thus, it ends up in 
an array of multiple confined microcannons pointing in the same direction. The SEM images 

Figure 4.14.
SEM images with different nB loading before/after US pulse

(A) SEM micrographs illustrating tunable nB loading density in the gel matrix:  
(a) no nB, (b) low nB concentration, (c) medium nB concentration and (d) high nB 
concentration (scale bar, 1 μm). (B) SEM micrographs showing firing characterization 
of static Mc confined within multiple micropores of the template membrane (top, 
scale bar 10 μm) and detail of single Mc. (bottom scale bar, 1 μm);before the US pulse 
(left) and the ejection of cargo nB after the US pulse (right).
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of Figure 4.14B illustrate the loading and ejection of nBs from the static Mcs (eight Mcs on top 
and a single one on bottom). Each micropore of the template membrane contains a bilayer 
graphene/gold Mc open-tube structure and is loaded with PFC emulsions and silica-nBs within 
the gel matrix. The loading mechanism of the cargo by a gel matrix is efficient, reproducible 
and essential to maintain the tightly-packed cargo inside the cannon as free nBs outside the 
micropore membrane structure are removed during a thorough washing procedure (see Figure 
4.14B left). After application of the US pulse, the silica nBs are ejected from the micropores and 
released toward the upper part of the membrane. A negligible number of silica bullets remain in 
the Mc structure (see Figure 4.14B right). Such ability to fire a large amount of nBs is essential 
for enhanced effectiveness (e.g., therapeutic efficacy in drug delivery).

4.3.3. Penetration of nanobullets fired from graphene-gold icrocannons

To further assess the distance reached by the nBs and demonstrate the versatility of the 
microballistic approach for loading and shooting different cargoes, static Mcs, confined in 
the template membrane (as in Figure 4.14B), were loaded with Fluorospheres that were fired 
towards a tissue phantom gel. The loading of the Fluorosphere nBs and the PFC was similar 
to the previous approach involving silica nBs (see experimental section for details). The 
tissue phantom gel has comparable acoustic and mechanical properties as real tissues (Ibsen, 
Benchimol and Esener, 2013), allowing for the measurement of the distance traveled by these 
fired nBs and the penetration capabilities of the presented microballistic approach. Figure 4.15 
shows the corresponding fluorescence images top and cross-section before and after the US 
pulse. The top view (Figure 4.15A) illustrates the graphene/Au Mcs filled with the fluorescent 
particles prior to the US pulse (left) with each point represents a Mc. A fluorescence ‘cloud’ 
is observed after the US-triggered firing (right), illustrating the Fluorosphere distribution on  
the tissue phantom and demonstrating the successful ejection of the Fluorosphere nBs from the 
static Mc upon application of ultrasound. The cross section view (Figure 4.15B) shows the nBs 
penetrating 17.5 ± 3.7 μm into the tissue phantom after application of the ultrasound pulse.

Due to technological limitations for capturing the nB ejection from the graphene-
based Mc (associated with their ultrafast ejection speed and size), a theoretical model was 
used to predict the nB behavior, see more information in the Appendix (4.3.7). Taking into 
consideration that both the Mc and the nB are exposed to the same propulsion trust of the 
PFC explosion, the speeds for nB could be modeled by measuring the displacement of the Mc 
(Figure 4.16A) and extrapolating the force to the nB. The Reynolds number, which estimates the 
relation between viscous and inertial forces (Feynman, 1960; Wang et al., 2013), was calculated 
to be 13.7 (see more information in appendix). This low Re means that the Mc moves in a 
laminar flow where viscous forces dominate the motion; thus the inertia of the objects is no 
longer important (Purcell, 19977; Gibbs and Zhao, 2009). Figure 4.16B shows a scheme of the 
forces acting in the two objects under study, the Mc and the nB. These include the force of 
friction (not considered for the calculation), the gravitational force and the hydrodynamic drag 
force. The latter is the primary force involved in the propulsion, defined by Stokes’s law, and is 
proportional to the speed of the object. The proportionality constant, k depends on the shape 
of the object under study, so it differs from the Mc (cylinder) and the nB (sphere) as detailed in 
Table 4.S1. Since the drag force is responsible for the movement, the instantaneous and initial 
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speeds for an object subject to this propulsion mechanism will be defined following Equations 
4.3 and 4.4, respectively, in which, v and v0 are the instantaneous and initial speeds, respectively, 
the interval of time in which the object displaces by Δx and m is the mass of the object. The drag 
factors k for a cylindrical-shaped Mc and for a spherical nB (Li et al., 2014) were calculated to be 
8.8•10-8 kg•s-1 and 1.9•10-8 kg•s-1 respectively (see appendix in 4.3.6).

