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1.1. ESTRUCTURA DE LA MEMORIA

Segun queda reflejado en el articulo 8 del “Procedimiento relativo al
tribunal, defensa y evaluacién de tesis doctoral en la Universidad Autbnoma de
Madrid”, el doctorando puede presentar la tesis doctoral como un compendio de
publicaciones con la autorizacién expresa de su director de tesis y de la Comision
Académica, siempre y cuando tenga publicadas o admitidas un minimo de tres

contribuciones cientificas en revistas de reconocido prestigio.

La presente memoria responde a los requisitos solicitados y esta
estructurada sobre cuatro articulos cientificos en torno al tema del estudio de
propiedades electrocataliticas y bioelectrocataliticas de superficies electrédicas
modificadas con macromoléculas electroactivas y de sus aplicaciones como

mediadores electroquimicos.

Los articulos que integran la memoria son los siguientes:

Almudena Jiménez, M. Pilar Garcia Armada, José Losada, Carlos Villena,
Beatriz Alonso, Carmen M. Casado.

Amperometric biosensors for NADH based on hyperbranched dendritic ferrocene
polymers and Pt nanoparticles.

Sensors and Actuators B-Chemical, 2014, 190, 111.

M. Pilar Garcia Armada, Eduardo Vallejo, Carlos Villena, José Losada, Carmen
M. Casado, Beatriz Alonso.

New acetaminophen amperometric sensor based on ferrocenyl dendrimers
deposited onto Pt nanoparticles.

Journal of Solid State Electrochemistry, 2016, 20, 1551.
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Carlos Villena, José Losada, Beatriz Alonso, Carmen M. Casado, M. Pilar Garcia
Armada.

Easy preparation of electrode surfaces with dispersed size-controlled Au
nanoparticles by electrodeposited PPI-dendrimers as templates.

Journal of the Electrochemical Society, 2017, 164 (6), H396.

Carlos Villena, Marta Bravo, Beatriz Alonso, Carmen M. Casado, José Losada,
M. Pilar Garcia Armada.

Size-controlled gold nanoparticles obtained from  electrodeposited
amidoferrocenylpoly(propyleneimine) dendrimer-templates for the
electrochemical sensing of dopamine.

Applied Surface Science, 2017, 420, 651.

Otras contribuciones publicadas previamente o que actualmente estan en

preparacion:

Carlos Villena, José Losada, Pilar Garcia Armada, Carmen M. Casado, Beatriz
Alonso.

Synthesis and electrochemical anion-sensing properties of a biferrocenyl-
functionalized dendrimer.

Organometallics, 2012, 8, 3284.

José Losada, Pilar Garcia Armada, Carlos Villena, Divesh Punjabi, Beatriz
Alonso, Carmen M. Casado.

Electrodeposited ferrocenyl-dab as templates for the synthesis of inter and intra
dendritic au nanoparticles.

Industriales Research Meeting 2016. Libro de actas. ISBN: 978-84-16397-31-0

Carlos Villena, Divesh Punjabi, Salvador Leén, Carmen M. Casado, Beatriz
Alonso, José Losada, Pilar Garcia Armada.

Size-controlled gold nanoparticles from electrodeposited
amidoferrocenylpoly(propyleneimine) templates as hydrogen peroxide
electrocatalyst. En preparacion.
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1.2. ANTECEDENTES DEL TEMA DE TRABAJO

1.2.1. ELECTROCATALISIS

Generalmente, las reacciones electroguimicas implican una cinética lenta
de transferencia de electrones con el electrodo, lo que hace necesario la

aplicacion de sobrepotenciales que aumenten la velocidad de la reaccion.

Electrocatalisis es la reduccién de la energia de activacion de una reaccion
electroquimica y puede consistir en una sencilla mediacion de transferencia de
carga, en la que los centros redox de la superficie del electrodo actuan
sencillamente como conductores (catalisis redox), o bien puede ocurrir que la
transformacion redox del substrato tenga lugar mediante una interaccion
quimica mas intima, que puede llegar a implicar coordinacién al centro redox

del catalizador (catalisis quimica o electroquimica).?!

Los mecanismos de electro-reduccion y electro-oxidacion se desarrollan
de distinto modo sobre diferentes electrocatalizadores, siendo los mas eficaces
aquellos que presentan puntos superficiales en los que pueden producirse
procesos de adsorcion, que facilitan la ruptura y formacion de enlaces. Dentro
de este tipo de electrocatalizadores se encuentran metales de transiciéon con
orbitales d incompletos, siendo el platino el metal mas eficaz en la mayoria de
reacciones de interés practico. Asi pues los mejores electrodos son caros y
presentan la desventaja adicional de ser muy proclives a la interaccién con los

venenos cataliticos.

Todo ello hace que la linea de investigacion y desarrollo de nuevos
electrocatalizadores con caracteristicas mejoradas permanezca en continuo
auge, sobre todo a partir de la incorporacion de nanoparticulas de distinta

naturaleza.
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1.2.2. SENSORES Y BIOSENSORES

Las tendencias actuales en ciencia estan centradas principalmente en
cuatro objetivos: la simplificacion, la miniaturizacién, la automatizacion y la
reduccion de los costes. Los sensores son probablemente el ejemplo mas
significativo de simplificacién, constituyendo una de las areas mas importantes

en el campo de la investigacién cientifica.

Un sensor quimico o bioquimico es un dispositivo que responde de forma
directa, reversible, continua y rapida a cambios de concentracién de una especie
quimica o bioquimica de una muestra. La zona donde tiene lugar la reaccion
quimica esta conectada con wun transductor que puede ser Optico,
electroquimico, térmico o masico y esta conexion permite transformar la

respuesta del sistema en informacién analitica.?

ANALITO

MUESTRA > D

RECEPTOR

SENAL

Figura 1.1. Esquema de un sensor.

Un sensor ideal debe proporcionar bajos limites de deteccion y
determinacion, alta selectividad, precision y fiabilidad de la respuesta generada.
Por otra parte, es conveniente que su funcionamiento sea reversible y que se
obtenga una respuesta a tiempo real. Ademas, el tiempo de vida debe ser lo

suficientemente largo como para utilizarlo en repetidas ocasiones.

Con respecto a los sistemas de deteccion, las técnicas electroquimicas
son las que mas se han empleado para el desarrollo de nuevos sensores debido
a sus numerosas ventajas. Por ejemplo, solo son necesarios pequefios
volumenes de muestra, lo que facilita la miniaturizacién y la simplificacion, asi
como la posibilidad de realizar analisis “in situ”. Ademas, la sefial producida es

eléctrica lo que hace posible la transduccion en tiempo real. Por otro lado, es
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posible la deteccion de una gran cantidad de analitos debido a los adecuados

limites de deteccion alcanzados.

Un biosensor es un sistema analitico constituido por un receptor biolégico
(enzimas, &cidos nucleicos, células, etc.) que estd inmovilizado y es capaz de
reconocer un analito. Este material esta en contacto con un sistema transductor
adecuado que convierte la sefial bioquimica en una sefial eléctrica que se puede
cuantificar. Los biosensores presentan algunas limitaciones, como son la
inestabilidad de los compuestos biolégicos y el pequefio rango de sefal que

puede registrar debido a la saturacion del elemento biolégico.

El primer biosensor, desarrollado por Clark y Lyons,® se emple6 para la
deteccion de glucosa y consistia en un electrodo de oxigeno en el que la enzima
glucosa oxidasa se encontraba inmovilizada. Este dispositivo permitia relacionar
directamente la concentracion de glucosa con la disminucidon de la concentracion
de oxigeno. Desde el desarrollo de este primer biosensor, se han desarrollado
un gran numero de sensores orientados a la determinacion especifica de un
amplio abanico de biomoléculas con multiples aplicaciones. Dentro de ellos, los
biosensores basados en medidas electroquimicas son los que han alcanzado

mayor nivel de desarrollo debido a su especial sensibilidad y selectividad.

Las propiedades eléctricas medidas mediante los biosensores
electroquimicos pueden ser de diferentes tipos, en funcién de si miden cambios
en el potencial (potenciometria), o cambios en la intensidad de corriente tras

aplicar un potencial constante (amperometria).

Para llevar a cabo las medidas electroqguimicas se requiere un equipo de
medida (potencibmetro o0 potenciostato-galvanostato) y una celda

electroquimica con tres electrodos:

» Electrodo de referencia que se caracteriza por mantener un valor de
potencial constante.
> Electrodo de trabajo en el que tiene lugar la reaccion de interés y que

es susceptible de modificaciéon con electrocatalizadores y/o receptores.
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» Electrodo auxiliar que permite la circulacion de corriente entre él y el
electrodo de trabajo, evitando la caida 6hmica entre los electrodos de

trabajo y referencia.

Los biosensores desarrollados hasta el momento se clasifican dentro de

tres tipos (esquema 1.1):

Primera generacion: son aquellos en los cuales el producto normal de
la reaccion (por ejemplo, peréxido de hidrégeno en el caso de las oxidasas) se
difunde al transductor y causa respuesta eléctrica. El regenerador de la enzima

suele ser el natural (por ejemplo, el oxigeno) y se encuentra en disoluciéon.*

Segunda generacion: son aquellos que involucran mediadores
especificos entre la reaccion y el transductor con el fin de generar una respuesta
mejorada. Estos mediadores suelen ser electrocatalizadores y se encuentran

inmovilizados en contacto intimo con la enzima y el transductor.®

Tercera generacion: son aquellos donde la reaccion de reconocimiento
enzimatico causa respuesta por si misma y el producto no esta involucrado
directamente. Estos biosensores no requieren la presencia de mediadores y la
electroquimica directa de Ilas enzimas se consigue con superficies
nanoestructuradas que contactan directamente con el centro activo de la

enzima. Estos biosensores ofrecen sensibilidades muy altas.®
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ELECTRODO [
o
E—— SUSTRATO

Primera generacion

PRODUCTO

g e SUSTRATO
Segunda generacion —»

M., PRODUCTO

SUSTRATO
Tercera generacion _e»

PRODUCTO

Esquema 1.1. Tipos de electrodos enzimaticos.

1.2.3. MEDIADORES ELECTROQUIMICOS

Uno de los mayores inconvenientes derivado del uso de sensores
electroquimicos es la contribucion de sustancias interferentes, ya que el sensor
se introduce en una muestra en la que se encuentran simultaneamente el analito
y otras sustancias, que pueden ser también electroactivas y que pueden originar
sefial superpuesta. Ademas, pueden existir otros problemas como
requerimiento de elevados sobrepotenciales y/o envenenamiento de la
superficie electrddica asociado a la adsorciéon de los productos de reaccién, como

ya se ha citado.’

Con el fin de reducir estos efectos, se han llevado a cabo numerosos
estudios basados en la utilizacion de mediadores artificiales con propiedades
electrocataliticas. Estos mediadores son, fundamentalmente, moléculas o

polimeros que facilitan la transferencia electrénica entre la especie a oxidar o
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reducir (o la enzima) y la superficie del electrodo, de manera que se puedan

utilizar potenciales menores para la deteccion y evitar interferencias.

Las caracteristicas que debe reunir un buen mediador electroquimico son

las siguientes:

- Reaccionar rapidamente y dar lugar a un proceso de transferencia
electronica reversible.

- Su potencial debe ser bajo y tiene que ser estable tanto en su forma
oxidada como reducida.

- No reaccionar con otras especies que puedan estar presentes en el medio
y tiene que ser independiente del pH.

- El potencial de trabajo seleccionado para realizar las medidas ha de ser
tal que el mediador, tras haber reaccionado, se regenere dando lugar a

una corriente que pueda relacionarse con la concentracion de analito.

El ferroceno y sus derivados han sido empleados con éxito como
mediadores para gran variedad de sistemas, incluyendo aquellos biosensores
que contienen enzimas facilitando la transferencia de electrones entre la enzima

y el electrodo.®

El ferroceno es un compuesto organometalico de hierro tipo sandwich
(esquema 1.2) que se oxida de manera reversible 0.44 V (vs. SCE) para dar
lugar al catién ferricinio y es en esta reaccion en la que se basa su capacidad

como mediador de transferencia electrénica.

=

Esquema 1.2. Oxidacion reversible del ferroceno.



Introduccioén 11

Las adecuadas propiedades electronicas del ferroceno, su fécil
funcionalizacion y su alta estabilidad térmica y fotoquimica en medios aerobios
y acuosos, han permitido que sus derivados hayan encontrado innumerables
aplicaciones en campos como la catdlisis, la electroquimica y la medicina.®
Ademas, los mediadores que contienen ferroceno presentan caracteristicas muy
interesantes para la construccion de biosensores amperométricos debido a la
reduccion sustancial de la sobretension requerida, que se traduce en una mejora
de los efectos de los interferentes. Por otro lado, la sintesis de receptores con
estos centros redox tiene un gran potencial en el campo del desarrollo de
sensores quimicos para la deteccibn de especies no-electroactivas. Los
receptores que contienen centros de ferroceno son especialmente interesantes
para el reconocimiento de aniones y su deteccion, puesto que tiene lugar la
formacion de un par i6nico entre el anién y la especie oxidada del ferroceno

(ferricinio), cuya oxidacién se produce electroquimicamente.®

Los objetivos principales en el campo de biosensores son la
inmovilizaciéon de enzimas sin pérdida de su actividad!! y el desarrollo de
nuevos mediadores artificiales que faciliten la transferencia electronica entre
los centros activos de la enzima y el electrodo, con el fin de obtener
dispositivos mas sensibles, precisos, reproducibles, rapidos y duraderos.
Segun se ha podido demostrar, las macromoléculas altamente ramificadas,
polimeros y dendrimeros, que incorporan en su estructura grupos ferroceno
son muy eficaces como electrocatalizadores para peroxido de hidrégeno o
peréxidos organicos, para la fabricacién de biosensores aerobios y anaerobios
de glucosa, biosensores con peroxidasas o para la mediacion directa de la
oxidacion de NADH,? en el caso de ferrocenos interaccionantes (ferrocenos

gue presentan comunicacion electrénica entre ellos).

La funcionalizacion con ferrocenos electrénicamente comunicados
soporta un gran interés, debido a las excelentes propiedades que han
mostrado este tipo de ferrocenos como electrocatalizadores de diversas
reacciones, tanto de oxidacion como de reduccién, con transferencia de dos

electrones de manera simultanea.3
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Un importante hecho adicional concerniente a los dendrimeros y
polimeros funcionalizados con ferroceno es su capacidad para modificar
electrodos debido al cambio de solubilidad asociado a la oxidacion del
ferroceno,'* que resulta en un material electroactivo que permanece

persistentemente unido a la superficie del electrodo.

1.2.4. DENDRIMEROS

Los dendrimeros son macromoléculas globulares altamente ramificadas
(figura 1.2), de geometria precisa y definida, cuya estructura puede ser
controlada en el proceso de sintesis.*® El nombre de dendrimero se deriva de
las palabras griegas dendron, que significa arbol, y meros que significa
segmento, y se asigndé a este tipo de compuestos debido a la estructura

ramificada tipo arbol que presentan.

Dendron

Generaciones

terminales

Nucleo

Figura 1.2. Representacion de la estructura de un dendrimero.

La estructura de los dendrimeros se divide en diferentes regiones, donde
el ndcleo es el punto focal desde el cual surgen las diferentes ramas
denominadas dendrones. Los dendrones contienen puntos de ramificacion

desde los cuales la molécula puede seguir creciendo, cada nueva capa
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construida se denomina generacion y se numeran desde el centro hacia la
periferia. Los grupos terminales se encuentran situados en la superficie de la
estructura y, dependiendo de su naturaleza, los dendrimeros variaran en forma,

estabilidad, solubilidad, rigidez y viscosidad.

Los dendrimeros pueden construirse utilizando las denominadas
estrategias de sintesis divergentel® y convergente,!’ aunque también es posible

un uso combinado de ambas (esquema 1.3).

. / xlﬂ
RUTA A <‘ \RUTA B
e / \
- >\:

Esquema 1.3. Representacion de las estrategias de sintesis divergente (ruta

A), convergente (ruta B) y mixta (ruta C)

» Sintesis divergente: se parte de un nucleo central multifuncional sobre
el que se introducen reiteradamente nuevos centros de ramificacion. Este
método presenta la ventaja de que permite un crecimiento rapido del
dendrimero, pero son necesarias grandes cantidades de reactivo, lo que provoca

la aparicion de huecos o imperfecciones en altas generaciones.

» Sintesis convergente: esta estrategia consiste en el crecimiento desde
la periferia hasta el interior. La utilizacibn de este método permite un mayor

control de los grupos terminales situados en la superficie del dendrimero,
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minimizando la aparicién de defectos estructurales. Sin embargo, presenta una

limitacion en cuanto al tamafno de los dendrones.

» Sintesis mixta: consiste en una combinacién de las estrategias de
sintesis convergente y divergente, utilizando un nudcleo central multifuncional y
dendrones. La construccion de mondémeros ramificados permite obtener varias
familias dendriticas dependiendo del dendrén que sustituya cada grupo

terminal.

En los dendrimeros de generaciones superiores, los grupos terminales se
encuentran cada vez mas préoximos entre si, por lo que a partir de una
determinada generacion se alcanza una congestion superficial que impide que

siga creciendo.

La primera familia de estructuras dendriticas fue sintetizada por el grupo
de Vogtle!® en 1978 basandose en la repeticion de una secuencia de reacciones

para dar lugar a aminas ramificadas de bajo peso molecular.

No fue hasta quince afios después cuando el grupo de Meijer?!® utilizé una
modificacion sobre la ruta sintética de Vogtle para conseguir la sintesis de los
denominados dendrimeros polipropilamina (PPl) a gran escala. Esta familia de
dendrimeros ha sido ampliamente utilizada por la facilidad con la que sus grupos
terminales reaccionan con otras moléculas. Alternativamente, estos
dendrimeros se denominan alternativamente por las siglas DAB

(diaminobutano), debido al reactivo de partida utilizado para su sintesis.

Desde la sintesis de las primeras estructuras dendriticas, su estudio ha
atraido una gran atencion cientifica debido a sus propiedades fisicas, quimicas
y biolégicas, y en consecuencia, por sus potenciales aplicaciones en diferentes

campos, tales como quimica, fisica, ingenieria, biologia, medicina, etc.?°
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1.2.5. FUNCIONALIZACION DE LOS DENDRIMEROS

La incorporacion de fragmentos organometalicos a la estructura
dendritica, en particular unidades de ferroceno, ha aportado a estas
macromoléculas una gran versatilidad en cuanto a sus propiedades fisico-

quimicas y a las aplicaciones para las que son adecuados.

Nuestro grupo de investigacion tiene una amplia experiencia en sintesis
y funcionalizacion de dendrimeros con objeto de estudiar la variacion de sus
propiedades fisico-quimicas y sus aplicaciones electroquimicas, concretamente
se han funcionalizado dendrimeros basados en esqueletos DAB con grupos
amidoferroceno,*® con grupos amidoferroceno y amidocobaltoceno,?!

ferrocenos que contenian éteres corona,?? y octametilferroceno.?®

Debido a las excelentes propiedades  electrocataliticas vy
bioelectrocataliticas que muestran los compuestos que contienen ferroceno en
su estructura y, en concreto, los compuestos que poseen dos centros metalicos
unidos entre si o coordinados a un a&tomo puente,?* como trabajo previo a esta
tesis, se sintetizé un derivado de biferroceno con el objetivo de funcionalizar
una familia de dendrimeros DAB para estudiar sus propiedades cataliticas y
como receptor, pero en lugar de seguir la estrategia sintética habitual
funcionalizando el dendrimero con una molécula de biferroceno y dejando la
otra libre,?® decidimos introducir la novedad de funcionalizar con una molécula
de biferroceno dos ramas formando un quelato sobre el dendrimero (esquema
1.4). Este dendrimero mostré excelentes propiedades como receptor de
aniones,?® sin embargo sus dificultades de solubilidad y el alto potencial de su
sistema redox, nos hizo desistir de sus aplicaciones como mediador para la

construccion de otros sensores y biosensores.
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Esquema 1.4. Sintesis del dendrimero funcionalizado con biferroceno

Por estas razones, en esta tesis se decidi® funcionalizar diferentes
generaciones de dendrimeros DAB, tanto con grupos amidoferroceno**® como
con grupos aminoferroceno?’, siguiendo esquemas anteriormente publicados en
la bibliografia (esquema 1.5, figura 1.3 y esquema 1.6 y figura 1.4
respectivamente). En los primeros, se hizo reaccionar el cloruro del acido
ferrocencarboxilico con los dendrimeros de 12 generaciéon DAB-1-(NH2)4, de 32
generacion DAB-3-(NH2)16 Y de 52 generacion DAB-5-(NH2)s4, para obtener los
compuestos DAB-1-(NHCOFc)s, AMD1, DAB-3-(NHCOFc)is, AMD3, y DAB-5-
(NHCOFc)64, AMDS.

<, ' ¥
o @CJ\N H)K@
Fhe o A
<= EtsN, CH,Cl, : /J \_\“
HN

< AMD1 =

Esquema 1.5. Sintesis del dendrimero de primera generacion funcionalizado
con grupos amidoferroceno.
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Figura 1.3. Dendrimeros de tercera y quinta generaciéon funcionalizados con
grupos amidoferroceno

En el segundo caso se hizo reaccionar el aldehido de ferroceno con DAB-

1-(NH2)4, DAB-3-(NH2)1s, DAB-5-(NH2)s4 siguiendo el procedimiento descrito por

Jutzi.?®
@ e
o Y=g M
. DAB-1-(NH,), \—\- A/_[
- ™~
Fe tolueno (reflujo) /—/ \—\N
LS F N \/ﬁ©
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— =
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Esquema 1.6. Sintesis del dendrimero de primera generacion funcionalizado

con grupos aminoferroceno.
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Como se muestra en el esquema 1.6, en una primera etapa se obtiene
un compuesto intermedio con un grupo imina, que posteriormente se reduce
con NaBH4 para dar lugar a los compuestos DAB-1-(NHCH2Fc)4, AMN1, DAB-3-
(NHCHzFc)16, AMN3, DAB-5-(NHCH2Fc)e4, AMNS.
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Figura 1.4. Dendrimeros de tercera y quinta generaciéon funcionalizados con

grupos aminoferroceno

1.2.6. POLIMEROS HIPERRAMIFICADOS

Los polimeros hiperramificados son arquitecturas poliméricas consideradas
estructuras dendriticas. Al igual que los dendrones y los dendrimeros, son
estructuras altamente ramificadas, pero a diferencia de éstos, su estructura no
es regular ni simétrica, sino que son moléculas ramificadas al azar.?® Mientras
que los dendrimeros se obtienen a través de un crecimiento secuencial
cuidadoso y laborioso, los polimeros hiperramificados se obtienen generalmente
en una sola etapa mediante policondensacion de los mondmeros implicados en

la reaccion.

A pesar de que la arquitectura tridimensional de los dendrimeros y de los
polimeros hiperramificados puede parecer similar a primera vista, encontramos
algunas diferencias importantes.?® Un dendrimero tiene una estructura bien

definida y consta de dos tipos de unidades estructurales, las unidades
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terminales en la superficie globular y las unidades dendriticas en el interior,
mientras que un polimero hiperramificado tiene una estructura irregular que
contiene tres tipos de unidades estructurales: unidades dendriticas, lineales y
terminales. Las unidades terminales estan siempre localizadas en los extremos,
sin embargo, las unidades dendriticas y las unidades lineales estan distribuidas

aleatoriamente por la estructura macromolecular.

La presencia de cavidades intramoleculares, su alta solubilidad y la
abundancia de grupos funcionales en las unidades lineales y terminales hacen
que los polimeros hiperramificados tengan una alta reactividad, lo que los hace
particularmente atractivos para su uso en diversos campos como la quimica
supramolecular, biomateriales, materiales hibridos Yy composites,

recubrimientos, adhesivos y sensores.*°

Los polimeros hiperramificados funcionalizados con ferroceno3! son un
gran foco en la investigaciéon actual, debido a que presentan el comportamiento
ideal del grupo redox, que a la vez nos permite electrodepositarlo sobre la
superficie de electrodos metalicos con una gran estabilidad. Estos polimeros
presentan grandes ramificaciones que permiten su uso para la inmovilizacion de

enzimas y la construcciéon de biosensores.3?

Por ello, en esta tesis se utilizaron dos polimeros hiperramificados
funcionalizados con unidades de ferroceno interaccionantes (figura 1.5), PDAMS
(polidialilmetilsilano) y PMDUS (polimetildiundecenilsilano) que habian
demostrado una gran eficiencia electrocatalitica de la reaccion de oxidacion de
NADH.
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Figura 1.5. Estructura de los polimeros hiperramificados PDAMS (A) y
PMDUS (B).

1.2.7. NANOPARTICULAS METALICAS

Durante los primeros afos del siglo XXI se ha producido un crecimiento
exponencial en la investigacion y el nimero de publicaciones en el campo de las

aplicaciones de las nanoparticulas metalicas.