                                      

v=v0e
kt
m-

[Equation 4.3]

v0= [Equation 4.4]
k ∆x

kt
mm (1-e   )

The Mc displacement was captured using high-speed camera by considering the change 
in position of the microcannon in the time considered, resulting in 1.05 ± 0.26 m/s (n=3) 
average speed. Then, the initial Mc speed was estimated to be 9.0 m•s-1, according to Equation 
4.4. This value was in accordance with other microstructures propelled by perfluorocarbon 
(Kagan et al., 2012). Consequently, an initial nB velocity of 42.2 m s-1 could be estimated, 
which is around 5 times faster than the speed of the Mc. The instantaneous speed-time 
profile was theoretically modeled for both the Mc and the nB, as shown in Figure 4.16B. 
For simplicity, these approximations were carried out considering that the force is applied 
only to a single nB; future studies will focus on developing a more precise theoretical 
simulation accounting for the ejection of multiple nBs. Overall, these theoretical predictions 

Figure 4.15.
Fluorescence images of fluorosphere-loaded static Mcs after firing

Fluorescence images of Fluorosphere-loaded static Mcs confined in the template 
membrane (left) and the distribution of the Fluorosphere bullets after the US-triggered 
firing inside a tissue phantom gel matrix (right). (A) Top view, where each point 
represents one microcannon loaded with Fluorosphere bullets. Scale bar 20 μm. (B) 
Cross section view showing the distance of the bullet penetration within the Agar. Scale 
bar 20 μm.
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are in agreement with the experimental observations of the optical, fluorescence and SEM 
images, and indicate an ultrafast ejection of the nanobullet from the microcannon.

4.3.4. Conclusions

In the framework of this Thesis, the presence of graphene, the outstanding physical 
properties allow in these Mcs, a light and resistant structure capable of supporting the 
vaporization of the PFC emulsions and light to penetrate and move in liquid media.

In addition, we have demonstrated the successful ballistic operation of acoustic 
graphene-based microcannons, which allow the versatile loading and firing of cargoes 
as nanoprojectiles. Such firing of nB has been modeled theoretically and demonstrated 
experimentally. The experimental data supports the theory that the ejection of nanobullets 
from the graphene/Au microcannon occurs due to PFC vaporization, presenting high power, 
fast displacement speed and a large biologically-relevant tissue penetration depth. These 
nanobullets could thus be used to drive drugs directly deep into diseased tissues or shoot 
genetic material into cell nuclei for gene therapy. Future work will thus aim at developing 
this microbullet platform technology for delivering a wide range of therapeutic payloads and 
expanding the practical utility of the acoustic microcannons, for use as single or array devices, 
revolutionizing drug delivery and the treatment of human diseases.

Figure 4.16.
Experimental and theoretical behavior of microcannon and nanobullet

Experimental and theoretical behaviors of microcannon (Mc, blue) and nanobullet 
(nB, red) upon firing. (A) Time-lapse frames (0-200 μs) illustrating the displacement 
of the Mc (circled in blue) upon application of a US pulse recorded under high frame 
rate (nB ejection speed not shown). Scale bar 20 μm. (B) Theoretical speed profile 
of the Mc and nB upon firing; even though both experience the same initial drag 
force, they display distinct behavior based on geometry, design and density (see 
Table 4.S1). The inset shows schematic of the forces experienced by the Mc and nB, 
including force of friction (Ff ), force of gravity (Fg) and drag force (Fd), which is 
the dominant force.
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4.3.5. Experimental section