Es bien sabido que las nanoparticulas de platino (PtNPs) depositadas
sobre electrodos constituyen un material Unico por su estabilidad y
caracteristicas, y las propiedades de los depdsitos electroliticos de Pt sobre
electrodos de Pt o GC dependen de las condiciones de electrodeposicion.3?
Ademas, las nanoparticulas de platino incrementan la superficie electrddica
aportando una transferencia electronica con importantes propiedades

cataliticas.®*

Por otro lado, las nanoparticulas de oro (AuNPs) de escala nanométrica
poseen propiedades electrénicas y Opticas dependientes de su tamafo, lo cual
tiene un gran interés en el campo de la nanociencia y nanotecnologia e
importantes aplicaciones en catdlisis®® y sensores y biosensores.3®
Concretamente, AuNPs de diametros en torno a 2 nm muestran propiedades

Unicas en comparacion con las mayores de 5 nm,3 lo que ha motivado un
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enorme interés en el disefio de esqueletos macromoleculares para la sintesis de

nanoparticulas con tamafnos entre 1y 2 nm.

Una aplicacion muy interesante de los dendrimeros es su utilizacion como
plantillas debido a su tamafio y a los huecos formados en su interior. En
concreto, se ha demostrado que los dendrimeros son capaces de encapsular y

estabilizar nanoparticulas metalicas con gran facilidad.3®

Las suspensiones de particulas de metales nobles, principalmente oro y
platino, exhiben unas excelentes propiedades fisicas, quimicas y bioldgicas y se
han convertido en punto de mira para muchos investigadores en campos como

catalisis, medicina y sintesis de nuevos materiales.

Las nanoparticulas de oro y platino presentan unas propiedades
electrénicas, 6pticas, magnéticas y cataliticas dependientes de su tamafo con
importantes aplicaciones en el &mbito de los sensores y biosensores.*® Ademas,
presentan baja toxicidad y caracteristicas muy interesantes en funcion de su

tamanfo y su funcionalizacién con diversos ligandos.

En la bibliografia existen numerosos métodos de preparacion de NPs
metdlicas en los que se detalla su formacion, asi como su distribucion y control
de su tamario y, entre ellos, pueden sefialarse los métodos de impregnaciéon,“°
co-precipitacion,* microemulsién,*?> sol-gel,** deposicién-precipitacion,**
entrecruzamiento,*® electroquimicos “® y reduccién gquimica in situ con
ferroceno.*” En los procesos fisicos, las etapas de formacién de NPs consisten
en la vaporizacion de un sustrato y la posterior condensacion de los 4&tomos para

formar el nucleo inicial que crece por la adicion de mas atomos y la coalescencia.

En los métodos quimicos, la primera etapa se inicia con la reduccion de
los compuestos metdlicos disueltos en soluciones acuosas y no acuosas, en
presencia o no de agentes estabilizantes. Después de la reduccion, las colisiones
de dos o mas atomos dan origen a la formacion de un cumulo que podra crecer

dependiendo de las condiciones en que se realice la sintesis. La principal
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dificultad de la sintesis quimica es la producciéon de NPs con distribuciéon

monodispersa de tamafnos y formas.

Como métodos electroquimicos de preparacion de NPs se utilizan métodos
ciclovoltamétricos,*® culombimétricos*® y de pulsos de potencial.*® La sintesis
electroquimica presenta algunas ventajas sobre el resto de métodos debido a la
sencillez de las variables de sintesis y a la posibilidad de controlar los fenébmenos
de nucleacion, crecimiento y velocidad de reaccion, mediante la modificaciéon del
potencial eléctrico, la densidad de corriente, el material base de los electrodos

y el electrolito soporte.

Nanoparticula
Polimero Surfactante Ligando

Figura 1.6. Representaciéon de NPs estabilizadas con diferentes agentes.

La comunidad cientifica ha dirigido notables esfuerzos en la investigaciéon
y obtencion de NPs con tamafos pequefios, que oscilan entre los 1-50 nm,
debido a que son las mas interesantes en cuanto a propiedades se refiere. En
1994, Brust y Schiffrin propusieron la sintesis de AuNPs con tamafios que
oscilaban entre 1 - 5 nm mediante su proteccidon por monocapas de alcanotioles
(monolayer protected cluster, MPC),%! evitando la aglomeraciéon de las NPs. Tras
la publicacién del método de Brust-Schiffrin, otros grupos demostraron que el
protocolo original era aplicable para alcanotioles con diferentes caracteristicas, 2

asi como para otro tipo de ligandos que contienen azufre.®3



Introduccioén 23

Una alternativa a los MPCs son las nanoparticulas metalicas encapsuladas
en dendrimeros (DENSs), sintetizados inicialmente por los grupos de Crooks y
Esumi a finales de la década de los afios 90.%* En sus trabajos se describe el uso
de dendrimeros como plantilla para la sintesis de NPs coloidales de Cu
intradendriticas con una familia de dendrimeros denominados PAMAM
(poliamidoaminas) terminados con grupo hidroxilo. Estos estudios demostraron

la existencia de nanoparticulas de 1.8 nm.

Posteriormente, el mismo grupo comenzé a utilizar Au con otros
dendrimeros PAMAM terminados con grupos amino,> encontrando diferencias
con los coloides obtenidos con las particulas de Cu?*. Al utilizar dendrimeros de
generaciones bajas, las particulas de los coloides formados son de mayor
tamafio, menos monodispersas y presentan una mayor agregacion que las
preparadas con dendrimeros mas grandes. Este efecto se justific6 como
consecuencia no solo de la diferencia en el nimero de aminas terminales de los
dos dendrimeros, sino también del tamafio y la forma de los dendrimeros,
concluyendo que las generaciones bajas actian uUnicamente estabilizando la

nanoparticula, al igual que los MCPs.

Mas tarde, utilizaron dendrimeros PAMAM terminados con grupos OH,
idénticos a los de su primer trabajo con Cu?*, observando que el compuesto
HAuUCI. era reducido por los grupos hidroxilo, lo que daba lugar a AuNPs de gran

tamafo que no quedaban encapsuladas en el dendrimero.

Segun K. Esumi,®® la interaccion entre AuCls™ y el esqueleto dendritico

tiene lugar de tres formas:

a) Mediante la formacion de un par i6nico entre AuCls” y aminas terciarias
protonadas.

b) Mediante la formacion de un complejo de coordinacidon entre una o dos
de las aminas terciarias o de los grupos terminales del dendrimero, en

su caso esteres metilicos.
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¢) Mediante la formacién de un complejo de coordinacién entre dos aminas
terciarias y una amida adyacente, ya que utiliza esqueletos dendriticos
PAMAM.

En cualquier caso, parece evidente que las propiedades de los
nanocompositos metal-dendrimero dependen de la naturaleza de los grupos
terminales, y de ellos depende que se produzca o no la aglomeracion y

precipitacion de clusters grandes o nanoparticulas inferiores a 2 nm.

Concretamente, un ejemplo del primer caso son los grupos terminales
amina con los que muchos iones metalicos forman complejos cuyo resultado son
clusters mayores de 5 nm estabilizados por varios dendrimeros.>” En
consecuencia, se utilizan dendrimeros funcionalizados con grupos no
complejantes en su periferia, como PAMAM-OH. Sin embargo, estos grupos
funcionales son buenos agentes reductores que pueden reducir
prematuramente los cationes oro y formar también grandes nanoparticulas que
no estan encapsuladas en un solo dendrimero, dificultan la nanodispersion de
las particulas de oro y, por otro lado, no son muy reactivos lo que los hace

ineficaces para unir las DENs a otras moléculas.

Por estas razones, es preferible utilizar como grupos terminales aminas
cuaternarias,®® que forman una densidad de carga positiva permanente en la
superficie del dendrimero minimizando la probabilidad de agregacion y evitando

que varios dendrimeros estabilicen una sola nanoparticula.

En 2008, Astruc®® comenzé a utilizar dendrimeros funcionalizados con
grupos ferroceno como plantilla para la formaciéon de nanoparticulas metalicas
coloidales, concretamente utilizé dendrimeros que contenian grupos triazol para
sintetizar PANPs.®° La formaciéon de AuNPs por el mismo método fracasé en un
principio®® pero mas recientemente, el mismo autor ha logrado preparar
nanoparticulas de oro interdendriticas e intradendriticas de tamarfo selectivo en
disolucién, utilizando metalodendrimeros en tres estados de oxidacién con

metales que interaccionan electrénicamente.®?
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Tanto Crooks como Astruc, han detallado la posibilidad de sintetizar dos
tipos de NPs en solucién coloidal, en funcidén de la generacion de los dendrimeros
y siempre que se utilicen relaciones adecuadas oro/dendrimero que permitan la
formacion de nanoparticulas de numero de atomos concretos, llamados
nimeros magicos.®® En el caso de dendrimeros de un tamafo pequefio se
forman nanoparticulas interdendriticas, estabilizandose con distintas moléculas
de dendrimero, mientras que en el caso de generaciones de dendrimero
mayores, se forman nanoparticulas intradendriticas de tamafos inferiores a 2

nm y de gran monodispersidad (Figura 1.7).
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Figura 1.7. Representacion de DENs intra e interdendriticas utilizando
dendrimeros DAB.

La reaccion general descrita en estos trabajos ocurre en medio
homogéneo y consta de dos etapas, ambas en el seno de una disoluciéon. En
primer lugar, se produce la incorporacion de los iones metalicos en el interior
de la macromolécula mediante coordinacién con los grupos funcionales del
interior dendritico, y seguidamente se produce la reduccién quimica de los iones
albergados en el interior para formar atomos metalicos de valencia cero, que
posteriormente se reorganizan para dar lugar a la nanoparticula. Esta
metodologia presenta un gran avance con respecto a los MCPs, ya que las
nanoparticulas obtenidas son monodispersas Yy se consiguen NPs
intradendriticas inferiores a 2 nm. Ademas, es posible controlar el tamafio de

las NPs facilmente ajustando la relacion metal/dendrimero.

Con respecto a las posibles aplicaciones como catalizador, lo mas habitual
es que las nanoparticulas deban ser depositadas sobre determinadas

superficies, en las que debe mantenerse la dispersion y la estabilidad. En este
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sentido, las aportaciones publicadas hasta el momento son la adsorcion de las
DENs sobre superficies de oro (altamente inestables), por union covalente a
monocapas autoensambladas (a menudo no electroactivas por formacion de
capas aislantes electrodo-dendrimero),® por inmovilizacién electroquimica a
electrodos de carbono vitreo,® por deposicién de la correspondiente disolucion
de DENSs y posterior evaporacion del disolvente,®® por incorporacién a matrices
poliméricas conductoras® o a composites de nanotubos de carbono.®” Otros
autores, como Ping-Ping Fang,®® han utilizado dendrimeros adsorbidos sobre
superficies de oro o platino y han depositado posteriormente AuNPs coloidales

obtenidas por separado previamente con citrato sédico.

Hasta este momento no se ha conseguido sintetizar in-situ
nanoparticulas metalicas con buena monodispersion utilizando
dendrimeros previamente depositados sobre superficies electrdédicas
como plantilla y, en este sentido, los retos mas importantes en éste area
siguen siendo el desarrollo de métodos de estabilizacion de las nanoparticulas
depositadas en superficies que eviten su agregacion, impedir el blogueo de su
superficie activa, manteniendo su eficiencia catalitica y el control de su tamafio

y distribucion. Por ello este ha sido uno de los objetivos principales de esta tesis.

1.3. OBJETIVOS DE LA TESIS DOCTORAL

Las investigaciones realizadas hasta el momento demuestran que la
incorporacion de NPs metdlicas facilita la transferencia electrénica en el
electrodo, por lo que se espera que la preparaciéon de nanocomposites que
incluyan estas nanoparticulas, bien como base de los electrodos modificados o
bien obtenidas con dendrimeros con grupos organometalicos electroactivos
como plantilla permita obtener superficies cataliticas, sensores y biosensores

electroquimicos con mejores respuestas.

Teniendo en cuenta el gran potencial que nos ofrecen los materiales
basados en macromoléculas dendriticas de ferroceno y la incorporaciéon de
nanoparticulas metalicas para las aplicaciones como sensores amperometricos,

los objetivos principales de esta Tesis han sido:
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» Preparacion de superficies electrodicas modificadas con estructuras
dendriticas (dendrimeros y polimeros) previamente sintetizadas y estudio

de sus propiedades electrocataliticas y bioelectrocataliticas.

» Preparacion de electrodos modificados con nanoparticulas de platino y
depositar sobre ellas los dendrimeros o polimeros ramificados con el
objetivo de aumentar la superficie activa del electrodo buscando efecto
catalitico sinérgico ferroceno-electrodo y estudio de sus propiedades

electrocataliticas y bioelectrocataliticas.

» Sintesis de nanoparticulas de oro inter e intra-dendriticas utilizando
electrodos previamente modificados con tres generaciones de dos familias
de dendrimeros, funcionalizados con amidoferroceno y aminoferroceno
respectivamente, como plantillas, y estudio de sus propiedades

electrocataliticas.
» Desarrollo y puesta a punto de nuevos catalizadores, sensores y/o
biosensores electroquimicos, basados en las nuevas superficies

electrodicas obtenidas.

De acuerdo con estos objetivos, el plan de trabajo fue disefiado y

llevado a cabo de la siguiente manera:

1. Sintesis y caracterizacién de las macromoléculas.

En primer lugar, se seleccionaron los polimeros y dendrimeros a preparar
de acuerdo a la experiencia previa adquirida por el grupo de investigaciéon en
este tipo de macromoléculas. Se decidié utilizar dos polimeros hiperramificados
de carbosilano funcionalizados con ferrocenos interaccionantes y la familia de
dendrimeros polipropilamina. Posteriormente, se obtuvieron varias
generaciones de estos dendrimeros mediante la funcionalizacién de los mismos
con diferentes derivados de ferroceno y se corrobordé su estructura mediante

diversas técnicas de caracterizacion.
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Este trabajo fue desarrollado en el Departamento de Quimica Inorganica
de la Universidad Auténoma de Madrid y la caracterizacién estructural de los
dendrimeros se realizd en el Servicio Interdepartamental de Investigacion
(S.1.d.1.).

2. Preparacion de superficies electrédicas modificadas con los

dendrimeros v polimeros hiperramificados y caracterizacién electroguimica y

cinética de su actividad electrocatalitica y bioelectrocatalitica.

Una vez obtenidas las macromoléculas, se realizé un estudio sistematico
de las propiedades electroquimicas y cinéticas de las mismas. Este estudio se

compone de las siguientes fases:

a) Modificacion de electrodos de diferentes materiales (oro, platino, y carbono
vitrificado) por electrodeposicidon a potencial controlado o mediante ciclos
de potencial y determinacion de los parametros cinéticos macromolécula-
electrodo, tanto en disolucién como de los electrodos modificados, con el

fin de caracterizar sus aptitudes electrocataliticas.

b) Preparaciéon de superficies nanoestructuradas por electrodeposicion de
nanoparticulas de platino y posteriormente peliculas de las

correspondientes macromoléculas, y su estudio morfolégico y cinético.

c) Preparacibn por via quimica de nanoparticulas de oro inter o
intradendriticas con tamafo controlado, utilizando tres generaciones de
dos familias de dendrimeros, funcionalizados con amidoferroceno y

aminoferroceno respectivamente, y su estudio morfoldgico y cinético.
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3.

Aplicaciones de los electrodos desarrollados como catalizadores,

sensores y biosensores.

En esta parte del proyecto se han desarrollado las siguientes aplicaciones:

a)

b)

d)

Desarrollo de biosensores amperométricos de NADH con enzimas
deshidrogenasas inmovilizadas (alcohol deshidrogenasa), basados en
polimeros hiperramificados de carbosilano con ferrocenos comunicados
electrénicamente depositados sobre nanoparticulas de platino. Se
realizo el estudio cinético y la puesta a punto de los métodos analiticos
para la deteccion y determinacién cuantitativa de etanol y metanol

frente a las que han demostrado ser eficaces electrocatalizadores.

Desarrollo de un sensor de paracetamol basado en
amidoferrocenildendrimeros electrodepositados sobre nanoparticulas
de platino. Se realiz6 el estudio cinético y la puesta a punto del método
analitico para la deteccion y determinacioén cuantitativa de paracetamol

en presencia de interferentes y en muestras reales.

Desarrollo de un eficaz electrocatalizador para la reacciéon de reduccion
de oxigeno (ORR) basado en AuNPs de tamafos inferiores a 2 nm,
obtenidas con amidoferrocenildendrimero de quinta generacion. Se

realizé el estudio cinético completo.

Desarrollo de un sensor de dopamina basado en nanoparticulas de oro
de tamafo controlado obtenidas mediante plantillas de
amidoferrocenildendrimeros de primera generacion. Se realiz6 el
estudio cinético y la puesta a punto del método analitico para la
deteccién y determinacién cuantitativa de dopamina en presencia de

interferentes y en muestras reales.

Desarrollo de un catalizador tanto de la oxidacibn como de la reducciéon
de peréxido de hidrégeno basado en nanoparticulas de oro de tamafo

controlado obtenidas mediante plantillas de
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aminoferrocenildendrimeros de distintas generaciones. Se realizé el
estudio cinético y la puesta a punto del sensor para la deteccion y

determinacién cuantitativa de peréxido de hidrégeno.

1.4. APORTACIONES ORIGINALES DEL AUTOR

A lo largo del desarrollo de esta tesis se han realizado las siguientes

aportaciones originales, listadas por orden de relevancia:

1-

Se han preparado por primera vez AuNPs encapsuladas en dendrimeros
en medio heterogéneo, es decir, utilizando los dendrimeros como
plantilla inmovilizados como una pelicula sobre la superficie de un
electrodo metalico, fijando las nanoparticulas introduciendo los
electrodos modificados en wuna disolucibn que contenia acido

tetracloroaurico.

Se han desarrollado nuevas superficies electrédicas nanoestructuradas
de preparacion sencilla con propiedades electrocatalicas vy

bioelectrocataliticas excelentes.

Se han desarrollado y puesto a punto nuevos catalizadores y
dispositivos sensores y biosensores a partir de las nuevas superficies

electrddicas desarrolladas que mejoran otros mas complejos existentes.

Se han desarrollado sensores de paracetamol que han mostrado
excelentes resultados frente a los descritos en la bibliografia,
permitiendo su deteccidén en muestras reales que incluso presentan a

uno de sus mayores interferentes como es el acido ascorbico.

Se han desarrollado sensores de dopamina que han mostrado
excelentes resultados frente a los descritos en la bibliografia,
permitiendo su deteccidn una muestra real de orina humana y en un

preparado farmacéutico.
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1.5.

6- Se han desarrollado biosensores de NADH que han mostrado excelentes
resultados frente a los descritos en la bibliografia, y con las posterior
modificacion con alcohol deshidrogenasa se han fabricado biosensores
de alcohol que presentan una mejor respuesta frente al metanol que
frente al etanol, siendo esto opuesto a lo descrito en la mayoria de los

biosensores de alcohol descritos en la bibliografia.
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A continuacion, se exponen los principales resultados obtenidos y

presentados en los articulos que integran esta tesis doctoral.

2.1. NANOPARTICULAS DE PLATINO COMO BASE
NANOESTRUCTURADA PARA LA DEPOSICION DE DENDRIMEROS Y
POLIMEROS HIPERRAMIFICADOS

Con objeto de mejorar las propiedades cinéticas y analiticas de electrodos
modificados con macromoléculas dendriticas, y en base a la bibliografia,! nos
propusimos preparar nuevos electrodos modificados con nanoparticulas
metalicas (Pt) que pudieran ser eficientes sensores o biosensores de diferentes
analitos, mejorando los resultados obtenidos hasta el momento. Las
nanoparticulas de platino (PtNPs) se prepararon mediante electrodeposicion
aplicando 20 ciclos de potencial a un electrodo base de platino en una disolucién
de hexacloroplatinato (1V) de potasio en el rango de potencial de -0.25 a 0.6 V

(vs. SCE) a una velocidad de barrido de 50 mV.s.?

Las superficies formadas se caracterizaron morfolégicamente mediante
microscopia electronica de barrido (SEM). La figura 2.1 muestra una de las
micrografias obtenidas, a partir de las que se estimé un tamafio de 90 nm de
las PtNPs. El area efectiva de estos electrodos de PtNPs/Pt se calculé por
integracion del area bajo el pico de la desorcién del hidrogeno, medido en H2SO4
0.5 M y considerando el valor mas aceptado de una carga de 210 uC por cm? de

Pt policristalino.?

AccV. SpotMagn  Det WD B "2m
160kV 30 10000x SEER01 E1-1

Figura 2.1. Micrografia de SEM (2 um) de un hilo de Pt modificado con PtNPs
electrodepositadas.
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2.1.1. PREPARACION Y ESTUDIO DE LOS ELECTRODOS

La preparacion de los electrodos modificados con polimeros o
dendrimeros siguié un esquema comun, que se esquematiza en la figura 2.2. La
fase de deposicion de las correspondientes macromoléculas se realiz6 bajo
control potenciostatico o mediante ciclos de potencial, no observando

diferencias entre ambos métodos.

K,PtClg @ dendrimero O
E—

—
-0.25a0.6V

(vs. SCE)
Pt PtNPs/Pt Dend/PtNPs/Pt

Figura 2.2. Preparacion de los electrodos de Pt modificados con PtNPs y
dendrimeros.

2.1.2. ELECTRODOS BASADOS EN POLIMEROS CARBOSILANO
FUNCIONALIZADOS CON FERROCENOS INTERACCIONANTES
DEPOSITADOS SOBRE NANOPARTICULAS DE PLATINO.

En primer lugar, se utilizaron los dos polimeros dendriticos
hiperramificados funcionalizados con unidades de ferroceno interaccionantes
PDAMS  (polidialilmetilsilano) y PMDUS  (polimetildiundecenilsilano),
anteriormente descritos en la introduccion. Una vez preparados los electrodos
modificados con PtNPs, se procedidé a depositar las macromoléculas PDAMS vy
PMDUS a partir de sendas disoluciones de estos polimeros 10 M en la especie
redox activa (ferroceno) y hexafluorofosfato de tetrabutilamonio 0.1 M en

diclorometano, manteniendo constante el potencial a 0.7 V (vs. Ag/AgCl).*

La morfologia de las peliculas de PDAMS y PMDUS (figura 2.3)
electrodepositadas sobre platino es algo diferente. La pelicula de PDAMS
(izquierda) es mas rugosa, mientras que la de PMDUS forma un depdsito de

material compacto, liso, homogéneo y denso.
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Figura 2.3. Micrografia de SEM (2 um) de hilos de Pt modificados con PDAMS
(izquierda) y PMDUS (derecha).*®

Sin embargo, las peliculas depositadas de ambas macromoléculas sobre
los electrodos PtNPs/Pt son muy compactas, cubriendo toda la superficie de las
nanoparticulas, formando una superficie nanoestructurada uniforme, como

puede apreciar en la figura 2.4.

AccV_ Spot Magn % Deb WD —F—— 2
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Figura 2.4. Micrografia de SEM (2 um) de hilo de Pt modificado con polimero
PMDUS depositado sobre PtNPs.

Se estudié el comportamiento cinético de ambos electrodos modificados
observando una dependencia lineal entre la intensidad de pico y la velocidad de
barrido a velocidades inferiores a 0.2 V.s!, indicativa de una especie

electroactiva inmovilizada sobre la superficie del electrodo.

El estudio cinético de estos electrodos muestra que las corrientes de pico
anddica y catédica varian linealmente con la velocidad de barrido para
velocidades inferiores a 0.2 V.s*, de acuerdo con el comportamiento de grupos

electroactivos confinados en la superficie del electrodo. Las separaciones de los
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potenciales de pico aumentan con el logaritmo de la velocidad de barrido
originando lineas rectas, indicando la existencia de limitaciones cinéticas para
la transferencia de carga. Mediante la aplicacion del modelo de Laviron® se
calcularon las constantes cinéticas de transferencia electronica (ks) entre los
electrodos y los grupos electroactivos de las especies depositadas, observando
que la inclusion de nanoparticulas en los electrodos modificados aporta al
electrodo una gran capacidad para promover la transferencia electronica desde

la superficie del electrodo hasta la ultima capa de la pelicula.

2.1.3. ELECTRODOS BASADOS EN DENDRIMEROS CON ESQUELETO
DAB FUNCIONALIZADOS CON GRUPOS AMIDOFERROCENO
DEPOSITADOS SOBRE NANOPARTICULAS DE PLATINO.

En esta parte de la investigacion se utilizaron dendrimeros DAB-1-
(NHCOFc)4 (AMD1) , DAB-3-(NHCOFc)16 (AMD3)y DAB-5-(NHCOFc)es (AMDS5),
que fueron sintetizados de acuerdo a procedimientos ya descritos con
anterioridad,® y se depositaron sobre electrodos de Pt y electrodos con PtNPs/Pt
a partir de disoluciones de las correspondientes macromoléculas en
diclorometano, con hexafluorofosfato de tetrabutilamonio 0.1 M como electrolito

soporte, manteniendo constante el potencial a 1.0 V (vs. Ag/AgY).