4.3.5.1. Perfluorononane emulsion preparation

Perfluorononane  nanoemulsions purchased in Sigma Aldrich (St Louis) were prepared in 
phosphate buffer saline. 3:1:1 Volume ratio of phosphate buffer saline: anionic fluorosurfactant: 
perfluorononane was prepared through probe-type sonication. The tube containing phosphate 
buffer saline was immediately placed in a heating block at 90 ºC for 5 minutes and 200 μL 
of Zonyl FSE (Sigma Aldrich, St Louis) anionic fluorosurfactant was added. The solution was 
vortexed until homogenized. A 200 μL aliquot of perfluorononane (from Sigma Aldrich, St Louis) 
was added to the phosphate buffer saline-Zonyl FSE mixture. The probe of the sonicator was 
lowered in the tube about 8 mm from the bottom. While still in the ice bath, the sonicator  
was operated with a LabVIEW program interfaced with the sonicator via a foot pedal input and 
a reed relay board. The program delivered three (0.5 second) bursts and was repeated 60 times. 
The short bursts prevented the solution from stirring violently and producing foam; a 2 sec delay 
between each set of 3 bursts served to prevent overheating. This process resulted in a 20% vol. 
perfluorononane emulsion which was stable and turbid in appearance. Emulsion sizes and 
zeta potentials were measured by dynamic light scattering with a Zetasizer Nano-ZS (Malvern 
Instruments, Worcestershire, UK). The 20% vol. perfluorononane emulsion was diluted to 1% vol. 
by a phosphate buffer saline pH 7.40 solution before incubating with the Mcs.

4.3.5.2. Graphene/Au microcannon synthesis

The Mcs were prepared by electrochemical template synthesis of graphene and gold 
layers (Martín et al., 2015), described in 4.2. The outer layer of electrochemically reduced 
graphene oxide (erGO) was prepared by the electrochemical reduction of graphene oxide (GO, 
graphene supermarket, New York, USA) into 5 μm diameter conical pores of a polycarbonate 
membrane (Catalog No. 7060–2513; Whatman, Maidstone, UK). A thin gold film was 
first sputtered on the branched side of the membrane to serve as a working electrode. The 
membrane was assembled in a Teflon plating cell with aluminum foil serving as an electrical 
contact for the subsequent electrodeposition. Graphene oxide (GO, 0.1 mg mL–1) was first 
dispersed in a solution containing 0.10 M H2SO4 and 0.50 M Na2SO4 by ultrasonication for 
15 min. The resultant homogeneously dispersed brown GO can be stable for several weeks 
because of the high presence of oxygen functionalities. The simultaneous electrochemical 
reduction and deposition of GO was carried out using cyclic voltammetry (CV, over +0.30 to 
–1.50 V vs. Ag/AgCl/Cl- (3 M), at 50 mV s−1, for five cycles; n = 5), using a Pt wire as counter 
electrode. Subsequently, a gold layer was plated inside the erGO layer acting as a scaffold or 
supporting layer for the graphene not to collapse. The gold layer was plated at –0.90 V for 
1.5 C from a commercial gold plating solution (Orotemp 24 RTU RACK; Technic Inc.). The 
sputtered gold layer was gently removed by hand polishing with 3–4 μm alumina slurry.

Gelatin purchased in a local supermarket was prepared at 40 mg mL-1 in water heating 
at 40-50 ºC for having a solution, when it cools down it solidifies. In a total of 200 μL, 100 μL 
perfluorononane (dilution 1:100 from the synthesized), 50 μL silica particles (1 μm) and 50 μL 
gelatin were infiltrated in the resulted membrane and let it cool down and dry until complete 
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dryness and solidification of the gelatin in the pores. The extra-gelatin part was released on 
top of the membrane by thorough washing with a swab. The membrane was then dissolved 
in methylene chloride for 5 min to completely release the Mcs. The Mcs were collected by 
centrifugation at 7000 rpm for 3 min and washed repeatedly with ethanol and three times 
with ultrapure water (18.2 Ω cm), with a 3 min centrifugation following each wash. All Mcs 
were used after synthesis at room temperature.

For static Mc experiments, the same Mc synthesis and loading methodology cargo was 
used, but the polycarbonate template was not dissolved, allowing to end up with an array of 
statics Mc. Note that for the fluorescence experiments with static Mc, the Mc were loaded 
with a solution of 50 μL of Fluorospheres microspheres (f8803 Invitrogen, USA) (0.5 mg/mL) 
was infiltrated instead of the silica particles. These fluorescence experiments were performed 
inside a tissue phantom gel made of 0.5% weight of Agarose (Sigma-Aldrich, USA).

4.3.5.3. Acoustic-graphene-microcannon firing of nanobullets

Mc propulsion was initiated by exposure to a focused ultrasound pulse using a custom 
designed ultrasound and microscope system (Ibsen, Benchimol and Esener, 2013). A PCI-
5412 arbitrary waveform (National Instruments, Austin, TX) was used to create a single 10 ms 
long US pulse at 2.25 MHz. A 300 W amplifier (Vox Technologies, Richardson, TX) was used 
to create a peak negative pressure of 1.9 MPa at the focal zone with a Panametrics V305-SU 
transducer (Olympus NDT Inc., Waltham, MA). A custom-designed LabVIEW 8.2 program 
was utilized to initiate the US pulses. The transducer was submerged in a water tank while 
a Petri dish containing the sample was positioned at the water surface placing the sample in 
both the focal zone of the optics and the US transducer as previously described by Ibsen et. al. 
(2013) and schematically represented in Figure 4.S3.

In order to capture the Mc propulsion, videos were acquired at 10,000 or 18,000 frames 
per second using a FASTCAM 1024 PCI high-speed camera (Photron, San Diego, CA) and a 
20X objective. Frame rates of 45,000 and 109,500 frames per second were used for capturing 
the motion of bubbles resulting from emulsion vaporization. For static Mc experiments, the 
template membrane with the embedded motors was placed on a Petri dish. Experiments showing 
the ejection of silica nB from the Mc were performed in water in a Petri dish. The experiments 
showing the ejection of fluorescent Fluorospheres were performed with static Mc anchored 
in template membrane strips embedded at the bottom of a 0.5% agarose tissue phantom that 
was placed inside. After applying the ultrasound pulse, the tissue phantom was sectioned and 
imaged in cross section using a Nikon Eclipse 80i upright microscope with a fluorescence B2-A 
FAM filter to determine the distance over which the fluorescent Fluorosphere nB had penetrated 
into the phantom. It should be noted that there is a small agar filled gap between the 
template membrane and the petri dish, generating a green fluorescent line at the bottom of  
the membrane after the US pulse (Figure 4.15 (B)). The SEM images were taken with a Phillips 
XL30 ESEM.
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4.3.6. Appendix

Video, figures and tables

Video 4.5. Acoustic droplet vaporization of PFC emulsions in a PFC/silica Nbs-loaded 
Mc and control experiments in Silica Nbs-Mc without PFC after applying US pulse.

Figure 4.S3. 
Schematic of the ultrasound set up 

The operation consists of a piezoelectric transducer submerged in water, a petri dish 
which contains the sample, and the firing of the microcannons is recorded by a high-
speed camera on top.

Table 4.S1.
Microcannon and nanobullet features and initial speeds

MICROCANNON NANOBULLET

Length (μm) and Radius (μm) 13 and 5 1

Mass (kg) 2.72 x 10-13 9.24 x 10-15

k (kg/s) 8.8 x 10-8 1.89 x 10-8

V0 (m/s) 9.0 42.2

Modelized speed of graphene-microcannon and nanobullet

Even though the Mc displacement was captured using high-speed camera with an 
average speed calculated for Mc to be 29 μm in 3 frames (recording at 109,500 frames per 
second). By considering the change in position of the microcannon, in the interval of time 
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considered, lead to 1.05±0.26 m/s average speed in for the microcannons. The visualization of 
nB firing presents a technological challenge to image and measure its average speed, in part 
due to their small size and high speed. Therefore, a theoretical approach was used to predict 
how the nB will react upon ultrasound-triggered firing of a Mc free in solution, taking into 
consideration the forces acting on the Mc, due to both Mc and nB are exposed to the same 
propulsion thrust of the PFC explosion. 