La figura 2.5 muestra las micrografias de las peliculas obtenidas sin y con
PtNPs y puede observarse que las peliculas de los dendrimeros son también muy
compactas, aumentando la densidad y homogeneidad al aumentar Ila
generacion. En la serie de micrografias de los electrodos con PtNPs se observa
como el dendrimero cubre totalmente las nanoparticulas metalicas en todos los

casos ofreciendo una superficie similar a la de los polimeros anteriores.
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Figura 2.5. Micrografias SEM de electrodos de hilo de Pt modificados
con AMD1 (A), AMD3 (B) y AMD5 (C) y PtNPs/AMD1 (D), PtNPs/AMD3
(E) y PtNPs/AMDS (F).

Una vez se caracterizaron estructuralmente los electrodos, se realiz6 el
estudio electroquimico y cinético de los electrodos de Pt modificados tanto con
los dendrimeros, como con PtNPs y dendrimero, observandose un gran aumento
de los picos de los electrodos con PtNPs y dendrimero, debido al aumento de
superficie efectiva. Hay que hacer notar que se obtiene un muy buen contacto

entre ferroceno y NPs y entre grupos ferroceno.

Al estudiar el comportamiento electroquimico de las peliculas con
distintos recubrimientos, se observa en todos los casos un aumento de la
intensidad de pico al aumentar el grosor de las peliculas, lo que nos indica que
los electrones tienen capacidad para llegar a las ultimas capas de pelicula

independientemente de su espesor.

Estas nuevas superficies muestran un comportamiento electroquimico
completamente diferente a los polimeros PDAMS y PMDUS estudiados
anteriormente. En este caso, para todos los electrodos preparados, se observa
que AEp préacticamente no varia al aumentar la velocidad de barrido, aunque es
mayor que cero, lo que indica ausencia de limitaciones cinéticas. Los valores
encontrados son muy cercanos al de un sistema reversible en disolucion

homogénea (0.058/n), en el caso de los electrodos modificados con los
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dendrimeros, y algo superior para los electrodos con nanoparticulas, debido
probablemente a Ila heterogeneidad de la superficie que aportan las
nanoparticulas. Por otro lado, las anchuras de semipico obtenidas son
ligeramente diferentes al valor tedrico de Nernst de 90.6/n, debido a que la
oxidacion en la primera capa, que es la que controla la reaccion en el interior
de la pelicula, se hace mas dispersa a lo largo del eje de potenciales.” La mayor
anchura de los picos se asocia con interacciones repulsivas, mientras que el
estrechamiento, solamente observado en el electrodo PtNPs/AMDS5, se asocia
con interacciones atractivas. Se aprecia una disminucién de las interacciones
repulsivas en los PtNPs/Dend electrodos y entre ellos al aumentar la

generacion de dendrimero.

Todos estos electrodos modificados muestran linealidad entre las
intensidades de pico y la velocidad de barrido para velocidades por encima de
0.2 V.s1. Pero en estas peliculas se observa un cambio de comportamiento para
velocidades de barrido superiores a 1.0 V.s1, a partir de la cual, en lugar de
tener dependencia lineal de i, vs. V, pasan a tenerla vs v¥2, lo que indica una
interacciéon entre la velocidad de barrido y la cinética de la transferencia de carga
a través de la pelicula.® En estos casos, i, puede ser expresada por la misma
ecuacion utilizada para las especies en disolucién (ecuacion de Randles—Sevcik),
que permite calcular un coeficiente de difusion aparente, D¢, también llamado

coeficiente de transporte de carga por difusion o coeficiente de difusion efectivo.

La obtencion de estos coeficientes de difusibn aparentes nos demostré
que los electrodos con nanoparticulas de platino, ademas de ofrecer mayor area
de contacto, mejoran la transferencia electronica, ya que se produce un

aumento de los mismos con respecto a las peliculas sin PtNPs.
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2.1.4. APLICACIONES DE LAS SUPERFICIES ELECTRODICAS
PREPARADAS

A la vista se sus diferentes propiedades estructurales, de funcionalizacién

y cataliticas se ensayaron diferentes aplicaciones para cada tipo de electrodo.

De acuerdo con la experiencia anterior de este grupo, como ya se ha
citado, se utilizaron los electrodos modificados con polimeros carbosilano
hiperramificados para la determinacién de dinucleétido de nicotinamida y
adenina (NADH) con el fin de obtener buena sensibilidad evitando el
envenenamiento de los electrodos. Estos polimeros han sido ya utilizados para
inmovilizar una enzima oxidasa,*® por lo que se contempld la posibilidad de
preparar un biosensor con una enzima deshidrogenasa, en caso de alcanzar el

primer objetivo fijado.

Las peliculas preparadas con dendrimeros sobre PtNPs se ensayaron
como sensores de varias moléculas de interés bioloégico, encontrando mayor

afinidad por la molécula de paracetamol, por lo que se desarrollé este sensor.

2.1.5. APLICACION COMO BIOSENSORES NADH Y ALCOHOLES DE LOS
ELECTRODOS BASADOS EN POLIMEROS CARBOSILANO
FUNCIONALIZADOS CON FERROCENOS INTERACCIONANTES
DEPOSITADOS SOBRE NANOPARTICULAS DE PLATINO.

La experiencia previa del grupo de investigacibn con estructuras
dendriticas que contienen unidades de ferroceno electrénicamente comunicadas
demuestra que estas macromoléculas pueden ser muy Uutiles para la fabricacion
de biosensores que requieran la transferencia simultanea de dos electrones,
como por ejemplo, biosensores con enzimas deshidrogenasas dependientes del
cofactor NADH.®

La molécula de NAD* es un importante cofactor del metabolismo celular
involucrado en cientos de reacciones de enzimas redox deshidrogenasas. Estas

enzimas catalizan la oxidaciéon de numerosos sustratos con importancia médica,
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quimica o bioldgica, como por ejemplo el etanol o acido lactico. Ademas,
desempefia un papel clave en la produccion de energia celular y estimula la

produccién de dopamina.

La transformacion de NAD™* en su forma reducida, NADH, ocurre a través
de la transferencia secuencial de dos electrones y un protén. La oxidacion
directa del NADH sobre superficies de electrodos convencionales requiere
elevados sobrepotenciales y a menudo ocasiona el envenenamiento de la
superficie electrodica por adsorcion de los productos de reaccion. Con el fin de
reducir estos efectos, nos propusimos disefiar nuevos electrodos modificados
que pudiesen actuar como mediadores de la oxidaciéon directa de NADH,
disminuyendo el potencial de trabajo, y evitar el envenenamiento de los

electrodos.

En primer lugar, se confirmé que la oxidacién de NADH no producia
ninguna alteracion ni envenenamiento en las peliculas, con lo que se alcanzaba
uno de los hitos mas importantes. A continuacion se realizé el estudio cinético,
mediante electrodo rotatorio de disco, de estos electrodos como catalizadores
de la reaccion de oxidaciéon de NADH. Este estudio nos confirmé que la
transferencia que se producia era bielectronica, a la vez que nos permitié
corroborar y estudiar la formacion de un complejo intermedio de transferencia
de carga (complejo — TC) en la reaccion entre el mediador de ferroceno y el
NADH,° seguido de la formacién de productos de reacciéon. EI mecanismo
cinético de reaccion es similar al de Michaelis—Menten donde la constante de
velocidad de la reaccion (kobs) puede expresarse como se muestra en la

ecuacion.

NYH +F" X2 5amgo -TC —X25ND “+F +H"

Kobs = Ksz

Km + [NADH]
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En la tabla 2.1 se muestran los valores obtenidos para las constantes
cinéticas. En ellos se puede observar que los valores de kopns NO muestran una
gran mejora con la modificacion de PtNPs, sin embargo en el caso de K+, se
observa un importante aumento de la constante indicando que la segunda etapa
es mas répida debido al efecto sinérgico entre las PtNPs y los grupos ferroceno.
Por otro lado, la constante aparente de Michaelis—Menten (Ky) aumenta del
mismo modo que K. lo que indica que existe limitacion de difusion a través de
las peliculas, lo que permite obtener amplios rangos lineales para la medida de

la concentracion de NADH.

Tabla 2.1. Estudio cinético de la oxidacion del NADH.
PDAMS/Pt PDAMS/PtNPs/Pt PMDUS/Pt PMDUS/PtNPs/Pt

Kobs (103) (M1 s1) 3.6 4.8 3.6 4.1
ka2 (s72) 19.6 42.8 21.6 65.4
K (MM) 5.4 8.9 6.0 16.0

Tras finalizar el estudio cinético de la reaccion de oxidacion del NADH se
estudiaron las propiedades analiticas de los sensores mediante
cronoamperometria, midiendo sucesivas adiciones de 0.10 mM de NADH a
potencial aplicado de 0.5 V (vs. SCE). En la tabla 2.2 se recogen los resultados
del estudio de los cuatro sensores y se observa como los sensores con PtNPs
muestran mejor respuesta y un mayor rango lineal, de acuerdo con lo observado
en el estudio cinético. Los electrodos se almacenaron durante dos meses sin

apreciar deterioro ni pérdida de actividad.

Tabla 2.2. Estudio analitico de la deteccion de NADH.

Electrodos Rango lineal (uM) R Sensibilidad (MA M cm~2) LD (uM)

PDAMS/Pt 70-400 0.9925 15.86 1.56
400-900 0.9915 6.76

PDAMS/PtNPs/Pt 87—700 0.9970 68.24 4.78
700-2500 0.9979 42.57

PMDUS/Pt 0-300 0.9995 1.32 56.17
300-1600 0.9990 1.06

PMDUS/PtNPs/Pt 0-800 0.9985 40.21 6.18

800-2100 0.9984 24.73
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De acuerdo a los resultados obtenidos, ambos polimeros muestran buena
sensibilidad y amplios rangos lineales, importantes para el desarrollo de
biosensores con enzimas deshidrogenasas inmovilizadas. En principio los
sensores deben servir para cualquier enzima deshidrogenasa, por lo que queda

abierta una linea de investigacion con otras enzimas.

Para la seleccion de la enzima se tuvo en cuenta que una de las principales
aplicaciones de biosensores basados en deshidrogenasas es la determinacion de
alcohol, wusando alcohol deshidrogenasa (ADH). La enzima ADH es
habitualmente utilizada para la determinaciéon de etanol en el control de
procesos de fermentacién y para el control de calidad de productos en distintas
industrias alimentarias,'* en la determinacion clinica de suero y orina, en células
de biocombustible metanol, etc. Los métodos clasicos como la refractometria,
densitometria o cromatografia de gases son métodos precisos y fiables, pero
son muy laboriosos y requieren separaciones previas gue consumen gran
cantidad de tiempo, y todas estas aplicaciones requieren métodos simples,
rapidos y baratos. Para reemplazar estos meétodos, se han desarrollado
diferentes biosensores basados en enzimas especificas de alcohol, como alcohol
deshidrogenasa o alcohol oxidasa, que se aplican para la determinaciéon de

alcohol en muestras complejas.'?

Por estas razones, ADH fue la enzima seleccionada y preparamos un
nuevo biosensor incorporando esta enzima inmovilizada mediante la técnica de

entrecruzamiento utilizando BSA y glutaraldehido.*®

La mayoria de los biosensores con ADH publicados estan enfocados a la
deteccidn de etanol, ya que una gran parte de los autores asumen que el etanol
es el mejor sustrato para la ADH. Sin embargo, los nuevos biosensores
ADH/PDAMS/PtNPs y ADH/PMDUS/PtNPs mostraron un sorprendente
comportamiento frente a la oxidacion de metanol, nunca antes observado para
biosensores de ADH, obteniendo una mayor respuesta frente al metanol que
frente al etanol. Cada uno de los polimeros hiperramificados tiene un
comportamiento distinto debido a su diferente estructura y espesor, junto a la

diferente difusion de los alcoholes de diferentes tamarfios a través del material
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electrodico. La diferente morfologia de las peliculas de PDAMS y PMDUS
condiciona la conformacion de la enzima, resultando una limitacion en el
transporte de masa adicional para PMDUS. Por otra parte, se ha podido
comprobar, mediante el empleo de diferentes alcoholes, como la respuesta del
biosensor disminuye a medida que aumenta el tamafio de la molécula de

alcohol.

Los biosensores de ADH desarrollados en este trabajo exhibieron
importantes caracteristicas cinéticas y analiticas, pero ademas ofrecen la
novedad de medir metanol muy eficientemente a potencial bajo 0.25 V (vs.

SCE) a pH neutro.

La discriminacién entre metanol y etanol tiene especial importancia para
la deteccion de adulteracion de bebidas alcohdlicas. En bebidas adulteradas, el
metanol se utiliza en lugar de etanol debido a que el metanol es mas barato,
pero es muy téxico para los seres humanos. Los biosensores desarrollados
miden ambos alcoholes juntos, pero es posible discriminar entre ambos debido
a las diferentes pendientes de sus rectas de calibrado a dos diferentes
potenciales de trabajo, 0.25 y 0.55 V (vs. SCE), midiendo con el electrodo
ADH/PMDUS/PtNPs. La tabla 2.3 muestra las rectas obtenidas para ambos

alcoholes a dichos potenciales.

Tabla 2.3. Ecuaciones de regresion lineal de calibrado

E vs. SCE(V) Alcohol Ecuacion R
0.25 Metanol 0.0529x + 0.0879 0.9981
) Etanol 0.0182x + 0.0080 0.9982
0.55 Metanol 0.0513x + 0.0387 0.9982
) Etanol 0.0324x + 0.0216 0.9992

Estas diferencias permitieron medir cantidades de etanol y metanol
(afadido) en muestras reales. El electrodo preparado con el polimero PDAMS

no presenta diferencias tan marcadas.

En relaciobn con la influencia de su estructura, los electrodos

ADH/PDAMS/PtNPs proporcionaron una sensibilidad un poco mejor, mientras
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que los ADH/PMDUS/PtNPs muestran una respuesta mas rapida (2 s vs 60
s) y un limite inferior de deteccion (80 uM para el metanol) y mejores rangos

lineales.

Los nuevos biosensores desarrollados han sido usados para medidas en
muestras reales de cerveza sin alcohol y vino tinto, demostrando que pueden

llevarse a cabo analisis sencillos sin tratamiento previo de las muestras.

2.1.6. APLICACION COMO SENSORES DE PARACETAMOL DE LOS
ELECTRODOS BASADOS EN DENDRIMEROS CON ESQUELETO DAB
FUNCIONALIZADOS CON GRUPOS AMIDOFERROCENO
DEPOSITADOS SOBRE NANOPARTICULAS DE PLATINO.

El paracetamol o acetaminofén es uno de los medicamentos mas
utilizados en la actualidad al ser un medicamento no carcinégeno y un sustituto
eficaz de la aspirina como remedio contra la fiebre, cefaleas, reuma, dolores de
articulaciones y migrafias. En dosis terapéuticas normales, el paracetamol es
rdpidamente metabolizado y eliminado por la orina,’* aunque una sobredosis
puede conducir a la acumulacion de téxicos metabdlicos, los cuales pueden
causar hepatotoxicidad y nefrotoxicidad.’® Por lo tanto, es muy importante
establecer nuevos métodos de deteccidon rapida de este medicamento en fluidos

humanos.

Se han utilizado una gran variedad de técnicas para la determinacion de
paracetamol como espectrofotometria,® volumetria,!” espectroscopia de
fluorescencia,!® cromatografial®y métodos electroquimicos. La ultima tendencia
en la deteccion de paracetamol es la incorporacion de nanoparticulas de platino,

oro,?° nanotubos de carbono?! y composites de Pd/grafeno.??

Ya se ha citado que los métodos electroquimicos, comparados con el resto
de técnicas, presentan la ventaja de su sencillez, su bajo coste y alta
sensibilidad, pero la respuesta del paracetamol en electrodos convencionales no
es muy buena, lo que limita su uso en analisis. Ademas, su potencial de

oxidacion es muy proximo al de otros analitos como el acido ascorbico u otros,
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que suelen estar presentes conjuntamente en algunos medicamentos y causan

interferencias.

El paracetamol presenta una reaccion de oxidacién electroquimica
bielectrénica en la que se produce N-acetil-p-quinoimina.?® Al liberarse dos

protones, esta reaccidon es dependiente del pH.

H,C

HsC
o - h>:O
-2e
HO NH — ——= (@) —
-2H

Esquema 2.1. Reaccién de oxidacion electroquimica del paracetamol.

Al igual que en el caso anterior, otro importante problema de la
determinacion electroquimica de paracetamol (y acido ascoérbico) con electrodos
convencionales es la adsorcion de los productos de la oxidaciéon sobre la
superficie del electrodo, lo que lleva a una pérdida de selectividad y
sensibilidad.?* Esta es la razén que ha llevado a utilizar electrodos modificados

para la determinacion de paracetamol en presencia de acido ascérbico.?®

Con el fin de reducir estos efectos, nos propusimos disefiar nuevos
electrodos modificados que pudiesen actuar como catalizadores de la oxidaciéon
directa de paracetamol, disminuyendo el potencial de trabajo, y evitar el
envenenamiento de los electrodos por los productos de adsorcion y hacerlo

inerte frente a sus principales interferentes.

Se estudid la cinética de la reaccion de oxidacion de paracetamol con
electrodos modificados con peliculas de amidoferrocenildendrimero de las tres
generaciones, sin y con PtNPs, mediante electrodo rotatorio de disco para evitar
la limitacion de la electrolisis por transporte de materia. Se eligieron los
electrodos preparados con amidoferrocenilo en lugar de los correspondientes
con grupos amina por mostrar los primeros mayor y mejor respuesta a la

oxidacion de paracetamol.
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Esquema 2.2. Reacciéon de oxidacion del paracetamol sobre la superficie de

los electrodos.

En este estudio se observd que la oxidacién del paracetamol en los
electrodos modificados no esta completamente controlada por el transporte,
pero esta parcialmente controlada por la catalisis cinética de la transferencia de
electrones. Los coeficientes de difusion obtenidos experimentalmente son
mayores que los descritos en la bibliografia para disolucién acuosa,?® esto
confirma que la cinética de la reaccibn no estd controlada por procesos
difusionales, y que la catalisis electroquimica tiene lugar en la superficie del
electrodo modificado, donde tiene Ilugar la reaccibn de oxidacion del

paracetamol.

Cabe destacar que se han obtenido valores de D, inferiores para los
electrodos modificados con PtNPs y dendrimero que con los modificados
solamente con dendrimero. Este hecho se ha atribuido a la menor
homogeneidad que presentan los electrodos modificados por PtNPs en su
superficie. Sin embargo, como se ha podido observar, estas superficies menos
homogéneas no han afectado a la constante de la velocidad, que es mayor para

los electrodos modificados con PtNPs.
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Al estudiar las tres generaciones de dendrimero, se observé una mejor
respuesta cinética en el electrodo modificado AMDS5/PtNPs (quinta
generacion), por ello se estudiaron sus caracteristicas analiticas a pH 7.0
mediante la medida amperométrica de sucesivas adiciones de paracetamol a

diferentes potenciales.

Tabla 2.4. Estudio analitico de la deteccidon de paracetamol.

(V vs Rango lineal Ecuaciones (JA vs. UM) R? LD

SCE) (HM) (HM)

0.40 0-3550 y = (0.001 + 0.002)x + (0.005 =+ 0.001) 0.9991 3.45
3550-17550 y=(7.010"%*x2 - -10"%x + (1.22 +£0.02) 0.9983

0.45 0-700 y = (0.004 £ 0.001)x + (0.029 = 0.003) 0.9992 0.27
700-3500 y = (0.003 = 0.002)x + (0.742 = 0.001) 0.9985
3500-14000 vy = (8.0-107% = 3-107%)x + (1.775 = 0.002) 0.9973

0.50 0-100 y = (0.013 £ 0.001)x — (0.003 = 0.002) 0.9994 0.24
100-1000 y = (0.010 = 0.002)x + (0.645 =+ 0.004) 0.9962
1000-4000 y = (0.006 + 0.002)x + (4.433 = 0.003) 0.9929
4000-10000 vy = (0.004 = 0.002)x + (14.949 + 0.01) 0.9942
10,000 — — y = (0.002 += 0.003)x + (26.6 = 0.007) 0.9977

0.60 0-200 y = (0.016 = 0.003)x + (7-107* = 5-107%) 0.9949 0.20

En la tabla 2.4 se muestra la respuesta de nuestro sensor. Cabe destacar
los amplios rangos de respuesta lineal de los electrodos, mucho mejores que los
descritos en la bibliografia, con buenos coeficientes de correlacion. Estos
sensores presentan ademas bajos limites de deteccibn y una sensibilidad
bastante aceptable, teniendo en cuenta su sencillez. La respuesta de los
electrodos se mantuvo estable con el paso del tiempo, manteniendo un mes

después el 95% de su respuesta inicial.

Para completar la caracterizacion y puesta a punto de estos sensores, se
realizaron estudios con los principales interferentes del paracetamol, como acido
ascorbico, glucosa, dopamina y urea. Se realizaron medidas amperométricas a
potencial 0.5 V (vs. SCE) en presencia de concentraciones 500 veces superiores
de dopamina, acido urico y glucosa, comprobando que no interfieren en la media
de 8 UM de paracetamol. Sin embargo, en el caso del acido ascoérbico,
concentracion 500 veces superior a la de paracetamol origina un incremento de

un 20% sobre la sefal, constituyendo una importante interferencia.
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Para evitar esta interferencia se utilizé voltametria diferencial de pulsos
(DPV), con la intenciéon de conseguir la resoluciéon de ambos picos. Mediante
esta técnica no solo se observa la resolucion de los picos con separacion
suficiente, sino que también podemos observar que al aumentar la
concentracion de paracetamol, disminuye la intensidad del pico correspondiente
a acido ascorbico, hasta su desaparicion total para una relacion de
concentraciones de paracetamol/4cido ascorbico de 0.3. Este fenOmeno puede
achacarse al hecho de que la oxidacién del paracetamol tiene lugar sobre la
superficie del electrodo, por lo que a partir de una determinada concentracion,
el paracetamol bloquea la entrada de acido ascérbico debido a la rapida reacciéon

gue presenta.

Finalmente se estudid la aplicaciéon de nuestro sensor para la deteccion
de paracetamol en muestras reales de diferentes preparados farmacéuticos
comerciales sin y con acido ascorbico (Gelocatil, Dolocatil y Efferalgan Vitamina
C). En la tabla 2.5 se puede observar que se ha obtenido una gran
reproducibilidad, detectando con una gran precision la concentraciéon de

paracetamol presente en fArmacos comerciales.

Tabla 2.5. Estudio de deteccién de paracetamol en muestras reales.

Muestra [PCT] A (mQ) [PCT] D (mg) Recuperado %RSD
126.56 99.01 1.9
Gelocatil 129.25 101.11 2.0
PCT 1000 mg 127.83 127.92 100.07 1.5
127.36 99.63 1.3
128.00 100.13 1.9
Dolocatil 133.57 100.62 2.0
PCT 1000 mg 132.75 133.87 100.84 1.5
155.27 102.67 1.6
Efferalgan Vit C 151.23 152.00 100.51 1.5
PCT 330 mg AA 200 mg ) 152.33 100.73 1.8

En esta parte de la investigacion se ha demostrado que la incorporacion
de nanoparticulas de Pt nos ha permitido desarrollar nuevos sensores de
paracetamol mas eficientes y sensibles debido a su superficie eficaz
incrementada y al efecto sinérgico catalitico con los grupos ferroceno que
interactian, se han probado en la medida de muestras reales obteniendo

excelentes resultados.
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2.1.7. PUBLICACIONES GENERADAS Y TAREAS REALIZADAS

Todos los resultados obtenidos en este apartado se muestran en las

siguientes publicaciones:

Articulo 1. Amperometric biosensors for NADH based on hyperbranched
dendritic ferrocene polymers and Pt nanoparticles, publicado en: Sensors
and Actuators B-Chemical, 2014, 190, 111. Autores: Almudena Jiménez, M. Pilar

Garcia Armada, José Losada, Carlos Villena, Beatriz Alonso, Carmen M. Casado.

Tareas realizadas por Carlos Villena Morales:
- Estudios cinéticos de los electrodos sin y con nanoparticulas de platino.

- Estudio de la cinética de los biosensores.

Articulo 2. New acetaminophen amperometric sensor based on
ferrocenyl dendrimers deposited onto Pt nanoparticles, publicado en:
Journal of Solid State Electrochemistry, 2016, 20, 1551. Autores: M. Pilar Garcia
Armada, Eduardo Vallejo, Carlos Villena, José Losada, Carmen M. Casado,

Beatriz Alonso.

Tareas realizadas por Carlos Villena Morales:

- Sintesis y caracterizacion de los dendrimeros.

- Preparacion de superficies electrodicas con dendrimeros sin y con
nanoparticulas de platino.

- Estudios cinéticos de todos los electrodos sin y con nanoparticulas de platino.

- Estudio analitico de determinacion de paracetamol.

- Estudios de interferencias y medidas en muestras reales.
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2.2. SINTESIS DE NANOPARTICULAS DE ORO INTERDENDRITICAS E
INTRADENDRITICAS UTILIZANDO DENDRIMEROS
ELECTRODPOSITADOS SOBRE ELECTRODOS COMO PLANTILLA'Y
SUS APLICACIONES EN CATALISIS

Otro de los objetivos de esta Tesis Doctoral, quiza el de mayor
trascendencia, fue preparar superficies electrodicas modificadas con
nanoparticulas de oro (AuNPs), de tamafios controlados, obtenidas sobre
peliculas de dendrimeros electrodepositados, usados como plantilla, y estudiar

sus aplicaciones cataliticas.