In order to know which forces dominate in this movement, whether viscous or inertial 
forces, the Reynolds number was calculated as follows:

                                  
Re= [Equation 4.S1]ρvL

μ

Re is the Reynolds number that gives information about the type of flow of the object 
under study. Since the media of study is water and considering ρ, density of the water,  
103 kg/m3, μ, viscosity of the water, 1.0 x 10-3 kg m-1 s-1, v the speed of the Mc 1.05 m s-1 and 
L, the length, in average 13 μm, Re was calculated to be 13.7. This low Reynolds number 
suggests that the Mc moves in a laminar flow where the viscous forces dominate the motion 
and the inertia of the microscale objects is no longer important. This fact was previously 
explored for other nano/micromachines (Gibbs and Zhao, 2009) Thus, the Mc moves due 
to the vaporization of the perfluorononane and the expansion of the gas on the cavity, being 
this one the driving force, then, the primary force is the hydrodynamic drag force, the rest 
of the forces involved will not be considered. Furthermore, the nB is also experience by the 
same force, drag force. Consequently, the force applied to the Mc, FMc is the same that the one 
applied to the nB loaded in the Mc. The force of the nB will be defined as FnB.

                                    [Equation 4.S2]FMc=ΣnnB∙FnB

This force, defined by Stokes’ law (Howard, Howard, 1965) is proportional to the velocity 
being the constant, k dependent on the shape and size of the object under study, and it is the 
responsible of the movement of both Mc and nB, then, the speed equation can be obtained from 
the integration of the force term being m the mass for the object. The Equation 4.3 expresses the 
speed of an object (Mc or nB), being the instantaneous and the initial speeds, v and v0; the mass 
of the object, m; the drag force constant, k; and t the interval of time under study.
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       This Equation 4.3 shows that the speed exponentially drops from the initial speed (v0) 
achieved from the vaporization of the PFC. Considering that the speed is the rate of change 
in the position, the initial velocity of the Mc could be further described as follows:

              
0 0 0

0 0

1   ;   ;  ( 1)
x tkt kt kt

m m mdxv v e dx v e dt x v ekdt m

− − −
= = = ∆ = − −∫ ∫

Consequently, Equation 4.4 defines the initial speed of the Mc considering the 
hydrodynamic drag force the responsible for the movement. This equation depends on  
the displacement that the Mc moves in a certain interval of time. Thus, Equation 4.3 describes the 
Mc movement. 

                                          
v0= [Equation 4.4]

k ∆x
kt
mm (1-e   )

The speed calculations, herein estimated, must be considered as an approximation 
because of the important instrumental limitations. Moreover, the measurement of the distance 
that the Mc moved in a short period of time should also be considered not completely 
accurate since it only possible to capture the bullet for 5 or 6 frames under 109,500 
frames/s videos.

For calculation of the drag factor, the microcannon was modeled with a cylindrical 
shape, as in previous papers of nano/micromotors fabricated with the same template-based 
methodology (Li et al., 2014), being the k factor obtained from the Equation 4.S3.

                             
kMc=

2πμL

Ln(     )-0.72
2L
R

[Equation 4.S3]

Considering the dimension of the Mc, L, length 13 μm, R, radius of 5 μm, kMC was 
calculated to be 8.8 x 10-8 kg/s.

On the other hand, the mass of each Mc was calculated considering the mass of the gold 
deposited, being considered negligible the graphene mass contribution on each microtube. 
For that, as the charge, Q, deposited was 1 C, and considering 100% efficiency for the 
electrodeposition, the mass of gold deposited was estimated using the gold molecular mass, 
Mmol, the number of electrons involved in the electrodeposition, n, 3 for gold and the Faraday 
constant, F, 96485 C mol-1.

                            
Wmetal=

MmolQ

n F
[Equation 4.S4]

The mass of gold deposited was 68 mg, considering that there are around 2.5 x 106 pores 
in each membrane template, the mass of each microcannon was estimated to be around 2.72 
x 10-13 kg. The bullets are subjected are subjected to the same total force than the Mc, however, 
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the sphere shape of the nB (silica particle) make that the drag constant, kNb be calculated as 
follows,

                                      kNB=6πμR [Equation 4.S5]

Considering for a water medium, μ, the water viscosity (10-3 kg/m s) and R, the radii  
of the nB sphere, 1.0 μm, the drag constant, k had a value of kNB= 1.89 x 10-8 kg/s. Knowing 
that the density of the silica particles is 2.2 g/cm3 and the volume of a sphere, 4.2 x 10-18 m3, 
thus the mass of a particle is 9.24 x 10-15 kg.

The bullet direction and movement with the camera limitations cannot be determined, 
but the initial speed of the bullet can be estimated and calculated using Equation IV.4 and the 
calculated mass and drag force constant.

Another approximation should be required since the Mc and nB are propelled by the 
same force, drag force, which causes the movement of both objects, thus the initial velocity 
of the bullet was 42.2 m/s around 5 times faster than the Mc. This approximations were 
carried out considering the force is only applied to a single nB for simplicity, future studies 
will focus on developing a more precise theoretical simulation considering the greatest 
fraction of space occupied by spheres defined by Gauss to be a close-packing of equal 
spheres with a value of ð

3 2
π the maximum number of spheres which could be loaded will 

be 45 spheres.
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CONCLUSIONS5

Un científico debe tomarse la libertad de plantear 
cualquier cuestión, de dudar de cualquier
afirmación, de corregir errores. 

(Robert Oppenheimer)
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GENERAL CONCLUSIONS

At the light of the unifying thread of this Doctoral Thesis relying on the exploration 
of the graphene properties as a new tool in the electrochemical (bio-)-sensing using screen-
printed technology and microfluidics as well as in the design and development of cutting-
edge micromotors as new autopropelled analytical tools, in the framework of the present 
analytical nanoscience and nanotechnology. The general conclusions of this Thesis have been 
divided into three bullet points considering the main three chapters.

1. Graphene nanoribbons (graphene oxide and chemically reduced one), obtained after 
opening carbon nanotubes by chemical oxidation have demonstrated that (i) they are suitable 
nanomaterials because of the rich edge chemistry compared to pristine graphene (ideal 
graphene) and (ii) there are nanoribbons with a more suitable functionalization than others 
for electrochemical detection, depending on the chemical structure of the target molecule. 
This later fact paves the way to the tailored-designed graphenes for improving the analytical 
detection according to the chemical structure of the target molecule.

Indeed, the reactivity (abundance in defects and Csp2/Csp3 ratio) and the inherent 
properties of graphene nanoribbons (high surface area and excellent electrical conductivity), 
have demonstrated to play an important role in the design and development of electrochemical 
(bio-)-sensing strategies with enhanced analytical features in terms of selectivity, sensibility 
and reproducibility.

All in sum, the research and examination of the synergies between the analytical 
performance found for the graphene nanoribbons and those inherent to the screen-printed 
technologies have permitted to develop fast response, disposable and portable analytical 
innovative tools, which require low sample volumes and reagent consumption. Indeed, these 
graphene nanoribbons have been successfully employed in the development of electrochemical 
sensors (reduced graphene nanoribbons) and in the development of biosensing strategies 
(graphene oxide nanoribbons) for the detection of clinical and relevant markers in illnesses 
such as uric acid and D-amino acids, respectively.

2. The features derived from graphene have been creatively explored with the inherent 
advantages of microfluidic systems (fast analysis with low sample and reagent consumption, 
portability and flow control in the microscale), because of their compatibility between the 
micro and nano scales as well as in between the micro and nanotechnologies.

Certainly, graphene (chemically reduced graphene) has demonstrated to be an excellent 
nanomaterial for the development of electrochemical transductors coupled to microfluidic 
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systems. In the framework of the electrochemical detection coupled to microfluidic systems, 
it has exhibited remarkable electrocatalysis, enhanced sensitivity and high reproducibility due 
to its also high surface area and conductivity. So, these evidences confer to graphene an extra 
value in electrochemical microfluidics because of the low sensitivities usually presented by 
these platforms.