Basandonos en las distintas metodologias de formacioén de nanoparticulas
metalicas encapsuladas en dendrimeros (DENs) descritas en la bibliografia, y
tomando como referencia los estudios de R. Crooks?’ por la similitud de sus
esqueletos dendriticos y de D. Astruc?® por sus dendrimeros funcionalizados con
ferrocenos, decidimos aplicar métodos similares a los que utilizaron estos

autores para obtener nanoparticulas de oro en suspension coloidal.

Para llevar a cabo esta fase de la investigacion, decidimos emplear los
dendrimeros con esqueleto dendritico DAB y funcionalizados con
amidoferroceno, AMD1, AMD3 y AMD5, ya descritos anteriormente, y DAB-1-
(NHCH2Fc)4, DAB-3-(NHCH2Fc)16, DAB-5-(NHCH2FC)e4, sintetizados de acuerdo a
procedimiento ya descrito,?® denominados respectivamente AMN1, AMN3 y
AMNS.

Se decidié aplicar un procedimiento similar al utilizado en disolucién tanto
por D. Astruc como por R. Crooks, mediante un proceso de dos etapas, captacion
y coordinaciéon de los iones metalicos a los puntos activos de la pelicula de
dendrimero y reduccién quimica de los iones capturados para generar
nanoparticulas encapsuladas dentro de cada macromolécula o, mas grandes,

ubicadas en los huecos entre dendrimeros.
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Como ya se ha citado, decidimos utilizar los electrodos modificados con
los dendrimeros con grupos amida y amina de tres generaciones, para estudiar
posibles diferencias en cuanto a la estructura de las peliculas y/o coordinacion
de los iones metalicos, esperando que las generaciones inferiores produjeran
nanoparticulas estabilizadas entre distintas moléculas de dendrimero
(interdendriticas) mientras que los dendrimeros de mayor tamafo permitieran
obtener mayoritariamente nanoparticulas de mucho menor tamarnio,
estabilizadas en el interior de los dendrimeros (intradendriticas), tal y como se

muestra en el esquema 2.3.
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Esquema 2.3. Esquema de formacion de los DENSs.

Para sintetizar las AuNPs, en primer lugar se modificaron electrodos de
disco de Pt con los distintos dendrimeros a potencial constante de 1.0 V (vs.

Ag/Ag"), como ya se explicé anteriormente.
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En la primera etapa, se sumergieron los electrodos modificados en una
disoluciéon agitada de HAuCl, 0.1 mM para provocar la interacciéon entre el Au'!
y los N del esqueleto dendritico durante 10 min. A continuacion, y para asegurar
la completa eliminacion de la pelicula de los iones no coordinados, se
sumergieron los electrodos en agua desionizada agitando vigorosamente
durante otros 10 minutos. En la segunda etapa, se introdujeron los electrodos
durante 10 min en una disolucion agitada de NaBH. 0.1 mM/NaOH 0.3 M,
teniendo el NaOH la funcién de disminuir la velocidad de reaccion.*° Por ultimo,

se lavan los electrodos de nuevo del mismo modo que al finalizar la etapa 1.

En el caso de los dendrimeros AMN1, AMN3 y AMNS5, para evitar la
reduccidon masiva de los iones oro por el ferroceno, descrita anteriormente por
Astruc,3! se protegieron dichos grupos mediante oxidacién electroquimica
previa, en un medio méas coordinante que el anién AuCls", como el CI" (a 0.55 V
(vs. SCE) en KCI 0.1 M).

En los dendrimeros AMD1, AMD3 y AMD5 no fue necesario realizar
ningun pretratamiento debido a que el efecto electro-atrayente del grupo amida

desplaza el potencial de oxidaciéon del ferroceno hacia valores mas positivos.

Una vez obtenidos los seis tipos de electrodos, se procedié a la
caracterizacion electroquimica, espectrofotométrica y morfolégica de los
mismos. La gran dificultad de este trabajo reside en la medida del tamafio de
las AuNPs. En medio homogéneo la medida de los tamafos de NPs se realiza
mediante microscopia electronica de transmision (TEM), la técnica mas utilizada
para caracterizar nanoparticulas de pequefio tamarfio. Sin embargo, en nuestro
caso no pudimos utilizar esta técnica debido a la imposibilidad de preparar los
electrodos sobre las rejillas de cobre, que no resisten los potenciales de

deposicion de los dendrimeros.

Con el fin de estimar el tamafio de las nanoparticulas sintetizadas a partir
de las diferentes plantillas dendriticas, fue necesario utilizar distintas técnicas
como voltametria, microscopia de fuerza atébmica, microscopia electronica de

barrido, y espectrofotometria.
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El estudio electroquimico de electrodos modificados permitio observar las
ondas caracteristicas de la oxidacién de la superficie del oro, que aparecen en
torno a 1 V, y la correspondiente reduccion de la monocapa de 6xido
adsorbido,®2 en un rango de potencial entre 0.55 y 0.58 V. Estas ondas tan
caracteristicas confirman que las NPs se encuentran en la superficie del
electrodo y son electroquimicamente activas. A través de la integracion del pico
de reduccién se pudo calcular el area real de oro sobre el electrodo aplicando la

conversion mas aceptada de 390 yC/cm?2.33

La medida del espesor de las peliculas de dendrimero depositadas nos
permite establecer una relacion entre los grupos ferroceno y los adtomos de
nitrégeno, para de este modo calcular el n® de atomos de nitrégeno presentes
en la pelicula. A la vez, considerando que las AuNPs presentan una estructura
esférica podemos calcular su area y compararla con la obtenida
experimentalmente. Este estudio demuestra una muy buena correlacion entre
el nUmero de atomos de nitrégeno de las peliculas y el numero estimado de

atomos de oro depositados.

Por otro lado, es sabido que la formacion de nanoparticulas de oro sigue
un patron de niumero de atomos de oro/nanoparticula de tal manera que las
nanoparticulas formadas constan de unos determinados numeros de atomos
preferentes. Estos son los llamados ndmeros magicos,** y teniéndolos en
cuenta, es posible realizar una estimacion de los posibles tamafios que pueden
formarse. Comparando los datos electroquimicos con estas estimaciones se
aprecia claramente una tendencia hacia la formacion de nanoparticulas mas
pequefas al aumentar la generacion de los dendrimeros, afirmando la hipétesis
de la formacién de nanoparticulas intradendriticas encapsuladas en la cavidad
del dendrimero, y nanoparticulas interdendriticas estabilizadas en huecos entre

distintos dendrimeros, del mismo modo que en medio homogéneo.

A continuacion se realizé la caracterizacion espectrofotométrica, con el fin
de observar la banda de plasmon caracteristica que presentan las nanoparticulas
metalicas. Efectivamente, en los seis casos aparecié una pequefa banda de
plasmén superficial (5620, 540 y 548 nm para Au-AMN1, Au-AMN3 y Au-
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AMNS; y 533, 527 y 569 nm para Au-AMD1, Au-AMD3 y Au-AMD5
respectivamente), localizada en el rango de longitud de onda descrito en la
bibliografia para AuNPs de ese tamafo,® que confirma la presencia de AuNPs y
nos aproxima que la estimacion de tamafos es correcta, aunque no permite

afinar el tamafio de las nanoparticulas.

Para completar los estudios realizados a los electrodos, se utilizaron la
microscopia de fuerza atbmica (AFM) y las microscopias electrénicas de barrido
(SEM) y de barrido de alta resolucion (HRSEM).

Aungque AFM tampoco es la técnica ideal para el estudio de peliculas de
dendrimero ya que, incluso con puntas ultrafinas y el modo tapping, durante el
contacto con la pelicula, se va acumulando cierta masa de dendrimero que va
aumentando el radio de la punta, lo que provoca distorsion de las medidas. No
obstante, esta técnica nos ha permitido estudiar la densidad y la rugosidad de
las peliculas y observar cémo las peliculas se hacen mas compactas después de
modificarlas con AuNPs. La compactaciéon de las peliculas aumenta al aumentar
la generaciéon de los dendrimeros y las peliculas de los dendrimeros AMD1,
AMD3 y AMDS5 son mas densas y su incremento con la generacion es mas
pronunciado que las de los dendrimeros AMN1, AMN3 y AMNS5, probablemente
debido a las mayores fuerzas intermoleculares que presenta el grupo amida. El
aumento de densidad con la generacién se explica porque, segun se ha descrito
anteriormente, ¢ los dendrimeros de primera generaciéon depositados son mas
rigidos, mientras que los de generacibn 4 Yy superiores presentan un
comportamiento viscoelastico y las generaciones intermedias presentan
comportamiento intermedio. Este comportamiento es el responsable de un
aplanamiento de los dendrimeros y, en consecuencia, del aumento de la

densidad.

Después de formar las AuNPs se observa en la 12 generacion un gran
incremento en la compactacion de la pelicula, sin embargo este fendbmeno es
mucho menos pronunciado en los dendrimeros de 32 y sobre todo de 52
generacion, debido a la formacién de AuNPs intradendriticas, de menor tamario,

en el interior de las cavidades internas de los dendrimeros, haciendo que el
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efecto observado de la compactacion sea menor. Al disminuir el tamafio de las
AuNPs, disminuye también la posibilidad de adsorcion de atomos de nitrégeno
de dendrimeros en la superficie de las nanoparticulas, disminuyendo la
posibilidad de sus efectos de aplanamiento y aumento de densidad. La diferencia
de comportamiento entre las quintas generaciones de amino Yy
amidoferrocenildendrimero se explican por la menor porosidad de las peliculas
de amidodendrimero, que permiten una distribucion mas profunda de aniones
en el interior de la pelicula y que aumentan la compacidad de sus peliculas tras

la formacion de las AuNPs.

Para completar el estudio morfolégico de los electrodos, se modificaron
hilos de Pt siguiendo el mismo procedimiento y se sometieron a inspeccion
mediante microscopio electronico de barrido de alta resolucién. Las
micrografias, mostradas en la figura 2.6, mostraron que el tamafo de las
nanoparticulas es marcadamente decreciente al aumentar la generacion de los
dendrimeros (tabla 2.6). En el caso de los dendrimeros de 12 generacion se
observa que se obtienen nanoparticulas ligeramente mayores para AMD1 que
con AMN1, lo que lleva a pensar que el tamafo esta controlado por la densidad
la pelicula ademas de por la concentracién de oro coordinado en la misma. Esto
puede estar causado por un intercambio entre el contraion del grupo ferricinio
(cloruro) por tetracloroaurato. Al aumentar la generacién este efecto se hace

menor debido a que los grupos ferroceno van estando menos accesibles.

Las peliculas de los dendrimeros de 32 generacidn presentan
nanoparticulas de menor tamafio y menor dispersion que las de 1 generacion,
debido a que los huecos entre las moléculas de dendrimero son menores, y

probablemente mas regulares.

Finalmente las AuNPs obtenidas con peliculas de dendrimeros de 52
generacion presentan muy poca dispersion y tienen un tamafio muy pequefio.
No se pueden medir con exactitud debido a que la maxima resolucién del cursor
del microscopio es de 3.5 nm. Sin embargo, comparando con nanoparticulas
visualmente mayores, que el cursor mide como 3.5 nm, es posible asignar,

también visualmente, a las mas pequefias un tamafio entre 1 y 2 nm.
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Figura 2.6. Imagenes de SEM hilos modificados con dendrimero y AuNPs.

Tabla 2.6. Tamafios de las AuNPs medidos por HRSEM. *Calculado de los datos
obtenidos por AFM.

Electrodo Densidad* (g Tamafio max Tamaho Tamafio mas
cm™3) (nm) min (nm) frecuente (nm)
Au-AMN1 0.003 100 5 80
Au-AMN3 0.025 36 9 23
Au-AMN5 0.042 25 1-2 1-2
Au-AMD1 0.002 66 5 60
Au-AMD3 0.046 50 7 37

Au-AMD5 0.123 25 1-2 1-2
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Como conclusién, basandonos en todos los estudios realizados, podemos
decir que los dendrimeros de 12 y 32 generacién dan lugar mayoritariamente a
AuNPs interdendriticas, donde el control del tamafio es mas complejo; mientas
que los dendrimeros de 5% generacion forman en su mayoria AuUuNPs

intradendriticas de tamafios entre 1 y 2 nm.

El limite de este tipo de sintesis estd en el tamafio de los huecos
intradendriticos y el impedimento estérico de los grupos funcionales periféricos,
ya que la penetracion del reactivo estara estéricamente impedida en

generaciones superiores a la sexta.®’

2.2.1. APLICACIONES CATALITICAS DE LAS SUPERFICIES
ELECTRODICAS PREPARADAS

Una vez obtenidas las distintas superficies electrocataliticas, resulta muy
interesante estudiar diferentes aplicaciones en las que el tamafo de las AuNPs
influye en la catalisis, como el caso de la reaccidén de reduccidén de oxigeno o la
oxidacion de dopamina. También nos parecié de gran interés el estudio de la
catdlisis de la oxidaciéon y reaccion del peréxido de hidrégeno para abrir una

nueva linea de produccion de biosensores con enzimas oxidasas.

Adicionalmente, los dendrimeros que albergan nanoparticulas
intramoleculares presentan una caracteristica prometedora. El analito debe
penetrar dentro de la estructura y la reaccion debe producirse en el espacio
intradendritico en que se encuentra la AuNP, por lo que el tamafo del
dendrimero controla la entrada del reactivo, actuando como un filtro

nanoscopico selectivo de la actividad catalitica.

2.2.2. CATALIZADOR DE REACCION DE REDUCCION DE OXIGENO
(ORR)

Los electrodos preparados se estudiaron como catalizadores de la
reacciéon de reduccion de oxigeno (ORR), siempre en el punto de mira para la

preparaciéon de pilas de combustible mas eficientes. El oxigeno es considerado
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el mejor combustible limpio debido a su abundancia y su alto potencial redox

para formar agua.

Los mejores catalizadores de la ORR son generalmente nanoparticulas de
Pt o Au@Pt. Se ha demostrado que el tamafo de las nanoparticulas tiene efecto
sobre la cinética de la ORR, ya que la cinética de la ORR disminuye al disminuir
el tamafo de las nanoparticulas.®* Sin embargo, recientemente se ha probado
que las AuNPs con tamafo inferior a 2 nm, con una estrecha distribucién de
didmetros, depositadas en soportes conductores, presentan una alta actividad
catalitica para la ORR y se consideran como una alternativa al catalizador de

nanoparticulas de platino.3®

Basados en los resultados de estos trabajos, pensamos que el estudio de
la catalisis de la reduccién de oxigeno no solo representa una aplicacion de las
superficies desarrolladas, sino que nos aportan informacién sobre la distribucidon
y tamafo de las nanoparticulas obtenidas. De acuerdo a la ultima referencia,
los desarrollos con las plantillas de quinta generacion deberian ser los &s

adecuados para catalizar la ORR.

El estudio de la actividad catalitica se realiz6 con los electrodos
modificados con peliculas de los dendrimeros AMN1 y AMNS5, sin y con AuNPs.
Se seleccionaron los dendrimeros con grupos amina debido a que presentaban
mayor eficiencia catalitica. El dendrimero de 32 generacién (AMN3) mostré un

comportamiento similar al de 12 generacion.

Los electrodos preparados con peliculas de los dendrimeros, debido a su
funcionalizacion con ferroceno, presentaron buen comportamiento catalitico
para la reaccion de reducciéon de oxigeno, pero la modificacion con AuNPs mejoro
significativamente la eficiencia catalitica. Efectivamente, se demostré que los
electrodos con AuNPs intradendriticas, las mas pequefias, son mas eficientes
que las interdendriticos obtenidas con las generaciones 12y 32, de acuerdo con

la bibliografia.
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Los voltamogramas obtenidos con electrodo rotatorio de disco mostraron
que la reaccion de reduccién comienza a un potencial de 0.00 V (vs. SCE) incluso
a bajas velocidades de rotacion. Este valor es bastante mas bajo que los

descritos en la bibliografia para AuUNPs.

Como ya se ha citado, la ORR es un tipo de reaccién sensible a la
superficie, en la que el tipo de material del electrodo afecta enormemente a la
actividad catalitica. La mayoria de los estudios han demostrado que en
electrodos de oro en medio acido, ocurre la reducciéon de oxigeno bielectrénica
a bajos sobrepotenciales. De hecho se han publicado catalizadores basados en
AuNPs que permiten, bien la reduccién bielectréonica de oxigeno, o bien la
reduccion tetraelectronica como una sucesion de dos pasos bielectronicos, con
peréxido de hidrégeno como especie intermedia.*° Muy recientemente ha sido
publicado un catalizador de ORR de alto rendimiento basado en nanoclusters de
oro soportados sobre nanohojas de carbono que muestra la reduccion de
oxigeno tetra-electrénica en un Unico paso.** En nuestro caso, para los
electrodos preparados con dendrimero AMNS5 como plantilla, se observo
reaccion bielectrénica en un margen de potenciales entre -0.11 y -0.15, vy
tetraelectrénica a partir de -0.20, demostrando la alta eficiencia del catalizador

desarrollado.

Con respecto al estudio cinético, los electrodos preparados con
dendrimero AMNS5 como plantilla mostraron una cinética méas rapida que los
preparados con los dendrimeros AMN1 o AMNS3. Esta diferencia se debe
exclusivamente a las AuNPs, ya que en las peliculas formadas Unicamente por

dendrimeros no se observa diferencia.

Por ultimo, los electrodos preparados fueron estables al menos durante
un mes ya que no se observé pérdida de actividad ni formacién de agregados

de las nanoparticulas.
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2.2.3. SENSOR DE DOPAMINA

La dopamina (DA) es un neurotransmisor producido en el sistema
nervioso central y en la medula suprarrenal y desempefia un papel muy
importante en muchas funciones del cerebro.*? Interviene en el funcionamiento
de los sistemas renal, hormonal y cardiovascular y su deficiencia puede llevar a
enfermedades como parkinson, esquizofrenia o alzheimer. Unos niveles
anémalos de DA pueden ser indicativo de enfermedades graves como cancer,

estrés extremo y ansiedad o lesiones en las glandulas suprarrenales.

La DA es un compuesto electroactivo, lo que le permite detectarlo
mediante técnicas electroanaliticas, aunque uno de los principales problemas
asociado a este tipo de deteccidon es que su potencial de oxidacién sobre
electrodos convencionales es muy proximo al de sus principales interferentes,
acido ascorbico (AA) y acido urico (AU), teniendo en cuenta que la concentracion
normal de dopamina en orina es aproximadamente 100 veces menor que la
concentracion de acido Urico.*® Ademas, como en otros casos anteriores, nos
encontramos ante posibles problemas derivados de la adsorcion de los
productos de su oxidacibn que pueden causar envenenamiento de los

electrodos.

Las propiedades tamafno-dependientes de las AuNPs, han generado
interés creciente para la fabricacion de electrodos modificados para la
determinaciobn de DA, que aporten mayor sensibilidad, selectividad y
reproducibilidad. En este sentido, hay algunas contribuciones interesantes
realizadas en los ultimos afios. Por ejemplo, se han publicado sensores de
dopamina basados en AuNPs obtenidos con diferentes polimeros,** grafeno,*
en monocapas autoensambladas,*® etc.#’ Sin embargo, dada la diferencia de
materiales base y tamafios no se ha asignado una relaciéon concreta entre la

eficiencia de estos sensores y el tamafio de las AuNPs.

La oxidacion de dopamina sigue un camino de pérdida de dos electrones
y dos protones para dar lugar a dopamina-o-quinona (Figura 2.4). Al igual que

en los trabajos anteriores, se hizo necesario estudiar el posible efecto catalitico
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del ferroceno para observar la catalisis debida a las AuNPs. Por esta razén se
realizaron estudios cinéticos, analiticos y de interferencias tanto de los

electrodos con AuNPs como de los modificados s6lo con dendrimeros.

NH,

+2H*

NH,

Esquema 2.4. Proceso redox de la molécula de dopamina.

En esta nueva aplicacion, la familia de amidoferrocenildendrimeros
mostré mejor comportamiento frente a la oxidacion de dopamina, y tampoco se
observd gran diferencia entre las plantillas formadas por dendrimeros de
primera y tercera generacion, por lo que el estudio se circunscribié a las
plantillas con dendrimeros de 12 y 52 generacion (AMD1 y AMDS5) que
modificados con oro formaron nanoparticulas interdendriticas e intradendriticas

respectivamente.

Del mismo modo que sucedid con la reaccién de reduccion del oxigeno,
los electrodos modificados con dendrimero resultaron buenos catalizadores de
la reaccion de oxidacion de la dopamina, y la modificacion con AuNPs mejoro

notablemente sus propiedades.

En el estudio cinético de los electrodos modificados con AuNPs, se observo
un comportamiento similar al mostrado por los modificados con dendrimeros,
estudiados y descritos en el sensor de paracetamol. Muestran diferencias de
potenciales de pico practicamente constantes a cualquier velocidad entre 0.1 y
5 V.sl, indicando que tampoco tienen limitaciones cinéticas. También los
electrodos modificados con AuNPs mostraron un cambio de comportamiento

lineal de i, frente a la velocidad de barrido, que resulté proporcional a v'/2,
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permitiendo el célculo de los coeficientes de trasferencia de carga, que
resultaron ser de dos 6rdenes de magnitud superior al obtenido con los

electrodos modificados solamente con los dendrimeros.

La onda de oxidacion de dopamina, en el caso de los electrodos
modificados con dendrimeros, no coincide con la oxidacion del mediador, lo que
indica la existencia de interaccion entre la dopamina y los grupos amida y amina
presentes en el dendrimero que dan lugar a la formacién de un complejo

intermedio de acuerdo al siguiente esquema:

Fc(AMD) + DA — Fc(AMD)-DA
Fc(AMD)-DA — Fc(AMD) + DA-o-quinone + 2H* + 2e-

Sin embargo, este comportamiento varia en funciéon del grosor de las
peliculas de dendrimero. Al aumentar el grosor de las peliculas aparecen
limitaciones derivadas de la ineficiente propagacion de carga a través de la
pelicula que dificulta la transferencia electrénica y va desapareciendo la onda
catalitica observada en peliculas mas finas. Sin embargo aparece una nueva
onda de oxidacion al mismo potencial del sistema redox ferroceno/ferricinio y
se produce un aumento sustancial del pico anddico del ferroceno y una
disminucion del pico catédico, como corresponde a un proceso catalitico. Este
cambio de comportamiento indica un cambio en el mecanismo de la oxidacion

de la dopamina, que pasa a suceder a través de un nuevo esquema:

2Fc(AMD)Y + DA —— 2Fc(AMD) + DA -o-quinone + 2H*

-les

Los valores de la constante de velocidad obtenidos, para recubrimientos
no muy gruesos de pelicula, mediante estudios con electrodo rotatorio, fueron
dependientes de la concentracion, confirmando la formaciéon de un complejo de

transferencia de carga entre el ferroceno y la dopamina.
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En los electrodos modificados con AuNPs, se observa como la presencia
de AuNPs disminuye el potencial de oxidacidon y provoca un aumento en la
intensidad del pico, mejorando la eficiencia catalitica de los electrodos
modificados solamente con dendrimeros. Se estudiaron electrodos de distintos
recubrimientos (1.0x107'° - 5.0x10"° mol Fc/cm?) y, a diferencia de los
electrodos sin AuNPs, la oxidacion resulté independiente del recubrimiento de la
pelicula. Asi mismo, las constantes de velocidad obtenidas mediante estudios
con electrodo rotatorio fueron independientes de la concentracion, indicando un
cambio del lugar en el que ocurre la oxidacion de la dopamina, que ahora ocurre

principalmente en la superficie de las AuNPs.

El estudio analitico de los diferentes sensores se realiz6 a pH 7.0
utilizando las técnicas de cronoamperometria y voltametria diferencial de
pulsos. En la tabla 2.7 se recogen los resultados, que son acordes con los
obtenidos en el estudio cinético, mostrando una mejor respuesta los electrodos
con nanoparticulas interdendriticas, de mayor tamafo, es decir, el electrodo

modificado con AuNPs obtenidas con el dendrimero AMD1 como plantilla.

Tabla 2.7. Estudio analitico de dopamina.

r A Rango
Electrodo (mol E (Vvs. SenS|b|I|da<: Iineil R? LD
Fe/cm?) SCE) (MA/mM cm?) (UM) (UM)
AMD1 1.1-10°° 0.30 308.6 0-550 0.9928 2.4
AMDS5 9.6-1071° 0.30 304.3 0-550 0.9905 2.7
585.7 0-70 1 0.01
Au-AMD1 7.5.10"10 0.30 466.0 70-600 0.9981
314.3 600-1000 0.9968
0.25 345.3 0-400 0.9946 0.02
0.20 218.2 0-200 0.9960 0.04
Au-AMD5 3.9.10-10 0.30 330.0 0-200 0.9965 0.1
0.25 142.8 0-300 0.9971 0.2
0.20 72.5 0-200 0.9983 0.8

El estudio analitico de los diferentes sensores se realiz6 a pH 7.0
utilizando las técnicas de cronoamperometria y voltametria diferencial de
pulsos. En la tabla 2.7 se recogen los resultados, que son acordes con los

obtenidos en el estudio cinético, mostrando una mejor respuesta los electrodos



70 Resumen y discusion de los resultados

con nanoparticulas interdendriticas, de mayor tamano, es decir, el electrodo

modificado con AuNPs obtenidas con el dendrimero AMD1 como plantilla.