All these reasons have permitted, on the one hand, the development of innovative 
biosensing applications, using thin film approaches on conductive surfaces in the fabrication 
of electrochemical detectors, for the enantiomeric resolution and selective detection of 
D-amino acids with clinical relevancy in important illnesses such as Vibrio Cholerae.

On the other hand, in order to explore the mentioned electrocatalytic properties 
of graphene, new electrochemical detectors based on exclusive nanomaterials such as 
graphene and also extended to carbon nanotubes, have been designed, characterized and 
developed. The simple filtration of the nanomaterial and its disposition on flexible and non-
conductive wafers has permitted the development of new nanomaterial-exclusive transducers 
for electrochemical microfluidics, which has been the starting point in the development 
of important applications in the agro-food sector such as the fast and reliable detection  
of phenolic markers in olive oil.

3. The exceptional contribution of graphene (graphene oxide and electrochemically 
reduced graphene oxide) in the design and development of catalytic micromotors, which have 
been electrosynthesized on the pores of a polycarbonate membrane, has been demonstrated. 
Clearly, the high surface area of graphene, suitably functionalized, could improve from the 
chemical reaction responsible for the propulsion of the micromotor to the interaction with 
target molecules with analytical (bio-)-sensing purposes.

The found results have underlined graphene to be the responsible for the improved 
propulsion in micromotors yielding fast and efficient micromotors with propulsion 
mechanisms relying on the generation of bubbles from a chemical reaction and assisted by 
acoustic energies. These finds foresees a promising future in the development of movable 
sensors capable of in situ perform analytical tasks, swimming in small sample volumes 
without the use of external fluid forces.

In sum, the general conclusion of this Doctoral Thesis is that graphene –in all its 
different chemical forms and variants- has demonstrated to be an extraordinary material 
in the design and development of analytical vanguard tools such as (bio-)-sensors and 
microfluidic electrochemical systems and in other new generation of cutting-edge tools such 
as micromotors in the present framework of analytical nanoscience and nanotechnology. 
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CONCLUSIONES GENERALES

A la luz del hilo conductor de esta Tesis Doctoral –exploración de las propiedades del 
grafeno como nueva herramienta en el (bio)-sensado (microfluídico) electroquímico y en el 
diseño y desarrollo de micromotores– y todo ello dentro del marco más actual de la nano-
ciencia y nanotecnología analíticas, se describen con arreglo a los tres capítulos donde se han 
agrupado y discutido los resultados, las conclusiones generales de esta tesis doctoral.

1. Las nanocintas de grafeno (oxidadas y reducidas químicamente), obtenidas tras aper-
tura por oxidación química de los nanotubos de carbono, han demostrado ser unos nanoma-
teriales muy adecuados debido a su química rica en defectos en comparación con el grafeno 
ideal (conceptualmente constituido por una lámina carbonácea perfecta). Asimismo, se han 
encontrado evidencias de la influencia que ejerce la química de funcionalización en la detec-
ción electroquímica de las moléculas diana con arreglo a su estructura química. Este hecho 
conduce al diseño de nanocintas de grafeno con química de funcionalización dirigida a una 
detección electroquímica mejorada dependiendo de la estructura química del analito.

En efecto, la reactividad (abundancia de defectos y la relación Csp2/ Csp3) y las pro-
piedades inherentes de las nanocintas de grafeno (elevada superficie específica y excelente 
conductividad eléctrica), han demostrado ejercer un papel predominante en el diseño y en el 
desarrollo de estrategias de (bio-)-sensado electroquímicas con propiedades analíticas muy 
mejoradas en términos de selectividad, sensibilidad y reproducibilidad de los análisis.

Por todo ello, la búsqueda y exploración de sinergias entre las prestaciones analíticas 
encontradas para las nanocintas de grafeno y aquellas inherentes a la tecnología serigrafiada 
han permitido desarrollar y proponer herramientas analíticas innovadoras de respuesta 
rápida, desechables y portables que exigen bajos volúmenes de muestra y bajo consumo de 
reactivos. En efecto, estas nanocintas de grafeno se han empleado con éxito en la construcción 
de sensores electroquímicos (nanocintas de grafeno ricas en Csp2) y en el desarrollo de estra-
tegias biosensoras (nanocintas de grafeno ricas en Csp3) para la detección de marcadores de 
enfermedades de elevada importancia clínica como son el ácido úrico y los D-amino ácidos, 
respectivamente.