Por dltimo se realizé el estudio de interferencias y la aplicacion a muestras
reales. Los principales interferentes para la deteccién de la dopamina son el
acido ascorbico y el acido arico, por lo que se estudié mediante DPV la respuesta
del electrodo 6ptimo frente a estos analitos, observando los picos de potencial
de oxidacion de AA 'y AU a 0.24 y 0.45 V (vs. SCE) respectivamente. Cabe
destacar la poca sensibilidad frente a ambos analitos, 55.86 y 12.19 pA/mM cm-
2 respectivamente, en contraposicion a la sefial de 651.17 pA/mM cm2 obtenida
por la dopamina. Por ello, en presencia de 0.2 mM de AA se consiguio llevar a
cabo la deteccién de dopamina en un rango de concentracion de 10-60 pM con
un limite de deteccion de 0.13 pM, ligeramente superior al observado en
ausencia de AA. A continuacion se estudid la deteccibn de dopamina en
presencia de 0.2 mM de AAy 0.2 mM de AU, mostrando resultados similares a
los obtenidos en ausencia y presencia de AA, pero con un ligero aumento del
limite de deteccion hasta 0.20 puM. Hay que hacer notar que el sensor
desarrollado sirve también como sensor de AA y AU, aungue con menores

sensibilidades.

Estos resultados nos mostraron las posibilidades de aplicar el sensor para
realizar medidas en dos tipos de muestras reales: orina humana y un preparado
comercial de dopamina inyectable. En ambos casos, se determind la

concentracién de dopamina con suficiente exactitud y precision.

En base a los resultados obtenidos en la determinacién de dopamina, se
considera que son dispositivos ideales por su menor complejidad en relacién con
otros descritos en la bibliografia. Ademas, estos electrodos mantuvieron una

respuesta estable y presentaron una excelente reproducibilidad y estabilidad.

2.2.4. SENSOR DE PEROXIDO DE HIDROGENO

La dltima aplicacion desarrollada fue para la catélisis de las reacciones de

oxidacion y reduccién del perdxido de hidrégeno. El estudio de la actividad
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catalitica del sensor se realiz6 con los electrodos modificados con peliculas de
los dendrimeros AMN1, AMN3 y AMNS5, sin y con AuNPs. Este trabajo se
encuentra en preparacion y no ha sido enviado todavia para su publicacion
porgque decidimos incluir un estudio de simulacién molecular de los dendrimeros
que probara que los huecos disponibles en su interior y exterior resultan
coherentes con los tamafos de las nanoparticulas obtenidas. Dicho estudio,
realizado por el profesor del Departamento de Ingenieria Quimica Industrial y
del Medio Ambiente de la E. T. S. I. Industriales Salvador Le6én Cavanilles, acaba
de concluir, se encuentra en fase de redaccién y esperamos que pronto pueda

ser incorporado al manuscrito para su publicacion.

Aunque este trabajo no constituye una publicacion a unir al compendio,

considero importante incluir agui un breve resumen de los resultados obtenidos.

10
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Figura 2.7. CVs obtenidos con electrodos modificados con Au-AMN1
('=1.7-10"°mol Fc cm~2), Au-AMN5 (I'= 6.35-10%mol Fc cm™2), AMN1(I'=
1.04-107° mol Fc cm~2), AMN5 (I’ = 5.32-107*mol Fc cm~2) y con un electrodo
limpio de platino, en presencia de H>O» 2 mM en PBS pH 7.0 a velocidad de
barrido de 20 mV s™1.

La figura 2.7 muestra los ciclovoltamogramas obtenidos con los cuatro
electrodos modificados para la reduccion de perdxido de hidrégeno. Ya sobre
los electrodos modificados solamente con dendrimero, la reduccion de H2O2

comienza a potenciales bajos, incluso positivos, con intensidad muy alta en
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comparacion con un electrodo no modificado y la intensidad de pico ip crece

linealmente con el incremento de la concentracion.

Como puede observarse, la corriente mejora mucho para los electrodos
que contienen AuNPs. La eficiencia calculada sobre la respuesta del Pt limpio es
del 490%, 914%, 1010%, 1070% para los electrodos modificados con AMN1,
AMNS5, Au-AMN1 y Au-AMNS5 respectivamente. Este comportamiento es
caracteristico de una reaccion electrocatalitica y vemos como la eficiencia es

mucho mayor para los electrodos que contienen oro.

El mecanismo de la reducciéon de peréxido de hidrogeno mostré en todos
los casos una dependencia con la concentracion, y los CVs obtenidos para
concentraciones > 2 mM presentan evidentes diferencias con los obtenidos a
concentraciones menores. Cuando se alcanza una concentracion de H»>O, 2 mM
se aprecia la aparicion de un segundo pico de reduccién a -0.20 V (vs. SCE), asi
como el desarrollo de un pico de oxidacion con valores de Ep proximos a 0.15 V
(vs. SCE).

Los valores de la constante de velocidad obtenida para la reduccién de
peroxido de hidrégeno sobre los electrodos modificados con dendrimero fueron
dependientes de la concentracion de perdxido, indicando la posibilidad de
formacion de un complejo de transferencia de carga, al igual que en los casos
anteriores (dopamina y NADH). Algunos autores*® consideran que la reduccion
de H>0O- ocurre a través de la formacion de especies adsorbidas OHag, por lo que

el esquema seguido seria:
H>0, (bulk) — H>0> (surface = Fc)

H20, (Surface = Fc) +H* + e — OHag + H20

En presencia de OHaq la reduccion directa se activa y procede a alta

velocidad:

H202 + H* + OHag + € — 2 OHag + H20
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A altas concentraciones de perdxido también tiene lugar el paso
electroquimico de OHaq a H>0O debido a la alto recubrimiento superficial de OHaqg
y este paso puede ser el causante de la segunda onda catddica a -0.2 V (vs.
SCE). Puede concluirse que la reduccion de H»O. procede mediante un

mecanismo autocatalitico.

Los electrodos con nanoparticulas de oro mostraron un comportamiento
diferente ya que sus constantes cinéticas fueron independientes de la
concentracion de peroxido. Esto indica un cambio de mecanismo, explicado
también previamente, en el que el H>-O, se disocia en os especies OH en la

superficie metdlica del electrodo:

HzOz(bU”() — HZOZads — 2 OHads

Seguido por:

HZOZ -+ H+ -+ OHads + e — 2 OHads -+ HZO

Por tanto, se puede afirmar que, en presencia de AuNPs, la reduccion puede
tener lugar en la superficie de éstas y la formacidon de cualquier complejo con el

ferroceno es mucho menos significativa.

Con respecto a la oxidacion de H20O, la figura 2.8 muestra claramente
que los electrodos modificados también poseen actividad catalitica. La onda de
oxidacibn es desplazada catdédicamente y las corrientes de pico son
sustancialmente superiores a las obtenidas con in electrodo de platino limpio.
En el caso de los electrodos que contienen AuNPs puede apreciarse que los picos
salen mas adelantados y muestran mayor intensidad que los modificados con
los dendrimeros correspondientes. Este comportamiento indica que los
electrodos con AuNPs poseen actividad catalitica més eficiente. La corriente en
los potenciales de pico aumenté el 250%, 350%, 525%, 780% para AMN1,
AMNS5, Au-AMN1 y Au-AMNS5 respectivamente.
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Figura 2.8. CVs obtenidos con electrodos modificados con Au-AMN1
(I'=1.7-10"°mol Fc cm~2), Au-AMN5 (I'= 6.35-10%mol Fc cm™2), AMN1(I'=
1.04-107° mol Fc cm~2), AMN5 (I’ = 5.32-107*°mol Fc cm~2) y con un electrodo
limpio de platino, en presencia de H>O> 2 mM en PBS pH 7.0 a velocidad de
barrido de 20 mV.s™.

El potencial al que se produce la oxidacién es, en todos los casos,
coincidente con la oxidaciéon de los grupos ferrocenilo, indicando que éstos
tienen una evidente actividad catalitica y estan claramente involucrados en la
oxidacion del peréxido. Ademas, y al igual que en el caso de la reduccién, las
constantes de velocidad para los electrodos modificados con dendrimero fueron
dependientes de la concentracion de perdxido, pudiendo suponer, por lo tanto,
para la oxidacion electrocatalitica de H.O» en estos electrodos, un mecanismo
en dos pasos en el que el sustrato debe estar unido a los centros ferroceno para

ser oxidado:
DendFc - e — DendFc*
2 DendFc* + H.0,; — 2 DendFc*—OH

2 DendFc*—OH — 2 DendFc + O, + 2 H*

En el caso de los electrodos que contienen oro, las constantes de
velocidad, también al igual que para la reduccién, son independientes de la

concentracion de peréxido y el mecanismo de la oxidacion debe ser diferente al
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anterior. Ahora, el proceso de oxidacion debe ocurrir probablemente a través de
un paso intermedio en el cual se forma HOO™ .4s ¥ que sigue el esquema

general:*°
H202(bulk) — H202 ads
H202 ads — Ozads + 2H™ + 2e-
O2ads — O2(bulk)

El gradiente de los diagramas lineales Koutecky—Levich permite calcular,
ademas de los coeficientes de difusion, los valores de las constantes de Levich
(Lev = 0.62%/3 v'1/6) y comparar sus resultados con los de un electrodo limpio
(Lev = 8.9x10* cm s™V2 para D°eroxido = 1.71x10° cm? sty v = 0.01 cm? s1).
En el caso de la oxidaciéon, los valores de Lev resultaron menores que el
correspondiente al electrodo limpio, indicando que la reaccidbn ocurre en
cualquier lugar del interior de la pelicula y que su velocidad global puede ser
controlada por la velocidad de difusidon de los electrones y/o del sustrato. En el
caso de la reduccién, las constantes Levich fueron similares o ligeramente
superiores a la del electrodo limpio y, ademas los coeficientes de difusion
encontrados para el peroxido de hidrégeno son similares o algo superiores al de
una disolucién acuosa, confirmando que la velocidad de la reaccion global no
esta controlada por difusion y que la reaccion catalitica ocurre en la interfase
pelicula-disolucién. Un resumen de los resultados obtenidos en el estudio

cinético se muestra en la tabla 2.8.

Tabla 2.8. Resultados de los estudios electroguimico y cinético

Electrodo F(molcm? k(ms?) D% (m?s?Y Lev (cmst?)
Oxidacion

AMN1 4.34.10710 7.80-10°3 1.54.10° 8.27-10*%

AMNS 5.32-101° 6.44.103 1.24-10° 7.18-10%

Au-AMN1 4.62-10°1° 8.30-10® 1.41-10°° 7.80-10%

Au-AMNS5S 6.35-101° 6.71-10°3 1.55-10° 8.32-10*
Reduccion

AMN1 4.87-1071° 1.45.103 1.97-10° 9.79-10%

AMNS 4.62-10°1° 2.52.10° 1.53-10° 8.22:10%

Au-AMN1 5.45.101° 2.17-10°3 1.78-10° 9.10-10*

Au-AMN5S 4.52.10°1° 5.14.10° 1.69-10° 8.81-10*
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A continuacién, se pusieron a punto los métodos de determinaciéon
amperomeétrica de perdoxido de hidrégeno en reduccidn y oxidaciéon con los
electrodos modificados con ambos dendrimeros, estableciendo los potenciales
Optimos de trabajo, rangos lineales, sensibilidad y limites de deteccién. Los

resultados obtenidos se muestran en la tabla 2.9.

Tabla 2.9. Resultados analiticos de la determinacion de peroxido de hidrégeno.

r E Sensibilidad Rango lineal LD

Electrodo (molFc/cm?)  (V vs. Ag/AgCl) (HA/mM) (mM) (uM)

AMN1 4.90-1010 -0.20 1.87 10°-4.0 6.10
30.7 4.0 - 15.0

1.50-1010 0.50 14.0 5.102%-1.50 0.040

AMNS 4.60-101° -0.20 2.42 103 -2.0 0.046
36.0 2.0-12.0

0.5 12.3 5.102- 1.50 0.064

Au-AMN1 5.50-10°1° -0.20 5.16 5.102%-2.0 0.17
39.0 2.0 -10.0

3.90-101° 0.40 10.23 5.103- 2.0 0.05
0.50 17.42 5-102- 2.0

Au-AMNS 4.34.1071° -0.20 12.1 5.102%-2.0 0.87
38.2 2.0-10.0

0.40 7.95 10°-2.0 0.058
0.50 16.95 10°%-2.0

En este trabajo se demostr6 que las nuevas superficies cataliticas
obtenidas son eficientes catalizadores tanto de la reduccion como de la
oxidacion del peréxido de hidrogeno, quedando abierta una nueva linea de
investigacion para la inmovilizaciéon de enzimas oxidasas o/y peroxidasas para

la construccién de biosensores.

2.2.5. PUBLICACIONES GENERADAS Y TAREAS REALIZADAS

Los detalles de esta investigacion y las principales conclusiones obtenidas

quedan reflejados en los siguientes articulos publicados:

Articulo 3. Easy preparation of electrode surfaces with dispersed size-
controlled Au nanoparticles by electrodeposited PPIl-dendrimers as
templates. publicado en: Journal of the Electrochemical Society, 2017, 164 (6),
H396. Autores: Carlos Villena, José Losada, Beatriz Alonso, Carmen M. Casado,

M. Pilar Garcia Armada.
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Tareas realizadas por Carlos Villena Morales:

- Sintesis y caracterizacién de los dendrimeros.

- Preparacion de superficies electrédicas con dendrimeros sin y con
nanoparticulas de oro.

- Estudios cinéticos, morfolégicos y espectrofotométricos de todos los

electrodos sin y con nanoparticulas de oro.

Articulo 4. Size-controlled gold nanoparticles obtained from
electrodeposited amidoferrocenylpoly(propyleneimine) dendrimer-
templates for the electrochemical sensing of dopamine. publicado en:
Applied Surface Science, 2017, 420, 651. Autores: Carlos Villena, Marta Bravo,

Beatriz Alonso, Carmen M. Casado, José Losada, M. Pilar Garcia Armada.

Tareas realizadas por Carlos Villena Morales:

- Preparacion de superficies electrédicas con dendrimeros sin y con
nanoparticulas de oro.

- Estudios cinéticos de todos los electrodos sin y con nanoparticulas de oro.

- Estudio analitico de determinacion de dopamina con electrodos con
nanoparticulas de oro.

- Estudio de interferencias y medidas en muestras reales de dopamina en

orina humana.

Tareas realizadas por Carlos Villena Morales en el trabajo Size-
controlled gold nanoparticles from electrodeposited
amidoferrocenylpoly(propyleneimine) templates as hydrogen peroxide

electrocatalyst. En preparacion.

- Preparacion de superficies electrédicas con dendrimeros sin y con
nanoparticulas de oro.

- Estudios cinéticos de todos los electrodos sin y con nanoparticulas de oro.

- Estudio analitico de determinacion de peréxido de hidrégeno con electrodos

con nanoparticulas de oro.
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A continuacioén, se presentan las principales aportaciones realizadas y las

conclusiones mas importantes de esta Tesis Doctoral:

1. En cumplimiento del primer objetivo de esta Tesis, se han preparado
diversas superficies electrodicas modificadas con estructuras dendriticas
(dendrimeros y polimeros) previamente sintetizadas y se ha realizado el
estudio de sus propiedades electrocataliticas y bioelectrocataliticas. Para
ello se han utilizado dos polimeros hiperramificados de carbosilano
funcionalizados con ferrocenos interaccionantes (PDAMS y PMDUS) y se
han preparado, siguiendo procedimientos ya existentes, tres generaciones
de dos familias de dendrimeros con esqueleto DAB funcionalizados con
grupos amidoferroceno, con grupos amida y amina (AMD1, AMDS3,
AMD5, AMN1, AMN3 y AMNS5). Todos los polimeros y dendrimeros
utilizados forman peliculas compactas que han sido -caracterizadas

morfolégicamente.

2. Los electrodos modificados con los dendrimeros, AMD1, AMD3, AMDS5,
AMN1, AMN3 y AMN5 mostraron una cinética sin limitaciones, con
valores de AEp muy cercanos al de un sistema reversible en disoluciéon
homogénea (0.058/n) y fue posible calcular los coeficientes de transporte
de carga por difusién, D¢, que tomaron valores de orden de 101 cm? s
para AMD1, AMD3, AMD5 y de 107 cm? s! para AMN1, AMN3 y AMNS.

3. En cumplimiento del segundo objetivo de esta tesis, se prepararon
electrodos modificados con nanoparticulas de platino, se depositaron sobre
ellas los polimeros ramificados PDAMS y PMDUS y dendrimeros AMD1,
AMD3 y AMDS5 vy se realizaron estudios morfologicos y cinéticos de las
superficies preparadas concluyendo que la presencia de nanoparticulas de
platino, en todos los casos, aumenté la capacidad de promover
transferencias electronicas con el electrodo, obteniendo para los polimeros
PDAMS y PMDUS unas constantes de velocidad de transferencia de 0.30
y 0.10 s™! respectivamente. Los coeficientes de transporte de carga por

difusion obtenidos para los electrodos preparados con PtNPs y los
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dendrimeros AMD1, AMD3 y AMDS5 fueron entre 2.4 y 11.6 veces
superiores a los correspondientes en ausencia de éstas.

De acuerdo al tercer objetivo de esta tesis, se realiz6 la sintesis de
nanoparticulas de oro inter e intra-dendriticas utilizando electrodos
previamente modificados con peliculas de los dendrimeros AMD1, AMD3,

AMD5, AMN1, AMN3 y AMNS5 como plantillas.

Las nanoparticulas obtenidas fueron caracterizadas mediante micoscopia
electronica de barrido de alta resolucion (UHSEM), microscopia de fuerza
atomica (AFM), medidas espectrofotométricas de la banda de plasmén y
medidas electroquimicas. Todos estos ensayos nos permitieron llegar a la
conclusion de que las nanoparticulas obtenidas presentan tamafos
decrecientes al aumentar la generacion de los dendrimeros compatibles
con nanoparticulas interdendriticas para las generaciones 12 y 32 e

intradendriticas para las plantillas de 52 generacion.

. Las propiedades electroquimicas y cinéticas de todas las peliculas

preparadas con nanoparticulas de oro de cualquier tamafio fueron mejores
que las de las plantillas de dendrimero, obteniéndose coeficientes de
transporte de carga por difusién del orden de 10° cm? s para las Au-

AMD y de 5-107 cm? s! para las Au-AMN.

. De acuerdo al cuarto objetivo de esta tesis, se han desarrollado y puesto a

punto nuevos biosensores electroquimicos de NADH y de alcoholes, con
enzima alcohol deshidrogenasa inmovilizada, basados en peliculas de
PDAMS/PtNPs y PMDUS/PtNPs; nuevos sensores de paracetamol
basados en Au-AMD; nuevos catalizadores de la reaccion de reduccién de
oxigeno basados en Au-AMN; nuevos sensores de dopamina basados en
Au-AMD y nuevos sensores de perdoxido de hidrégeno basados en Au-
AMN.

.Los electrodos PDAMS/PtNPs y PMDUS/PtNPs fueros utilizados

exitosamente como sensores para la oxidacion electrocatalitica de NADH a

potenciales menores o iguales a 0.5 V vs. SCE. Ambos polimeros fueron
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capaces de proteger al electrodo del envenenamiento producido por NADH.
Los rangos lineales y sensibilidades obtenidas resultaron mucho mejores
que las de los electrodos sin PtNPs, y fueron comparables, y en muchos
casos mejores, que los resultados de otros sensores encontrados en la
bibliografia hasta ese momento. El electrodo PDAMS/PtNPs, con polimero
de ramas mas cortas, mostro ligeramente mayor constante de velocidad de
oxidacion de NADH, mayor sensibilidad y menor constante de Michaelis-
Menten aparente, indicando mejor actividad bioelectrocatalitica. El
electrodo PMDUS/PtNPs, con ramas mas largas y flexibles, pero mas

denso, mostré un méas amplio rango lineal de medida.

9. Los biosensores ADH/PDAMS/PtNPs y ADH/PMDUS/PtNPs resultaron
mas eficientes en la oxidacién del NADH producido por la reaccion
enzimatica en el interior de la pelicula que del NADH en disolucién,
permitiendo una disminucién en el potencial de trabajo hasta 0.25 V vs.
SCE. Estos biosensores fueron usados con éxito para la determinaciéon de
metanol a pH neutro, con rangos lineales hasta 30 mM, sensibilidades de
0.957 y 0.756 mA M~! cm™2 respectivamente, y constantes globales de
velocidad 3.4 veces superiores a la de etanol. Estos biosensores miden

también etanol aunque con inferior sensibilidad.

10. El biosensor ADH/PDAMS/PtNPs aporta mejor sensibilidad mientras que
ADH/PMDUS/PtNPs es mas rapido en la medida (2 s vs. 60 s) y posee
limite de deteccion y rango lineal mas amplio. El biosensor
ADH/PMDUS/PtNPs fué validado para el andlisis de methanol y etanol en
bebidas.

11. Los sensores AMD/PtNPs mostraron un excelente comportamiento
electrocatalitico frente a la oxidacién de paracetamol, que exhibié un pico
andédico a potencial 0.48 V vs. SCE. Se obtuvieron coeficientes de difusion
para el paracetamol superiores a los de disolucién acuosa, indicando que la
reaccion global no estda controlada por difusibn y que la reaccion

electrocatalitica tiene lugar en la superficie de los electrodos modificados.
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12. El electrodo AMD5/PtNPs fué el mejor sensor de paracetamol, con un
rango lineal mas amplio que ningun otro sensor de paracetamol publicado
hasta la fecha, y con un limite de deteccién muy bajo (0.24 pM). Este
sensor no presenta interferencias de glucosa, dopamina ni urea v,
utilizando DPV, su pico aparece bien resuelto del que ocasiona el acido
ascorbico. El pico del acido ascérbico se ve influenciado por la presencia de
paracetamol, por lo que su determinacion simultdnea no es posible. Este
sensor se utilizé con éxito para la determinacion de paracetamol en

preparaciones farmacéuticas.

13. Los electrodos Au-AMN y Au-AMD fueron ensayados como catalizadores
de la reaccion de reduccién de oxigeno. El electrodo Au-AMNS5 fue el mas
eficaz, con una corriente algo superior a su homélogo Au-AMD5 y una
onda de reduccién que comienza a un potencial tan bajo como 0.00 V vs.
SCE. Este hecho evidencia la mayor eficacia de las AuNPs de menor
tamafio y mayor monodispersion. Las generaciones 1 y 3 mostraron dos
etapas bielectrénicas sucesivas para la ORR, mientras que Au-AMNS5
mostré un mecanismo tetraelectronico. Las constantes de velocidad son
mas altas que las obtenidas para electrodos modificados sin AuNPs,

alcanzando la maxima diferencia para potenciales entre -0.25y -0.4 V.

14. Los electrodos Au-AMN y Au-AMD fueron también ensayados como
sensores de dopamina, mostrando mayor eficiencia la familia Au-AMD,
con un excelente comportamiento electrocatalitico. Sobre estos electrodos
la dopamina muestra un comportamiento reversible con picos a 0.19 y
0.24 V vs. SCE para AMD1 y AMDS5 respectivamente, a diferencia de los
electrodos modificados Unicamente con los dendrimeros, en los que la
oxidacion de dopamina es irreversible y ocurre a potenciales 0.28 y 0.24
V. Los estudios cinéticos realizados mostraron que los electrodos
modificados con Au-AMD1, que posee las nanoparticulas de mayor
tamafio, son los maéas eficientes, con una constante de velocidad

heterogénea de segundo orden superior a las del resto de electrodos.
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15. El sensor de dopamina Au-AMD1 mostré6 muy buenas caracteristicas
analiticas, con tres tramos lineales a potencial de medida 0.3 V vs. SCE,
que permiten medir concentraciones entre O y 1000 pM, con sensibilidad
en el primer tramo (0 — 70 pM) de 585.7 HA mM?1 cm=2 y limite de

deteccion de 10 nM.

16. Después de realizado el estudio de interferencias mediante DPV, el sensor
Au-AMD1 permite medir dopamina en presencia de acido ascoérbico y
acido drico, unicos interferentes con potencial similar a la dopamina
presentes en muestras fisioldgicas. El sensor fue utilizado con éxito para
medir dopamina en una formulacién farmacéutica y en muestras de orina

humana.

17. Los electrodos Au-AMN y Au-AMD fueron también ensayados como
catalizadores de la reduccién y la oxidacion de peréxido de hidrogeno,
mostrando en este caso mayor eficiencia la familia Au-AMN. Los estudios
realizados prueban que en los electrodos que contienen oro, las reacciones
de oxidacion y de reduccién del peréxido cambian su mecanismo y el
punto en el que tienen lugar, alcanzando eficiencias, en comparacion con
un electrodo limpio de 1010%, 1070% en reducciéon y de 525%, 780% en

oxidacion, para los electrodos AUAMNL1 y Au-AMNS5 respectivamente.

18. Los resultados obtenidos en el estudio analitico son similares para las tres
generaciones Au-AMN1, Au-AMN3 y Au-AMNS5, lo que indica que estas
reacciones no son dependientes del tamafio de las nanoparticulas. En
cualquier caso resultaron mas sensibles y con menor limite de deteccion

que los electrodos preparados sin AuUNPs.

19. Por ultimo, esta tesis doctoral ha abierto, al menos tres nuevas lineas de

investigacion:

a. Desarrollo de biosensores basados en electrodos PDAMS/PtNPs
y PMDUS/PtNPs con nuevas enzimas deshidrogenasas.
b. Desarrollo de biosensores basados en electrodos Au-AMN con

enzimas oxidasas y peroxidasas.
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c. Desarrollo de biosensores de tercera generacion basados en Au-

AMN y Au-AMD para la electroquimica de enzimas.
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The electrocatalytic performance of electrodes modified with Pt nanoparticles (PtNPs) and two dendritic
hyperbranched carbosilane polymers, polydiallylmethylsilane (PDAMS) and polymethyldiundecenylsi-
lane (PMDUS) with interacting ferrocenes, has been investigated for the NADH oxidation. The catalytic
synergy of PtNPs with the interacting ferrocenes is discussed in relation with the polymer structure.
This effect have allowed us to develop efficient biosensors capable of measuring NADH from +0.3V (vs.
SCE) providing a total protection vs. the poisoning of the electrodes. The polymer/PtNPs/Pt electrodes
tolerate wide linear concentration ranges for NADH to 2.5mM (R=0.9979) and 2.1 mM (R=0.99849),
with detection limits of 4.78 uM and 6.18 wM and sensitivities of 68.24 and 40.21 pAmM~! cm~2 for
the PDAMS/PtNPs/Pt and PMDUS/PtNPs/Pt respectively. In the light of the good results obtained, novel
amperometric alcohol biosensors were also successfully prepared with alcohol dehydrogenase (ADH).
These devices showed more affinity for methanol than for ethanol, with a wide linear range to 30 mM and
sensitivities of 0.957 and 0.756 pAmM~! cm~2 for the ADH/PDAMS/PtNPs/Pt and ADH/PMDUS/PtNPs/Pt
respectively. The oxidation potential of the NADH enzymatically produced was negatively shifted to
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1. Introduction

Efficient bioelectrocatalysis of electrochemical oxidation of
dihydronicotinamide adenine dinucleotide (NADH) is of particular
interest in the construction of dehydrogenase-based amperometric
biosensors, because several hundred enzymatic reactions require
NAD* as cofactor [1]. Consequently, a great variety of substrates
with medical, chemical or biological importance as ethanol or lactic
acid can be determinate using NAD-dependent biocatalysts. More-
over NADH plays akeyrole in cellular energy production, stimulates
dopamine production and improves the cognitive functioning in
patients with Parkinson'’s disease, depression, Alzheimer’s disease
and others (US2012029168-A1 patent). The electrochemistry of the
couple NAD*/NADH has been studied extensively [1-3] and it is
widely accepted that the reaction occurs via a sequential two elec-
trons and one proton electrochemical-chemical-electrochemical
mechanism. However, the direct electro-oxidation of NADH on dif-
ferent conventional solid electrodes has some problems. A high
overvoltage is often required and the surface fouling associated
with the adsorption of reaction products [2,4,5] causes an anodic

* Corresponding author. Tel.: +34 913 363 185; fax: +34 913 363 009.
E-mail address: pilar.garcia.armada@upm.es (M.P.G. Armada).

0925-4005/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.snb.2013.08.072

shift of the NADH oxidation peak. In consequence, in the last years
numerous efforts have been devoted to developing new electrode
materials in order to reduce the overvoltage for NADH oxidation
and minimize the surface fouling effect. Several attempts to reduce
these disadvantages and accelerate the electron shuttle were based
on the immobilization onto the electrode surface of mediating
structures such as water soluble dye compounds [6,7], quinones
[8,9], ferrocene derivatives [10,11], and several redox polymers
[12]. The more recent approaches include the development of
electrodes modified with several nanoscale materials employed
successfully for this purpose [13-19]. Specifically, some authors
have studied the enhancement of the NADH oxidation current by
Pt nanoparticles (PtNPs) [20,21] and the role of Pt for the fast pro-
tonation of electrochemically formed NAD-radical [22].

Since some time ago we have been pursuing to design and
synthesize mediators that can be easily electrodeposited onto
the electrode surface and achieve a double target: be a good
NADH/NAD* electrocatalyst and protect the electrode surface from
the potential poisoning. In this way, ferrocene and its deriva-
tives are excellent electron transfer mediators, widely used to
construct mediated amperometric biosensors [23], and polymers
or dendrimers functionalized with ferrocenyl units electronically
communicated are interesting for this purpose. These redox poly-
mers can be easily electrodeposited from non-aqueous solutions
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and behave as bi-electronic groups for the NADH oxidation [24,25].
The ferrocene hyperbranched polymers, polydiallylmethylsilane
(PDAMS) and polymethyldiundecenylsilane (PMDUS) can be eas-
ily electrodeposited onto the platinum electrode surface. They have
shown to be efficient redox mediators for the electrocatalytic tetra-
electronic reduction of oxygen and for the reduction and oxidation
of hydrogen peroxide [26]. Furthermore they are able to act as sup-
port and bioelectrocatalysts of oxydases to develop versatile and
specific amperometric biosensors [27].

As it is known platinum nanoparticles (PtNPs) increase the sur-
face area and provide an electron transfer with strong catalytic
properties [28,29]. Our previous experiences [30] led us to think
that the incorporation of PtNPs under the polymer films would
allow developing new NADH biosensors more efficient and sen-
sitive, because of their increased effective surface and the catalytic
synergic effect with the interacting ferrocenes.

One of the main dehydrogenase-based biosensors applications
is the alcohol determination using alcohol dehydrogenase (ADH)
[18,31]. ADH is used in the determination of ethanol in controlling
the fermentation process and product quality in several food and
beverage industries [17,32,33], in clinical determination of serum
and urine [34], in methanol biofuel cells [35], etc.

In this article, we describe the construction of novel ampero-
metric NADH sensors with two carbosilane polymers with different
length of branches electrodeposited on Pt electrodes with and with-
out PtNPs. The kinetics, electrochemical properties and the ability
of the developed composites to act as electrocatalysts in the NADH
oxidation are discussed in relation with the length of the poly-
mer branches and the presence of PtNPs. In addition, biosensing
applications have been developed and novel amperometric alco-
hol biosensors were constructed using ADH immobilized on the
surface of the carbosilane polymer-electrodes previously modified
with PtNPs.

2. Material and methods
2.1. Reagents and solutions

The polymers were synthesized as reported recently [26] (Fig. S1
- Supporting information). 3-Nicotinamide adenine dinucleotide
(NADH) reduced disodium salt, 3-nicotinamide adenine dinucle-
otide (NAD*), alcohol dehydrogenase (ADH) (>340U/mg, from
Saccharomyces cerevisiae), bovine serum albumin (BSA), glutaralde-
hyde (25% w/w solution in water), alcohols and solvents were
purchased from Sigma. All other chemicals were analytical grade
and were used without further purification. The 2 mM K, PtClg-H, O
(=99.9% from Aldrich) solution was prepared in 0.5 M H,SO4. Ultra-
pure water was used for preparation of buffers and standards,
and for electrochemistry solutions. The electrolyte bath for the
polymer deposition contained 10~4 M in the redox active species
(ferrocene) and 0.1 M tetrabutylammonium hexafluorophosphate
in dichloromethane. All other amperometric measurements were
performed in 0.01 M phosphate buffer pH 7.0 with 0.1 M NaClOy4 as
supporting electrolyte. The solutions were deoxygenated by bub-
bling high-purity nitrogen for at least 15 min.

2.2. Apparatus

All electrochemical measurements were performed using an
Ecochemie BV Autolab PGSTAT 12. The experiments were carried
out in a conventional three-electrode cell at 20-21°C with a Pt
disc of 3 mm diameter as working electrode and a Pt wire as auxil-
iary electrode. A BAS non-aqueous Ag/AgCl reference electrode or
a saturated Calomel reference electrode (SCE) were employed in

organic solvents and aqueous media respectively. In steady-state
measurements, an Autolab rotating-disc electrode was used.

2.3. Preparation of polymer, polymer/PtNPs and
ADH/polymer/PtNPs modified Pt electrodes

Briefly, the polymer films were electrodeposited onto Pt or
PtNPs/Pt electrodes (see the Supplementary data for the PtNPs
electrodeposition) according to a previously published procedure
[26,27] under potentiostatic control at +0.7V vs. Ag/AgCl. In all
cases the surface (or effective surface) coverage of electroactive
ferrocenyl sites in the films (/") was determined from the inte-
grated charge of the cyclic voltammetric waves. The polymer
modified electrodes were stored in ultrapure water at room tem-
perature when not in use. The enzyme was immobilized onto the
polymer/PtNPs/Pt electrodes by covalent cross-linking [36]. The
biosensors were stored in ultrapure water at 4°C when not in use
(for the detailed preparation processes see the Supporting infor-
mation).

2.4. Preparation of real samples

The non-alcoholic beer (NAB) was previously degasified by
ultrasonic stirring during 20 min and spiked with 1M ethanol
(NABM)or 1 M methanol (NABE). The red wine samples were spiked
with 0.5 M methanol (WM). Then, the samples were 5-fold diluted
with phosphate buffer (pH 7.0)/NaClO4 (0.1 M). Aliquots of 200 L
(beer) or 300 pL (wine) of the corresponding diluted sample were
added to 10 mL of the same buffer solution in the electrochemical
cell.

3. Results and discussion
3.1. Characterization of polymer/PtNPs/Pt electrodes

The differences in morphology and redox properties between
PDAMS and PMDUS electrochemically deposited onto platinum
electrodes have been described previously [26,27]. Films of PDAMS
are rougher whereas those PMDUS form a more compact deposit
and appear to be a smoother, more homogeneous and denser mate-
rial, and consequently both polymers will offer different properties
as bioelectrocatalyst and as support of enzymes on PtNPs. Films
of both polymers cover the electrochemically deposited metal-
lic nanoparticles completely, forming a composite with highly
increased surface and polymer/PtNPs in close contact. Fig. 1 shows
the SEM micrographs of the electrodeposited PtNPs (Fig. 1A) and
the PMDUS polymer covering the PtNPs (Fig. 1B).

The cyclic voltammograms of PDAMS/PtNPs/Pt (Fig. 2) and
PMDUS/PtNPs/Pt (not shown) electrodes in phosphate buffer
(0.01 M)/NaClOg4 (0.1 M) solution, show the peaks corresponding
to interacting ferrocenyl units asymmetric and practically over-
lapped, as previously observed and discussed [24,26,27,37]. Plots
of the anodic and cathodic peak currents vs. the scan rate (inset in
Fig. 2) show a linear relationship for sweep rates below 0.2Vs™1,
indicating the surface confined nature of the electroactive groups
as theoretically predicted for a surface-immobilized couple. The
graphs of the peak potential vs. the logarithm of the scan rate
(Fig. 3Aand B) show that the peak separations increase as the sweep
rate becomes faster, yielding straight lines, indicating a charge
transfer kinetics limitation. The charge-transfer coefficients (o) and
the electron transfer kinetic constants (ks) of polymer/PtNPs/Pt
electrodes have been determined from the plots E, vs. logv, in
accordance with Laviron [38]. The obtained values for o were 0.72
and 0.60 for the PDAMS/PtNPs/Pt and PMDUS/PtNPs/Pt electrodes
respectively. These values are larger than polymer/Pt electrodes
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Fig. 1. SEM micrographs of platinum wire electrodes modified with electrode-
posited PtNPs (A) and PMDUS/PtNPs (B).
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Fig. 2. Dependence of the peak current on the scan rate of a PDAMS/PtNPs/Pt
electrode (I"'=3.8 x 10~ molFccm~2 thickness film) in phosphate buffer (pH
7.0)/NaCl04 (0.1 M); scan rates: 10, 50, 100, 150 and 200 mV s~ Inset: linear depen-
dence of the anodic peak current on the scan rate.
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Fig. 3. Experimental variation of anodic and cathodic E, as a function of
logv for PDAMS/PtNPs/Pt (I"=3.8 x 10~ molFccm~2 thickness film) (A) and
PMDUS/PtNPs/Pt (I" =1.5 x 10~ mol Fc cm~2 thickness film) (B) electrodes respec-
tively. Scan rate: 50mVs-1.

indicating that the polymer/PtNPs/Pt systems are capable of sup-
plying large currents, even the mass-transfer-limited current, with
smaller activation overpotential [39]. The obtained ks were 0.30
and 0.10s~! for PDAMS/PtNPs/Pt (I" =3.8 x 10~2 mol Fccm~2) and
PMDUS/PtNPs/Pt (I"=1.5 x 102 mol Fc cm~2) respectively. These
constants indicate a high ability of the modified electrodes for
promoting electron transfers between the redox polymer and the
electrode surface in all cases.

3.2. Electrooxidation of NADH at polymer/Pt and
polymer/PtNPs/Pt electrodes

The response of polymer/Pt electrodes studied by cyclic voltam-
metry showed that both polymers are very sensitive to the presence
of NADH and the typical catalytic waves undergo a substantial
enhancement in comparison with the signal of a Pt bare electrode
(Fig. S2 - Supporting information). This fact is indicative of an
improved electron transfer by electron hopping from site to site
(redox catalysis) explained by the reaction scheme:

K
NADH + Fct "% NAD* + Fc (1)

In addition, the waves appear at potentials from approximately
+0.3V (vs. SCE) therefore, the presence of ferrocene polymers
allows a larger decrease of the overpotential, suggesting that the
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Fig. 4. Slopes of the Koutecky-Levich plots normalized with the effective area of
each electrode (A) obtained for the new modified electrodes in phosphate buffer
(pH 7.0)/NaClO4 0.1 M. The thickness of polymer films was between 2 x 10-'° and
5 x 10-1% mol Fc cm~2. (B) Variation of k) with the NADH concentration for the four
different electrodes.

catalyticreactionis also of the chemical type and that strong mutual
interactions between the catalyst and the substrate must occur dur-
ing the course of the reaction, in agreement with Andrieux and
Savéant [40].

The effect of the polymer film thickness on the response signal of
the NADH oxidation was studied, and polymer films with coverage
of about 2 x 10719 mol Fccm~2 exhibited the best response in all
cases. These results are coincident with those obtained with other
substrates as hydrogen peroxide or glucose [26,27].

The kinetics of the catalyzed oxidation of NADH was investi-
gated at polymer/Pt and polymer/PtNPs/Pt rotating-disc electrodes
at+0.5V (vs. SCE) in order to avoid the electrolysis rate limitation. In
all cases, the Levich plots [41] showed linearity at low rotation rates,
indicating mass-transport-limited kinetics, and also all plots devi-
ated from linearity at higher rotation rates, which suggests a kinetic
limitation. These data clearly indicate that the limiting currents
observed at polymer as well as polymer/PtNPs modified electrodes
are not entirely transport controlled by the catalytic electron-
transfer kinetics. In order to estimate the rate constants (Kgps)
and the number of electrons transferred (n), the Koutecky-Levich
equation and the linear Koutecky-Levich plots for several NADH
concentrations have been used [42]. At all instances, the calculated
value of n obtained (Fig. 4A) was close to 2 clearly demonstrating

that the electrocatalytic oxidation of NADH on the polymer/Pt as
well as on polymer/PtNPs/Pt is a two-electron transfer process. The
values of ks obtained (Table 1) were dependent on NADH concen-
tration for all the modified electrodes (Fig. 4B), in accordance with
the literature about NADH mediator-modified electrodes [43]. This
dependence has been explained by the formation of a charge trans-
fer complex, before the formation of the reaction products by a
reaction mechanism closely related to Michaelis-Menten kinetics:

k k
NADH + Fc* ~ CT-complex—2NAD" + Fc (2)

where the heterogeneous second-order reaction rate, kqps, can be
expressed for any NADH concentration as:

kia
Kobs = -+ [NADH] 3)

Consequently, inverting Eq. (3), plots of 1/kyps vs. the NADH
concentration must be linear (Fig. 4B) and the values of ki,
and Ky can be calculated from the slopes and the intercepts of
these graphs respectively. The obtained values (Table 1) are com-
parable or higher than the values for other mediator-electrode
systems [44]. Observe that the k,,s does not change substantially,
nonetheless, the turnover numbers (k.; ) for the polymer/PtNPs/Pt
electrodes have increased in relation to the polymer/Pt electrodes,
indicating that the second stage of sequence (2) becomes faster
for the nanostructured surface electrodes, suggesting a synergic
effect of PtNPs with the interacting ferrocenes. Moreover, the k.,
of PMDUS/PtNPs/Pt electrode is greater than that of the PDAMS
device, so the PMDUS polymer, with longer branches, will be inter-
esting in order to develop NADH-dependent applications. In the
other hand, the apparent Michaelis-Menten constants increase in
the same way than the turnover numbers, balancing their weight
on the overall reaction rate. This increase must be interpreted in
terms of diffusion limitations through the films, which is a conse-
quence of a more compact PMDUS film, and that will result in larger
linear ranges in the calibrate plots.

Fig. 5 shows the amperometric responses of polymer/Pt and
polymer/PtNPs/Pt electrodes to successive additions of 0.10 mM
of NADH at an applied potential of +0.5V. In accordance with
the kinetic studies, the polymer/PtNPs/Pt electrodes show a better
response and a wider linear range than the polymer/Pt electrodes.
Also the best sensitivity of PDAMS polymer is in good agreement
with its rougher morphology, although PMDUS polymer offers the
best linear range, because its more compact structure limits the
NADH diffusion through the film. The insets in Fig. 5A and B show
how the anodic current reached a steady state within 5 sin all cases.
The responses displayed two wide linear concentration ranges, as
observed by other authors [18], both with good correlation coef-
ficients and competitive sensitivities (Table 1) with other NADH
electrochemical sensors (Table S1 - Supporting information).

Another highly interesting feature is the absence of fouling
associated with the adsorption of reaction products. The amper-
ometric response was highly stable in all the experiments. The
stability of the modified electrodes was examined by perform-
ing successive amperometric measurements at pH 7.0, and also
after storages up to two months and no change was detected. If
the electrodes had been stored, they were pre-treated with five
potential cycles between 0.0 and 0.6 V (vs. SCE), in phosphate buffer
(pH=7.0)/NaClO4 0.1 M solution, at 100 mV s~! prior to use.

3.3. ADH/polymer/PtNPs/Pt biosensors

The successful performance of the polymer/PtNPs/Pt electrodes
for the amperometric detection of NADH, led us to develop ADH
electrochemical biosensors based on the enzyme incorporation
onto the polymer/PtNPs/Pt electrodes by covalent cross-linking.
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Table 1
Kinetic and analytical parameters? of modified electrodes for the oxidation of NADH.
PDAMS/Pt PDAMS/PtNPs/Pt PMDUS/Pt PMDUS/PtNPs/Pt
10 Kops, [napH}-0, M1 571 3.6 4.8 3.6 4.1
kiz, 571 19.6 42.8 21.6 65.4
Ky, mM 5.4 8.9 6.0 16.0
Linear ranges, .M 70-400 87-700 0-300 0-800
400-900 700-2500 300-1600 800-2100
Correlation 0.9925 0.9970 0.9995 0.9985
coefficients, r 0.9915 0.9979 0.9990 0.9984
Sensitivity (slopes-A), 15.86 68.24 132 40.21
mAMcm~—2 6.76 42.57 1.06 24.73
Intercepts, pA 5.65x 1072 0.4327 8.60 x 10—° 7.51 x 1072
0.31 2.099 7.82x 1073 1.29
Detection limit, uM 1.56 4.78 56.17 6.18

3 Obtained and/or calculated from measures at 0.5V vs. SCE.

The effect of the NAD* concentration on the amperometric
response to alcohol was previously investigated with NAD* solu-
tions ranged between 0.5mM and 5.0mM. The optimal NAD*
concentration was found to be 1 mM, and concentrations higher
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Fig. 5. Plots of chronoamperometric currents vs. NADH concen-

tration  of  rotating = PDAMS/Pt  (I'=2.60x 10-'®molFccm~2)  and
PMDUS/Pt  (I'=1.69x10"1°molFccm2)  (A), and  PDAMS/PtNPs/Pt
(I"=2.50 x 10~ mol Fc cm~2) and PMDUS/PtNPs/Pt (I"=5.50 x 10~ mol Fccm~2)
electrodes (B) at applied potential of 0.5V, in deaerated phosphate buffer (pH
7.0)/NaClO4 0.1 molL-! solution and rotation speeds of 500 rpm. The insets are
the corresponding amperometric responses of the same electrodes to successive
additions of 0.1 mM NADH.

than 3.0 mM start to reveal the inhibitory effect produced by high
cofactor concentrations [36].

The majority of authors assume that, unlike other ADHs, ethanol
is by far the best substrate of the ADH from yeast, and methanol
is a very poor substrate. Often is cited that the methanol activity
of these enzyme is only 0.07% of its ethanol activity under iden-
tical conditions [45]. Generally, all data on methanol activity of
alcohol dehydrogenases are expressed as the ratio of methanol
activity to the corresponding ethanol activity, and this has con-
tributed considerably to the general belief that yeast ADH is inactive
with methanol. For this reason, the majority of alcohol biosensors
are focused in the ethanol determination and only a few authors
use ADH for the methanol oxidation [46,47] and none of them is
focused as methanol sensor. The developed ADH/polymer/PtNPs/Pt
biosensors showed a surprising behaviour with respect to methanol
oxidation. As Fig. 6 shows, the ADH/PDAMS/PtNPs/Pt biosensor
(as well as the ADH/PMDUS/PtNPs/Pt) has a greater response to
methanol than to ethanol when ADH is present. For the first time,
to the authors’ knowledge, an ADH biosensor is more efficient in
methanol than ethanol measurements. Although this behaviour
has been previously observed with alcohol oxidase (enzyme with
broad substrate specificity) [48,49], never so far has been with ADH.
Nonetheless, it has been demonstrated [45] that this enzyme is able
to oxidize methanol by NAD* to formaldehyde and NADH, but the
enzymatic reaction is very complex due to interference of numer-
ous side reactions. Already in 1970, Mani et al. [50], demonstrated
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Fig. 6. Cyclic voltammograms showing the responses of a PDAMS/PtNPs/Pt
(Ier=9.6 x 1071 mol Fccm=2)  modified electrode (dotted line), and an
ADH/PDAMS/PtNPs/Pt  biosensor (Ie=6.2 x 101 molFcem=2)  (solid and
dashed lines) to the presence of methanol and ethanol in deaerated phosphate
buffer (pH 7.0)/NaClO4 0.1 M solution. [NAD*]=1mM. Scan rate: 5mVs-1.
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Fig. 7. Representation of the oxidation of methanol and formaldehyde on the
ADH/polymer/PtNPs/Pt biosensors.

that ADH from yeast catalyzes the dehydrogenation of methanol
to formaldehyde, and held that the specificity of ADH from yeast,
from horse liver and from human liver with respect to methanol is
identical. Ky for methanol of yeast ADH is about 40 times higher
than that of ADH from other sources but the turnover numbers, k.,
for methanol are almost identical, while for ethanol are very differ-
ent with the enzymes from several sources. In the other hand, it is
known that formaldehyde is also dehydrogenated in the presence
of yeast ADH and NAD* to form the corresponding carboxylic acids
(seeFig.7).Manietal.[50] proved that the rate of formaldehyde dis-
appearance increases with the increase of the ADH concentration
faster than the rate of methanol oxidation does.

In our case, the enzyme is immobilized on the electrode sur-
face by polymerizing covalent bonds, and its surface concentration
is high. The oxidation of formaldehyde requires the NAD* cofac-
tor, and the heart of the matter is whether the electrochemical
oxidation of NADH is fast enough to provide in situ NAD* for the
enzymatic irreversible oxidation of formaldehyde to formic acid
avoiding the formaldehyde — methanol competition for the same
enzyme site. Fig. 6 allows us to infer that the formaldehyde compe-
tition is minimized at ADH/polymer/PtNPs/Pt electrodes, and that
the NADH oxidation by the interacting ferrocenes in PDAMS and
PMDUS polymers is fast enough.

From Fig. 6 we can also deduce that the working potential for
measuring the alcohols can be lowered in comparison with the
direct NADH detection in the polymer/PtNPs/Pt electrodes, and
the amperometric measurements demonstrate that the sensitiv-
ity does not improve significantly for working potentials beyond
+0.25V vs. SCE. This improvement in the overpotential of NADH
oxidation supports the hypotheses of the in situ formation of NADH
as a product of the enzymatic reaction, close to the ferrocene cen-
tres that oxidize it immediately through the reaction mechanism
(2), and the fast consumption, in situ too, of the product of the
electrochemical reaction, NAD*, by the enzymatic reaction (Fig. 7).