2. Las propiedades del grafeno han sido creativamente exploradas junto con las inhe-
rentes ventajas de los sistemas microfluídicos (análisis rápidos, bajo consumo de muestra y 
reactivos, portabilidad y control de fluidos en la microescala) debido a la compatibilidad entre 
la micro y la nano escala, así como entre las micro y las nanotecnologías. 
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En efecto, se ha demostrado que el grafeno (grafeno reducido químicamente) es un 
nanomaterial excelente para la construcción de transductores electroquímicos acoplados a 
sistemas microfluídicos debido a que ha exhibido –en el marco de la detección electroquí-
mica acoplada a estos sistemas microfluídicos– una marcada electrocatálisis, un aumento de 
sensibilidad y una elevada reproducibilidad debido también a su elevada superficie específica 
y conductividad. Estos hallazgos confieren al grafeno un valor añadido dentro de la microfluí-
dica electroquímica dado que esta presenta muy frecuentemente bajas sensibilidades.

Todo ello ha permitido, por una parte, el desarrollo de aplicaciones innovadoras de 
biosensado –empleando métodos de formación de película delgada sobre superficies conduc-
toras para la construcción de los detectores electroquímicos– basadas en la resolución enan-
tiomérica y detección selectiva de los D-aminoácidos con relevancia clínica en enfermedades 
importantes como el Vibrio cholerae.

Por otra parte, y en aras de explotar esas propiedades electrocatalíticas del grafeno, se 
han diseñado, caracterizado y desarrollado nuevos detectores electroquímicos constituidos 
exclusivamente por grafeno, que se han extendido de forma natural a otros nanomateriales 
de carbono como son los nanotubos. La simple filtración del nanomaterial y su adecuada 
disposición sobre soportes flexibles no conductores, ha permitido desarrollar nuevos trans-
ductores para microfluídica electroquímica constituidos exclusivamente por el nanomaterial 
y ha supuesto ser el punto inicial para el desarrollo de aplicaciones tal y como es la detección 
rápida y fiable de marcadores fenólicos en aceite de oliva.

3. Se ha demostrado la excepcional contribución del grafeno (grafeno oxidado y elec-
troquímicamente reducido) dentro del ámbito del diseño y construcción de micromotores 
catalíticos electrosintetizados sobre poros de membranas de policarbonato. La elevada super-
ficie del grafeno, adecuadamente funcionalizada, puede mejorar tanto las reacciones químicas 
en las cuales se basa la propulsión de estos micromotores como las interacciones con otras 
moléculas con fines analíticos de (bio-)-sensado.

En efecto, se han encontrado resultados conducentes a que el grafeno ha dotado a los 
micromotores de propiedades propulsoras mejoradas que han permitido la obtención de micro/ 
motores mucho más rápidos y eficaces, tanto en aquellos cuyo mecanismo de propulsión es 
la generación de burbujas a través de reacciones químicas como en aquellos asistidos por 
aplicación de pulsos de ultrasonidos. Estos hallazgos hacen prever un futuro muy promete-
dor para el desarrollo de nuevos sensores móviles capaces de realizar operaciones analíticas 
in situ, navegando en pequeñas cantidades de muestra y sin necesidad del empleo de fuerzas 
impulsoras de fluidos.

Por todo ello, finalmente se podría establecer como conclusión general de esta tesis 
doctoral que el grafeno –en sus distintas variantes y formas químicas– ha demostrado ser un 
material extraordinario en el diseño y desarrollo de herramientas analíticas de vanguardia 
tales como los (bio-)-sensores y sistemas microfluídicos electroquímicos así como en otras 
que podrían decirse de nueva generación como son los micromotores, todo ello dentro del 
marco más actual de la nanociencia y nanotecnología analíticas.
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Todo cuanto hacemos debe tender 
al progreso y al perfeccionamiento. 

(Baruch Spinoza)
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