To explain why methanol is better catalyzed than ethanol we
must consider the heterogeneous condition of the enzymatic oxida-
tion of alcohols at the biosensors developed. The alcohol molecule
must find the active site of the enzyme together with NAD* to form
the ternary complex through the ADH-BSA-glutaraldehyde film,
which is over the nanostructured and uneven polymer/PtNPs elec-
trode surface. In order to determine if methanol diffuses better than
ethanol through the enzyme layer and which polymer is the best
as enzyme support and mediator, we have studied the kinetics of
biosensors prepared with both PDAMS and PMDUS polymers.

The respective apparent rate constants, kapp, and the equivalent
Michaelis constants, K’y;, were estimated from the corresponding
double reciprocal Lineweaver-Burk plots at +0.25V vs. SCE (Fig.
S3 - Supporting information). Note that the overall apparent
constant includes all the intrinsic constants together with the
substrate and coenzyme diffusion outside and inside the film,
the enzyme catalysis, electron mediation, electron transfer and
electrolysis, and they provide the assessment of new devices.

The obtained kinetic constants (Table 2) confirm the best activity
of ADH for methanol, since the overall apparent rate constant,
kapp, for methanol is higher than for ethanol in both biosensors.
However the K’y are very close for the ADH/PMDUS/PtNPs/Pt elec-
trode, but different for the ADH/PDAMS/PtNPs/Pt electrode. These
dissimilar behaviours must be related to the different structure
of the polymers and the diffusion of alcohols with different sizes
through the nanostructured material. The different morphologies
of the PDAMS and PMDUS films condition the conformation of
the enzymatic layer, resulting in an additional mass transport
limitation with PMDUS. Consequently, it can be expected that the
diffusion is better for methanol than for ethanol in the PMDUS
biosensor. If the diffusion of alcohols is not very hindered (PDAMS
case), the differences in the ethanol and methanol intrinsic Ky; of
ADH are reflected in the apparent K’y values, but if the diffusion of
both is very hindered (PMDUS case), methanol diffusion must be
comparatively easier. This theory is supported by the wider linear
range obtained with the PMDUS biosensor (Table 2). In addition,
a 2mM aliquot of ethanol added to a 4 mM methanol solution,
only increased the current in a 10% of the respective to the same
concentration of methanol, indicating that methanol causes a
competitive inhibition of ethanol in these devices.

Fig. 8 shows the calibration plots of both ADH/polymer/PtNPs/Pt
biosensors for several alcohols and their amperometric responses
(insets in Fig. 8A and B) to the successive additions of methanol
and ethanol in phosphate buffer (pH 7.0). In the same way that
in the direct NADH determination, the responses displayed two
linear ranges of concentration. From Fig. 8 and the analytical
parameters shown in Table 2 it can be seen that PMDUS/PtNPs/Pt
biosensor exhibits faster response time (in accordance with the
obtained k., values), wider linear range for both ethanol and
methanol determination, and lower detection limit (calculated as
twice the standard deviation of the background noise) for methanol
than PDAMS/PtNPs/Pt biosensor. These facts lead us to think that
PMDUS is a somewhat better dehydrogenase bioelectrocatalyst
than PDAMS, in agreement with the results obtained in the direct
response to NADH of modified electrodes without the enzyme.

The methanol results cannot be compared with other reported
ones, because it is the first time that an ADH biosensor is more effi-
cient in methanol than ethanol measurements, but the obtained
results are promising because of their wide linear ranges, low work-
ing potential, fast response time and detection limits (see Table S2
- Supporting information for ethanol).

In relation to the selectivity to other substrates, the response to
1-butanol and 2-propanol was examined. The results (Fig. 8) indi-
cate that the response of the biosensors decreases as the size of the
alcohol increases, and the secondary alcohol also has a very low
signal, which is in good agreement with the described selectivity
of ADH.

The operational stability of the biosensors was exam-
ined by their responses to successive additions of methanol,
and the relative standard deviation was 2.0% and 2.1% for
ADH/PMDUS/PtNPs/Pt and ADH/PDAMS/PtNPs/Pt respectively
(n=5). The electrode-to electrode reproducibility was also exam-
ined for five different electrodes for each polymer, in a methanol
solution 2.0 mM, and the relative standard deviation was calculated
to be 3.5% and 4.0% for PMDUS and PDAMS respectively. The sta-
bility of the biosensors, evaluated by intermittent measurements
in presence of methanol 2.0 mM, was different for each polymer.
The ADH/PMDUS/PtNPs/Pt response remains stable and only an
8% reduction in the oxidation current was observed for electrodes
stored in ultrapure water at 4 °C after three weeks. However a 65%
decrease of the initial methanol response was observed for the
ADH/PDAMS/PtNPs/Pt after one day stored, and an 80% after the
second day. This behaviour reflects the different adherence of ADH
over the two polymers. PMDUS, a denser and smoother polymer,
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Table 2
Kinetic and analytical parameters? of enzyme electrodes for the oxidation of methanol and ethanol.
ADH/PDAMS/PtNPs/Pt ADH/PMDUS/PtNPs/Pt
Methanol Ethanol Methanol Ethanol
105 Kapp, AM™! 11.0 32 11.0 3.2
K,, mM 39.7 15.6 31.6 39.7
Linear ranges, mM 1.2-8.0 0.9-7.0 2.6-12.6 1.4-10.0
8.0-30.0 7.0-18.0 12.6-30.0 10.0-30.0
Correlation 0.9981 0.9948 0.9981 0.9982
coefficients, r 0.9998 0.9983 0.9983 0.9992
Sensitivity (slopes-A), 0.957 0.233 0.756 0.260
mAM-! cm~2 0.713 0.114 0.526 0.173
Intercepts, pA 2.08 x 102 554 %1073 8.79x 102 7.95x 1073
0.20 8.26 x 102 0.36 9.38x 102
Response time, s 60 60 2 2
Detection limit, uM 127.6 451.6 80.6 546.6

2 Obtained and/or calculated from measures at 0.25V vs. SCE.
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Fig. 8. Calibration curves for several alcohols at ADH/PDAMS/PtNPs/Pt
(Ier=6.2 x 10719 mol Fccm—2) (A) and ADH/PMDUS/PtNPs/Pt
(Iefr=2.8 x 1071 mol Fccm~2) (B) rotating biosensors in deaerated phosphate
buffer (pH 7)/NaClO4 0.1M containing NAD* 1.0mM. E=+0.25V (vs. SCE) and
w=500rpm. Insets are the amperometric responses of biosensors to successive
additions of 2 mM of each alcohol.

offers a surface support for ADH more adherent and lets a better
ADH-mediator interaction than PDAMS. This difference could be
partly responsible for different response time observed at PDAMS
and PMDUS biosensors.

3.4. Determination of the alcohol in real samples and
interferences

The discrimination of methanol and ethanol is particularly
important to detect falsified alcoholic beverages. In adulterated
beverages, methanol is used instead of ethanol because methanol
is cheaper but it is very toxic to humans. The developed biosen-
sors measure both alcohols together but, for this purpose, we
take advantage of the different slopes of calibration plots of both
alcohols with the ADH/PMDUS/PtNPs/Pt electrode, at two differ-
ent working potentials. Really, slopes at +0.25 and +0.55V are
practically the same for methanol, while they are quite differ-
ent for ethanol. The linear equations at 250 mV for methanol and
ethanol were I (nA)=0.0387+0.0513C (mM) (R=0.9982) and I
(LA)=0.0216+0.0324C (mM) (R=0.9992) respectively. Real sam-
ples of non-alcoholic beer and red wine (12% v/v ethanol) were
used as background in order to detect possible interferences. The
beer was analyzed directly and spiked with methanol or ethanol at
concentration levels similar to the ethanol concentration usually
found in regular beer (5%, v/v) and the red wine was spiked with
2% v/v methanol.

The amperometric determinations of ethanol and methanol
were carried out in stirred solutions at +0.25 and +0.55V and by
the standard additions method, involving the addition of ethanol
and methanol aliquots from a stock 2.0 x 10~% M. The results are
shown in Table 3. It can be seen that the results detected by the
ADH/PMDUS/PtNPs/Pt electrode show successful discrimination
of methanol and ethanol, even in the presence of other possi-
ble interfering substances in these complex environments. These
results indicate that the method presented in this work allows
carrying out simple analysis with no pre-treatment of beverage
samples.

Applications of the described modified electrodes in the clini-
cal diagnosis field are out of the aim of this work, nevertheless we
have evaluated the effect of 0.2 mM interfering substances com-
monly present in biological samples. From earlier studies with
PDAMS and PMDUS modified electrodes [27], we confirmed that
the electro-oxidation of principal interfering agents in biological
samples, ascorbic acid (AA), uric acid (UA) and p-acetaminophenol
(ACE) occur at potentials more positive than +0.1V interfering the
signal when are present. These interferences and others as due to
glutathione (GSH), dopamine (DA) or epinephrine (EP), have been
avoided by means of an additional thin film of the widely used
Nafion polymer in the same way as other authors [15,27,36].
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Table 3
Results for the determination of methanol and ethanol in real samples using ADH/PMDUS/PtNPs/Pt electrode. Mean values for five measurements.
Analyzed sample Nominal or spiked (mM) Found (mM) Recovery (%)
Methanol Ethanol Methanol Ethanol Methanol Ethanol
NAB - 0.0 0.0 £ 0.07 0.0 + 0.02 100 (£0.07) 100 (+0.02)
NABM 4.0 - 39+0.1 0.0 £ 0.05 97.5 (£0.1) 100 (£0.05)
NABE - 4.0 0.0 + 0.09 42 +0.1 100 (+0.09) 105 (+0.09)
WM 3.0 12.4 2.9 +0.08 123 £ 0.1 96.7 (+0.08) 99.2 (+£0.1)
4. Conclusions Acknowledgment

This work demonstrated that films of two hyperbranched redox
polymers, PDAMS and PMDUS, functionalized with interacting
ferrocenes, electrodeposited on Pt nanoparticles have improved
the ability for promoting electron transfers between the redox
polymer and the electrode surface. The two polymer/PtNPs/Pt
electrodes have been successfully used as electrochemical sensors
in the electrocatalytic oxidation of NADH and compared with the
corresponding polymer-coated Pt electrodes. The rate constants,
linear ranges, and sensitivities obtained with the polymer/PtNPs/Pt
electrodes are improved in relation with the polymer electrodes,
revealing a synergistic effect of interacting ferrocenes and the
PtNPs, which facilitates a high catalytic activity towards NADH
and a large active surface area. Both polymers were also capable to
protect the electrode surface from the NADH surface fouling effect.
The obtained results were comparable and in most cases better
than those previously found for electrodes modified with other
mediators. With regard to the structure of the hyperbranched
polymers and their films, the polymer with shorter branches and
which affords rougher films, PDAMS, exhibits slightly higher kg,
and sensitivity and smaller K’y;, indicating a better electrocatalytic
activity. The PMDUS polymer, with longer and more flexible
branches, but affording denser films, showed a wider linear range
and higher k.,. These results indicate that the catalytic efficiency
of polymers possibly will be dependent on the substrate-analyte
characteristics.

In addition, the polymer/PtNPs/Pt electrodes give the attrac-
tive possibility of lowering the potential of the NADH oxidation
making them extremely promising candidates to serve as the
electrochemical support for the incorporation of dehydrogenase
enzymes. In this way, we have developed alcohol biosensors with
ADH, as model enzyme, covalently immobilized by crosslink-
ing onto polymer/PtNPs/Pt surfaces. The ADH/polymer/PtNPs/Pt
electrodes were more efficient in the oxidation of NADH pro-
duced by the enzymatic reaction into the film than of NADH
in solution, allowing a lowering in the working potential to
+0.25V vs. SCE. Biosensors prepared with both polymers were
used successfully for methanol, with linear ranges up to 30 mM
and sensitivities 0.957 and 0.756 mAM~! cm~2 for PDAMS and
PMDUS respectively, and overall rate constants 3.4-fold with
respect to those of ethanol. The enzyme electrodes were also
sensitive to ethanol in a similar linear range but the obtained
sensitivities were smaller than with methanol. In any case, the
enzyme electrodes provide sensitivities and behaviours linear
enough to quantify methanol or ethanol in real samples in sev-
eral fields. In relation with the influence of their structure,
ADH/PDAMS/PtNPs/Pt electrodes provided a somewhat better sen-
sitivity, while ADH/PMDUS/PtNPs/Pt electrodes were faster (2 s vs.
60s) and showed a lower detection limit (80 .M for methanol) and
better linear ranges. The ADH biosensors developed in this work
exhibit valuable kinetic and analytical characteristics and offer
the novelty of measuring methanol efficiently at a low potential
(+0.25V) in neutral pH media. The prepared ADH/PMDUS/PtNPs/Pt
biosensor is valid for the analysis of methanol and ethanol in
beverages.

The authors thank the Spanish Direccién General de Proyectos
de Investigacion del Ministerio de Ciencia e Innovacién (Project No.
CTQ-2009-12332-C02) for financial support of this research.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.snb.2013.08.072.
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Preparation of polymer and polymer/PtNPs modified Pt electrodes

Prior to coating, Pt disk electrodes were polished using 0.1 um alumina powder and
rinsed in ultrapure water in an ultrasonic bath. Each electrode surface was then
conditioned by cycling the potential in 0.5 M H2SOa. Finally, the electrodes were rinsed
successively with water and acetone and allowed to dry at room temperature. The Pt
nanoparticles were prepared by cycling the Pt electrode in the potassium
hexacloroplatinate (1) solution in the scanning potential range from -0.25 to 0.6 V (vs.
SCE) at a scan rate of 50 mV s for 20 cycles [1]. The electrochemical active surface
area (effective area) of new PtNPs/Pt electrodes was measured in accordance with [1].
The PtNPs/Pt electrodes were rinsed with phosphate buffer and acetone prior to polymer
electrodepositing. The polymer films were electrodeposited onto Pt or PtNPs/Pt
electrodes according to a previously published procedure [2,3] under potentiostatic
control at +0.7 V (vs. Ag/AgCl). The coated electrodes were rinsed with
dichloromethane and water.

Preparation of ADH/polymer/PtNPs modified Pt electrodes

The enzyme loading was optimized to c.a. 20 Units based on the slopes of the
ethanol calibration graphs and having into account the relation sensitivity/costs in order
to optimize them. The enzyme was immobilized onto the polymer/PtNPs/Pt electrodes
by covalent cross-linking [4] by applying 6 pl of the resulting mixture of 100 ul of a 15
mg/ml ADH aqueous solution and 50 pl of a 1% (wt. %) aqueous solution of BSA. A 2
ul of aqueous solution of glutaraldehyde (40 mM) was further coated onto the
electrodes and dried at 4 °C for 2 h. Finally the enzyme electrodes were kept in
phosphate buffer for 15 min before use.
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Fig. S2. Cyclic voltammograms of Pt disk electrodes modified with (A) PDAMS (/"=
4.5x101° mol Fc cm thickness film) and (B) PMDUS (/"= 1.7x107*° mol Fc cm™) in
presence of NADH 0.5 mM. (C) CV of a platinum bare electrode in presence of NADH
0.5 mM. (D) CV of the same PMDUS/Pt electrode in absence of NADH. All the CVs

were measured in deaerated phosphate b

st

uffer (pH 7.0) /NaClO4 0.1 M. Scan rate: 5 mV



Kinetic study of ADH/polymer/PtNPs/Pt biosensors.

v Ethanol at ADH/PDAMS/PtNPs/Pt
2.0X107 /<4 Ethanol at ADH/PMDUS/PtNPs/Pt
Methanol at ADH/PDAMS/PtNPs/Pt
Methanol at ADH/PMDUS/PtNPs/Pt

1.5x10" 1

y = 3.1634-10'x + 2.0320-10°

R?=0.9980 ¥ = 3.1539-10x + 7.9369-10°

< 1.0x10’ - R? = 0.9992

y = 8.8879-10°x + 2.2406-10°

5.0x10° R?=0.0993
y = 9.0823-10°x + 2.8749-10°
O O | R2 =0.9986

00 01 02 03 04 05 0.6
ct/mm?

Fig. S3. Lineweaver-Burk plots of methanol and ethanol measured at +0.25 V vs. SCE
with  ADH/PDAMSI/PINPs/Pt  (Ier = 55x10° mol Fc cm?) and
ADH/PMDUS/PtNPs/Pt (I'ert = 3x107% mol Fc cm™) biosensors in deaerated phosphate
buffer.

Applying the Savinell model [5], the linear Lineweaver-Burk plots indicate that neither
the diffusion nor the electrolysis process controls the overall rate of the biosensors, and
the overall reaction rate is limited by a combination of enzyme catalysis and electron
mediation reactions. In these cases, the kinetic parameters can be calculated from the
Lineweaver-Burk plots, with the slope equal to I/kaypp and the intercept equal to
I/kappxK'm, Where kapp and K'm are the apparent rate constant and the equivalent
Michaelis constant, respectively, of the overall reaction. Notice that both parameters are
constant for any specific enzyme electrode whose immobilized concentrations are fixed.



Table S1

Comparison of analytical performance of our proposed Polymer/PtNPs/Pt sensors with other published NADH sensors.

Electrode material Applie((:n[\);))tential Line(z;r'vrlf;mge Respo(rse time Deteiﬂﬁ/rr)limit (m,SAerl\]Zi—tli\(/:ir;XZ) Reference
Azine/hydrogel/ MWCNT 100 0.0-05 — — 41.7 [6]
MPECVD/C nanosheets 336 0.0-05 — 0.44 715 [7]
MWNTSs/IL/Ox-P(NAD*) 50 2x10-0.02 5 0.02 440 [8]

0.02-0.042 200
Fes04/MWCNTs/GC 0.0 1-0.07 — 0.3 70 [9]
0.07-0.3 35
Gr/(PDDA/PSS-MWCNTSs 70 0.025-0.25 <3 0.1 55 [10]
Nafion/NPG/GCE 500 0.02-1.0 — 9.5 98.6 [11]
Nano-ZrO,/PAF/GCE 400 1x10°-0.1 — 1.0 5.22 [12]
PDAMS/PtNPs/Pt 500 8.7x102-0.7 <5 48 68.2 This work
0.7-25 42.6
PMDUS/PtNPs/Pt 500 0.0-0.8 <5 6.2 40.2 This work
0.8-21 24.7

2 Geometric area is unknown (unit =puA mmM™1).



Table S2

Comparison of analytical performance of our proposed ADH/Polymer/PtNPs/Pt sensors with other published ethanol biosensors.

Electrode material 0o t;a?a::i?w) Lin(z;rl\;z;mge 3?;%0(2 ;e Detec(:lic'\)/ln) limit ( mSAer,\]AS'_E'\égz ) Reference
MWCNT-CHIT-ADH 700 none — 0.52 164.6 [13]
MWNTSs/IL/Ox-P(NAD™) 100 5x10-0.06 10 0.5 13.1 [8]

0.06 - 0.9 7.7
Gr/(PDDA/PSS-MWCNTSs 100 0.025-0.20 60 9.6 66.5 [10]
Nafion/NPG/GCE 500 1-8 — 120 2.7 [11]
CA-TBO/ADH/GCE -400 0.01-04 5.0 4.8
Nano-ZrO,/PAF/GCE 400 0.03-1.0 — 1.0 0.0342 [12]
1.0-12.0 0.0062
PDAMS/PtNPs/Pt 250 09-70 60 451.6 0.233 This work
7.0-18.0 0.114
PMDUS/PtNPs/Pt 250 14-10.0 2 546.6 0.260 This work
10.0-30.0 0.173
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Abstract In this work, the electrocatalytical properties and
kinetic characteristics of new electrodes modified with Pt
nanoparticles (PtNPs) and three generations of ferrocene
functionalized dendrimers have been investigated as new
acetaminophen amperometric sensors. The catalytic syn-
ergy of PtNPs with the ferrocene groups is discussed in
relation to the ferrocenyl dendrimer generation and their
properties. The modified electrodes show excellent cat-
alytic responses toward the oxidation of acetaminophen,
with good reproducibility. The overpotential for oxida-
tion of acetaminophen at pH 7 is decreased, and the
current response significantly enhanced. The best den-
drimer/PtNPs/Pt electrode shows several wide linear
concentration ranges for the acetaminophen oxidation
from 0 to beyond 17 mM. At 0.5 V vs. SCE, the first
linear range extends from 0 to 100 uM
(v = 0.0131x — 0.0028; R* = 0.9996) and the last from
10 mM to at least 17 mM (y = 0.0024x + 26.6;
R* = 0.9977). This fact turns the developed acetamino-
phen sensor in the device with the widest application
range. In addition, the sensor allows measuring acet-
aminophen in the presence of interfering substances as
glucose, dopamine, uric acid, and ascorbic acid, and it
has been successfully applied to the determination of
acetaminophen in three pharmaceutical formulations.
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Introduction

Acetaminophen (paracetamol or N-acetyl-p-aminophenol)
(AC)is acommonly used analgesic, and it is accepted globally
in association with relief of headache, fever, cold, and neural-
gia being a suitable alternative for the patients who are sensi-
tive to aspirin. When used in proper therapeutic dose, AC is
easily metabolized, but overdose leads to acute hepatic necro-
sis and many adverse effects including rashes, kidney dam-
ages, body dyscrasias, and pancreatitis [1]. Hence, it is vital to
develop a sensitive technique for the quality control of AC in
pharmaceutical formulations.

On the other hand, the presence of pharmaceuticals in the
environment has received a lot of attention because they raise
risks to the environment and concerns for human health [2].
AC is usually present in the effluent of sewage treatment
plants and surface water from its manufacturing processes
and the disposal of unused ones or human excretion.

The recent studies for acetaminophen detection have well
demonstrated the advantage of electrochemical techniques [3]
over other analytical methods, such as spectrophotometry [4,
5], titrimetry [6], chemiluminescence [7, 8], liquid chromatog-
raphy [9], or capillary electrophoresis [10, 11]. The last ap-
proach in AC electrochemical sensing has incorporated me-
tallic nanoparticles of platinum, gold [12—14], functionalized
multi-walled carbon nanotube films [15] or complex nano-
composites as Pd/graphene oxide nanocomposite [16], highly
loaded zirconium nanoparticles decorated reduced graphene
oxide [17], or by co-depositing glutamic acid and gold nano-
particles on a single-walled carbon nanotube film [18].

@ Springer
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The gold nanoparticles improve the current of oxidation of
the AC and move its oxidation potential with respect to the
unmodified electrode, but they show poor mechanical proper-
ties and reproducibility problems due to their non homoge-
neous surface. The graphene oxides grant a good electronic
transference and act like catalysts for the determination
of the AC, but the electrode preparation is difficult,
expensive and complex. However, it is known that
platinised platinum is a unique electrode material in its
stability and variety of achievable characteristics. The
properties of electrolytic deposits of platinum on plati-
num and carbon substrates depend on the deposition
conditions [19-21]. In addition, platinum nanoparticles
(PtNPs) increase the surface area and provide an elec-
tron transfer with strong catalytic properties [21, 22]. In
fact, some years ago, we prepared very efficient and
sensitive new sensors by using PtNPs under several
polymer films [23, 24].

Ferrocene and its derivatives have been widely used as
electron transfer mediators, catalysts or electrochemical
probes. Highly sensitive detection of L-glutamate [25], glu-
cose [26], cancer biomarker and cocaine [27, 28], isoprotere-
nol, acetaminophen, theophylline [29] and others [30, 31] has
been performed on ferrocene derivatives modified electrodes.
Ferrocene derivatives have been also used for the simulta-
neous detection of ascorbic acid, dopamine, uric acid and
acetaminophen [32] and as bioelectrocatalysts in oxidase, per-
oxidase [33—36] and dehydrogenase biosensors [37].

However, ferrocene can easily diffuse away from the elec-
trode surface, and it is vitally important to link the mediator
with high molecular weight compounds, polymers or NPs.
From quite a few years, we have investigated redox-active
organometallic silicon and nitrogen-based dendritic and poly-
meric materials containing ferrocenyl and
permethylferrocenyl groups [37-43]. Dendrimers are well-
defined highly branched macromolecules that emanate from
a central core and are formed by iterative reaction sequences,
each one of this iterative reaction accounting for a new
“generation”. Dendrimers can be deposited on electrode sur-
faces by forming layers which have high mechanical stability.
Their highly branched structure and their large area make
them useful materials for sensor fabrication. Dendritic macro-
molecules containing a controlled number of redox-active or-
ganometallic units at the core, within the branches or at the
periphery of the dendritic structure, are good candidates as
catalyst systems.

Our previous experiences [23, 24] led us to think that
the incorporation of PtNPs under the dendrimer films
would allow developing new sensors more efficient
and sensitive because of their increased effective surface
and the catalytic synergic effect with the interacting fer-
rocenes. We use in this work poly(propyleneimine)
dendrimers of three generations.
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Experimental
Reagents and solutions

In this work, we have used three poly(propyleneimine)
dendrimers DAB-1-(NHCOFc¢), (Dend1®"), DAB-
3-(NHCOFc¢)¢ (Dend3™) and DAB-5-(NHCOFc)g4
(Dend5™) synthesized as previously described [44] (Fig 1).
Acetaminophen, glucose, uric acid, ascorbic acid and the sol-
vents were purchased from Sigma. All other chemicals were
analytical grade and were used without further purification.
The 2 mM K,PtClgH,O (> 99.9 % from Aldrich) solution
was prepared in 0.5 M H,SO,. Ultrapure water was used for
preparation of buffers and standards, and for electrochemistry
solutions. The electrolyte bath for the polymer deposition
contained 10 M in the redox-active species (ferrocene) and
0.1 M tetrabutylammonium hexafluorophosphate in dichloro-
methane. All other amperometric measurements were per-
formed in 0.01 M phosphate buffer pH 7.0 with 0.1 M
NaClO, as supporting electrolyte. The solutions were deoxy-
genated by bubbling high-purity nitrogen for at least 15 min.

Apparatus

All electrochemical measurements were performed using an
Ecochemie BV Autolab PGSTAT 12. The experiments were
carried out in a conventional three-electrode cell at 20-21 °C
with a Pt disc of 3 mm diameter as working electrode and a Pt
wire as auxiliary electrode. A BAS non-aqueous Ag/Ag" ref-
erence electrode and a saturated Calomel reference electrode
(SCE) were employed in organic solvents and aqueous media,
respectively. In steady-state measurements, an Autolab
rotating-disc electrode was used.

Preparation of dendrimer and dendrimer/PtNPs modified
Pt electrodes

Prior to coating, Pt disc electrodes were polished using 0.1 um
alumina powder and rinsed in ultrapure water in an ultrasonic
bath. Each electrode surface was then conditioned by cycling
the potential in 0.5 M H,SO,. Finally, the electrodes were
rinsed successively with water and acetone and allowed to
dry at room temperature. The Pt nanoparticles were prepared
by cycling the Pt electrode in the potassium hexacloroplatinate
(IV) solution in the scanning potential range from —0.25 to
0.6 V (vs. SCE) at a scan rate of 50 mV s ' for 20 cycles
[21].The PtNPs/Pt electrodes were rinsed with phosphate
buffer and acetone prior to polymer electrodepositing. The
electrochemical active surface area (effective area) of new
PtNPs/Pt electrodes was measured from the integrated charge
of the hydrogen desorption peaks, assuming a charge of
210 uC per cm? of polycrystalline Pt [22, 45]. Figure 2 shows
the SEM micrograph of a platinum wire electrode modified



J Solid State Electrochem (2016) 20:1551-1563

1553

/rg- e

. & £
YRV
1L red

"'Q,J

Py e o~ S \'
Z : g
ol fﬁ\:. S y 4

& i { »

Fig. 1 Ferrocenyl dendrimers of first, third and fifth generation

with electrodeposited PtNPs. As it can be seen, the average
size of the PtNPs is about 90 nm.

The dendrimer films were electrodeposited onto Pt or
PtNPs/Pt electrodes respectively under potentiostatic
control at +1.0 V (vs. Ag/Ag"). The coated electrodes
were rinsed with dichloromethane and water. In all
cases, the surface (or effective surface) coverage of
electroactive ferrocenyl sites in the films was deter-
mined from the integrated charge of the cyclic
voltammetric waves. The dendrimer modified electrodes
were stored at room temperature when not in use.

Preparation of real samples
Three kinds of commercial pharmaceutical samples contain-

ing acetaminophen were used to evaluate the performance of
the sensor, Gelocatil (GELOS S.L. Laboratories, Esplugues de

1322

Fig. 2 SEM micrograph of a platinum wire electrode modified with
electrodeposited PINPs

P

ol
X
[~

—
&E&}
ek

o
TSN
L e
Yo S

o
S

22
S
hat
o

it
S
_ {gf
&

Llobregat, Barcelona, Spain), Dolocatil (Ferrer Internacional
S.A., Esplugues de Llobregat, Barcelona, Spain) and
Efferalgan Vitamin C (BRISTOL MYERS SQUIBB Agen-
Lot et Garonne, France). For the samples preparation, an ac-
curately weighed portion of finely powered sample, obtained
from three tablets, was dissolved in 10 mL of ultrapure water
with ultrasonication. Then, 20 pL of the corresponding solu-
tion was added to 10 mL of the 0.01 M phosphate buffer (pH
7)/0.1 M NaClO, supporting electrolyte for the analysis with
standard addition method.

Results and discussion

Morphological characterization of dendrimer/Pt
and dendrimer/PtNPs/Pt electrodes

The morphology of electrodes modified with the three gener-
ation dendrimers was studied by scanning electronic micros-
copy (SEM). Figure 3 shows the surfaces obtained for the two
kinds of modified electrodes with the three generation
dendrimers.

As it can be seen, all the films of dendrimers form compact
deposits which appear to be smoother, more homogeneous
and denser with the increasing generation of dendrimer. This
fact is also observed in the dendrimer/PtNPs wires, in which
dendrimers of increasing generation cover more uniformly the
electrochemically deposited PENPs, Dend5™ forming a homo-
geneous film on the PtNPs in close contact with a highly
increased surface.
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Fig.3 SEM micrographs of platinum wire electrodes modified with Dend 1, Dend3™ and Dend5™ (a, b and ¢ respectively) and PENPs/Dend1%', PENPs/

Dend3™ and PtNPs/Dend5™ (d, e and f, respectively)

Electrochemical and Kkinetic characterization
of dendrimer/Pt and dendrimer/PtNPs/Pt electrodes

Figure 4 shows the cyclic voltammograms of electrodes mod-
ified with dendrimers of three generations, together with the
same dendrimers deposited onto PtNPs modified electrodes in
phosphate buffer 0.01 M (pH 7.0)/NaClOy, (0.1 M). The first
point to be considered is the great increase of the peaks in the

dendrimer/PtNPs electrodes in comparison with the dendrimer
electrodes. This fact is unquestionably due to the increase of
the effective electrode surface of PtNPs electrodes, but it is
important to note the good contact of the ferrocenes with the
NPs and between themselves.

On the other hand, the peak intensities increase with the
increasing film thickness, indicating the availability of elec-
trons to reach the last layers. In some cases, no increase of the

3:4.41E-10 mol/cmz 3 A 2:3.14E-10 mo]/cmf 2 B 8] 3:7.67E-10 mol/cmi 3 C
49 2:3.20E-10 mol/em 1: 1.94E-10 mol/cm® 2: 3.61E-10 mol/cm
1: 1.79E-10 mol/cm’ 6 1:2.37E-10 mol/em’
24
24 41
—_ ~ ~
2
< < <
Z 3 Z
= 01 ‘~ 0 -~ 01
2
24
4
2
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 04 0.5 0.6 0.7 0.1 0.2 0.3 04 0.5 0.6 0.7
E (V vs. SCE) E (V vs. SCE) E (V vs. SCE)
25 5 25
127 3. 1L13E-10 mol/en’ 3 D 3 ]'46E'IO“‘°VC"‘2 3 E » 2: 1.46E-10 mol/cm’ 2 F
104 2.0.77E-10 mol/cm’ 20 2: 0.73E-10 mol/cm 71: 0.65E-10 mol/em’
. 2
8 1:0.58E-10 molien’ 15 11 0-43E-10 mol/em 15
64 104 10
44
—_ ~ 5] —~ 5
< 2 < <
3 ER 3 o
o4 2 oA =z
-5
24 5.
4+ 10
-104
61 15 4
-8 -15
T T T T T T T T T T T T T T T 20 4— : : : : : :
0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.1 0.2 0.3 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7

E (V vs. SCE)

E (V vs. SCE)

E (V vs. SCE)

Fig.4 Dependence of the peak current on the thickness of films for electrodes modified with Dend1®, Dend3™ and Dend5" (a, b and ¢ respectively) and
PtNPs/Dend1*, PINPs/Dend3™ and PINPs/Dend5™ (d, e and f, respectively) in phosphate buffer 0.01 M (pH 7.0)/NaClO, (0.1 M); scan rate 100 mV s ™!
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intensity is observed after Ep with the increasing coverage,
indicating the absence of any retardation in the electronic
transference [46]. However, the majority of cases show a cer-
tain increase of intensity after the peak due to the natural
increase of the path of electrons. In all cases, we can observe
the diffusion tail related with multilayer films.

The cyclic voltammograms of modified electrodes at
several scan rates present in all cases cathodic and an-
odic peaks separations (AEp) practically constant but
higher than zero (see Table 1), indicative of the absence
of kinetic limitations [47]. The AEp values of the den-
drimer electrodes are close to a reversible system in
homogeneous media (0.058/r) and rather higher for the
dendrimer/PtNPs electrodes probably due to their non-
planar heterogeneous surface.

The ferrocene oxidation into ferricinium moieties
needs charge balance, and therefore, the diffusion of
the counter ions to the oxidized organometallic groups
will contribute to the electrochemical reaction Kkinetics,
influencing the voltammetric response. Plots of the an-
odic and cathodic peak currents vs. the scan rate (not
shown) show a linear relationship for sweep rates above
0.2 V/s, indicating the surface confined nature of the
electroactive groups as theoretically predicted for a
surface-immobilized couple. However, the anodic peak
currents show a linear relationship with v* (Fig. 5), tak-
ing x values between those found by Laviron [46] for
multilayer films of reversible systems with fast electron
transfer (x = 0.6) and the unit (indicative of nonexis-
tence of charge percolation in a monolayer film). In
addition, a dependence of charge on the scan rate is
observed in the cyclic voltammograms: Q increases as
v decreases, which confirms the multilayer structure of
dendrimer film and the existence of certain charge per-
colation [48]. These data are in agreement with the bib-
liography [49] and indicate fast kinetics with electronic
transfer with the electrode also fast [45]. In all cases,
the electron transport step within the film limits the
overall rate resembling the diffusion of electroactive

species in homogenous media, [48] according to an
electron hopping quasi-diffusional model.

A very successful approach for the interpretation of
this problem is based on the fact that the speed of
electrons and the corresponding balancing counter ions
transport through the multilayer films obeys the diffu-
sion laws, with a called diffusion coefficient of charge
transport, apparent, or effective diffusion coefficient.
Some cases have been reported in which a change in
the linear dependency of ip from v to v'? is observed,
due to the interaction between the scan rate and the
charge transfer kinetics through the film [49]. When
the current of the voltammetric peak is proportional to
v it can be expressed by the same equation used for
species in solution:

I, = 2.69 - 10°1° 24D * Cpv'/?

Where D, is the apparent diffusion coefficient and Cj is
the concentration (mol cm ) of active sites in the film.
In our case, the ip show a linear behaviour vs. v'’* at
scan rates higher than 1.0 V s~ ' and D, can be obtain-
ed from the slopes of the ip — v'* plots. The concen-
tration of active sites in the film, Cy, is calculated from
the integrated area below the voltammetric peak and the
depth of the dendrimer coverage obtained by AFM
measurements.

Figure 6 shows the selected AFM images of ITOs modified
with the three generation dendrimer films and the respective
depth distributions. Unfortunately, the AFM does not provide
topographic information of dendrimer multilayer films be-
cause the matter sticks to the cantilever tip and distorts the
film surface. However, this technique was useful to obtain
the thickness of films in order to calculate the concentration
of active sites in the film, C,. The obtained values for Dend1™,
Dend3™ and Dend5™ films were 2.84-107, 2.62-10* and
7.20-10"* mol Fc cm® respectively, indicating that the
Dend5™ films are the densest and the Dend1*' and Dend3™
films are very similar. Table 1 shows the D, average values

Table 1 Electrochemical and

Kkinetic results Electrode °E° *AEp Wipat2 Vs Dy (em*s™)
(V vs. SCE) ) (mV) (I'= 1.5:107"° mol cm ?)
DendI® 0.517 0.061 = 0.008 130 2.1-1071
Dend3™ 0.511 0.053 £ 0.007 110 1.8107"
Dend5™ 0.503 0.057 £ 0.014 101 0.510 1
Dend1%/PtNPs 0.513 0.089 = 0.010 120 55101
Dend3™/PtNPs 0.522 0.084 £ 0.013 100 521071
Dend5™/PtNPs 0.526 0.068 = 0.016 80 58101

* Average of six electrodes
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Fig.5 Dependence of ip onv* for electrodes modified with Dend1®, Dend3™ and Dend5™ (A, B and C respectively) and PtNPs/Dend1®, PENPs/Dend3™

and PtNPs/Dend5™ (D, E and F respectively)

for each one of the six modified electrodes. These results are
in good agreement with the literature [50].

The electronic transfer coefficients o were estimated
from the width at mid-height W,,. For very high scan
rates, the W;, of the cathodic peak is equal to 62.5/«
mV and for the anodic peak to 62.5/(1 — a) when only
one electron is transferred [51]. The W, values obtain-
ed (see Table 1) for the anodic and cathodic peaks were
equal, indicating that o = 0.5 in all cases, but slightly
different than the theoretical Nernst value (90.6/n). This
distortion in relation to the Nernstian value (flatter
peaks) occurs because the electrochemical reaction in
the first layer, which controls the reaction in the bulk
of the coating, becomes more spread out along the po-
tential axis [52]. The broadening has been attributed to
repulsive interactions, to differences in the spatial distri-
bution of the redox centres, the different £° values for
the electroactive groups or to the influence of the inho-
mogeneity of the electrode surface. The narrowing is
related to attractive interactions, and it occurs only in
the Dend5"/PtNPs modified electrodes. From Table 1,
we can observe that these interactions diminish with
the increasing generation of dendrimer and in the
dendrimer/PtNPs modified electrodes compared to the
dendrimer electrodes. In addition, the inclusion of
PtNPs besides offering a greater area of contact in-
creases the apparent diffusion coefficient D, improving
the electron transfer. To that effect, the fifth generation
dendrimer showed the best result.

@ Springer

Electrooxidation of acetaminophen at the dendrimer/Pt
and dendrimer/PtNPs/Pt electrodes

The acetaminophen electrochemical oxidation involves
two electrons and two protons to generate N-acetyl-p-
quinoneimine [53, 54], and its oxidation potential is pH-
dependent (Scheme 1). The effect of pH on the electro-
chemical response of the modified electrodes toward
acetaminophen oxidation was studied in the pH range
from 4 to 9, and the obtained results are in similar to
those reported by other authors [15, 55, 56]. The anodic
peak potentials are observed to shift to more negative
potentials with an increase of the solution pH, indicat-
ing that the electrocatalytic oxidation of acetaminophen
is pH-dependent, and the electrode reaction was accom-
panied by the transfer of protons. In addition, the anod-
ic peak current of acetaminophen increases up to pH 7,
and at higher pH values, the peak current starts to de-
crease. Consequently, a pH value of 7.0 was chosen as
optimum for all the experiments. At pH 7.0, AC shows
electrochemically irreversible redox behaviour with oxi-
dative and reduction peaks at 0.480 and 0.018 V wvs.
Ag/AgCl, respectively, at the bare GC electrode [2].
However, the electrochemical behaviour of AC at a Pt
bare electrode is not described because the oxidation
peak occurs at more positive potentials overlapping with
the platinum profile and it is useless.

Figure 7 shows the cyclic voltammetric response for
the electrochemical oxidation of 0.3 mM acetaminophen
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Fig. 6 3D AFM images of ITOs
modified with Dend1*', Dend3™
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on a Dend5™ modified electrode in 0.01 M PBS buffer
(pH 7.0)/NaClO4 0.1 M electrolyte as an example in
comparison with the signal at the Pt bare electrode.
As can be seen, at Pt bare electrodes, the AC oxidation
occurs at much more positive potentials than at modi-
fied electrodes, which indicates an appreciable catalytic
effect of the dendrimer/PtNPs film. The addition of
acetaminophen leads to a substantial enhancement of
the oxidation current, whereas the ferrocene cathodic
peak disappears, as expected for a catalytic process.
Acetaminophen exhibited an irreversible electrochemical
behaviour with an oxidation peak at Epa = 0.48 V vs.
SCE. Notice that catalytic currents flow at potentials at
which ferrocene units are oxidized, indicating that

Scheme 1 Reaction of
electrooxidation of
acetaminophen
HO

ferrocene acts as mediator of a mediated reaction se-
quence which can be described by the simplified
scheme:

Fcreg—Fcox + ne
Feox + ACeg—Fcreq + ACo

The electron transfer occurs between the electrode
and ferrocene and not directly between the electrode
and the analyte, and the active form of the catalyst is
electrochemically regenerated. The net results of this
electron shuttling are a decrease of the overvoltage to
the potential of the ferrocene and an increase in current
density [57].
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Fig.7 Cyclic voltammograms of'a Dend5™ (I"=2.343-10""" molFc/cm?
thickness film) modified electrode in absence (a) and presence (b) of
acetaminophen 0.3 mM in 0.01 M phosphate buffer (pH 7.0) and
NaClO,4 0.1 M as supporting electrolyte. ¢ Cyclic voltammogram of a
Pt bare in presence of AC 0.3 mM in the same supporting electrolyte,
Scan rate 10 mV/s

The kinetics of the electrocatalytic reaction was stud-
ied by rotating-disc voltammetry. The linearity of the
Levich plots (i vs. w'?) [58] obtained in N,-saturated
solutions of acetaminophen at low rotation rates indi-
cates mass-transport limited kinetics. At higher rotation
rates, these plots deviate from linearity suggesting a
kinetic limitation. That is, Levich plots indicate that
the limiting currents for the oxidation of acetaminophen
at modified electrodes are not entirely transport con-
trolled but are also partially controlled by the catalysed
electron-transfer kinetics. Under these conditions, the
Koutecky—Levich equation [59, 60] can be used to de-
termine the rate constant and the diffusion coefficients,
Dy, of the AC oxidation at the modified electrodes:

1 1 1
i n FACY \kosI' 0.620 DYv-1/601/2

Where n denotes the number of electrons, F the Faraday
constant, A the electrode area, v the kinematic viscosity,
Dy the diffusion coefficient, I' is the coverage (the sum
of both the oxidized and reduced form of the bound
mediator at any potential), w the angular velocity, kops
is the heterogeneous second-order rate constant and C°
the bulk concentration of AC.

The diffusion coefficient, Dy can be evaluated from
the slope of the Koutecky—Levich plots (™' vs. w/?)
knowing the number of electrons participating in the
reaction (n = 2 in this case). The heterogeneous rate
constant, k,ps, can also be evaluated from the intercept,
once the I' value is known by integrating the area under
the CV waves. The rate constants and the

>

@ Springer

acetaminophen diffusion coefficients obtained from the
Koutecky—Levich plots (i”' vs. w?) are summarized in
Table 2. From these results, we can observe that elec-
trodes modified with 5th generation dendrimer and
PtNPs are more efficient that the others; consequently,
the Dend5™/PtNPs modified electrode was chosen to
develop the new AC sensor. The diffusion coefficients
obtained for acetaminophen are higher than those in
aqueous solution [61], confirming that the overall reac-
tion rate is not diffusion-controlled and indicating that
the electrochemical catalytic reaction occurs practically
in the surface of Dend5"/PtNPs modified electrode,
which oxidizes AC very efficiently. The lower Dy
values obtained with the PtNPs modified electrodes
must be due to inhomogeneity of the electrode surface,
but in view of the rate constant values, it does not
affect the efficiency of dendrimer/PtNPs electrodes.

Analytical characterization of sensor

Once the more efficient modified electrode and work-
ing pH value were selected, the analytical characteriza-
tion of the sensor was carried out by amperometric
measurements. Figure 8a shows the amperometric re-
sponses (first part of calibration curves) of the
Dend5™/PtNPs electrode, to successive additions of al-
iquots of acetaminophen, at several applied potentials
vs. SCE. As it can be seen, the amperometric signal
improves with the increasing potential from 0.4 to
0.5 V vs. SCE, but the improvement is not significant
when the potential increases above 0.5 V.
Consequently, the working potential of 0.5 V was cho-
sen as optimum. Figure 8b shows the complete calibra-
tion plot of a Dend5"/PtNPs electrode at 0.5 V work-
ing potential. In all cases, the anodic current reached a
steady state within 5 s. The inset in Fig. 8b shows the
amperometric response at 0.5 V.

All the curves obtained at the several applied potential
values consist of several linear ranges. The mean results for
five electrodes at the several applied potentials are summa-
rized in Table 3.

Table 2  Kinetic results of AC electrooxidation

Electrode ar(molFeem )  %ops M 's™) Do (em®s )
Dend1® 561071 28-10° 22-107°
Dend3™ 4910710 20-10° 32-107°
Dend5™ 41-101° 17-10° 1.8-107°
Dend1*/PtNPs 0.7-1071° 40-10° 68107
Dend3™/PtNPs 091071 55-10° 981077
Dend5"/PtNPs 091071 56-10° 7.1-107

# Average of five electrodes
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Fig. 8 Plots of chronoamperometric currents vs. acetaminophen
concentration of a rotating Dend5'"/PtNPs electrode
(I'=1.995-10""° mol Fc cm?), at several measuring potentials (a), and
calibration plots for all the linear ranges (b, ¢, d, e and f) of the same

One of the highlights of this work is that the re-
sponses displayed linear concentration ranges much
wider than those published in the literature, all of them
with good correlation coefficients and good detection
limits, with acceptable sensitivities, taking into account
the simplicity of this device in comparison with other
proposed acetaminophen electrochemical sensors
(Table 4).

Table 3  Analytical results

electrode at 0.5 V vs. SCE, in deaerated 0.01 M phosphate buffer (pH
7.0)/NaClO,4 0.1 mol L™" solution and rotation speed of 500 rpm. The
inset in b is the corresponding amperometric responses of the same
electrode to two successive additions of 10 uM acetaminophen

In addition, the amperometric response was highly stable in
all the experiments. The stability of the modified electrodes
was examined by performing successive amperometric mea-
surements at pH 7.0. If the electrodes had been stored, they
were pretreated with five potential cycles between 0.1 and
—0.7 V (vs. SCE), in phosphate buffer (pH 7.0)/NaClO,
0.1 M solution, at 100 mV s~ prior to use. In this way, the
sensor keeps 95 % of the initial response after one month.

E Linear ranges (uM) Equation R Detection limit (M)
(V vs. SCE) (1A vs. uM)
0.40 0-3550 y=(0.001 + 0.002)x + (0.005 + 0.001) 0.9991 3.45
3550-17,550 y=(7010*£2 - 107%)x + (122 £ 0.02) 0.9983
0.45 0-700 y=(0.004 + 0.001) x + (0.029 £ 0.003) 0.9992 0.27
700-3500 y=(0.003 + 0.002)x + (0.742 + 0.001) 0.9985
3500-14,000 y=@B0-10*=£3- 10 % + (1.775 = 0.002) 0.9973
0.50 0-100 y=(0.013 + 0.001)x — (0.003 + 0.002) 0.9994 0.24
100-1000 y=(0.010 + 0.002)x + (0.645 + 0.004) 0.9962
10004000 y=(0.006 + 0.002)x + (4.433 + 0.003) 0.9929
4000-10,000 y=(0.004 + 0.002)x + (14.949 + 0.01) 0.9942
10,000 — — ¥ =1(0.002 £ 0.003)x + (26.6 + 0.007) 0.9977
0.6 0-200 ¥ =(0.016 + 0.003)x + (7107 £ 5 - 1074 0.9949 0.20
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Table 4 Comparison with reported electrochemical sensors
acetaminophen

Electrode Linear range (uM) LOD (uM) Ref.
PLS modified GC 1-10 0.1 [2]
AuNP-PGA/SWCNT 8.3-145.6 1.18 [18]
Nation/ER-GO/GC 0.4-1.0 0.025 [62]

1.0-10
PolyDAN-RB4/GC 0.2-164 0.083 [56]
fEMWCNT/GC 0.074-230 0.040 [15]
Bare GC 38.1-160 0.2 [15]
AuNPs/MWCNT/GC 0.09-35 0.03 [14]
Ppyox/AZ/Au 0.2-100 0.08 [63]
IMWCNT-GCE 136.4-500 Not studied  [64]
1,4-BBFT/IL/GPE 10-1000 8.1 [28]
ERG/Ni,O;-NiO/GCE 0.04-100 0.02 [65]
Pd/GO 0.005-0.5 0.002 [16]
0.5-80

PEDOT/GO 10-60 0.57 [66]
poly(DA)/GC 0.02-500 0.007 [67]
ERGO/ZrO, 9-237 Not studied [17]
AuNPs-DNS/MWCNT/GCE  0.8-400 0.05 [12]
SAEBCNPE 0.2-500 0.1 [68]
Nip ;Cog 9Fe,04-GC 2-8000 0.011 [1]
Pd/Al 290-3300 Not studied [69]
4-ABA/GCE 24-240 Not studied [70]
CHNM-GC 100-10,000 1.83 [71]
OMCs/GCE 0.2-15 0.07 [72]
4-PD-GCE 2-1490 1.56 [73]
ERGO-GCE 0.01-10 0.003 [74]
LaNi, 5Tip s05/CoFe;,04/GC  0.5-901 0.19 [75]

Interference study

The coexisting electroactive species which often cause
interference with the acetaminophen signal, such ascor-
bic acid, glucose, dopamine or urea, were investigated
by chronoamperometric measurements at an applied po-
tential of 0.5 V vs. SCE. At this potential, dopamine,
uric acid and glucose do not interfere even at a 500-fold
concentration of acetaminophen (8 pM). Unfortunately,
ascorbic acid has a similar oxidation potential and inter-
feres the acetaminophen determination although its sig-
nal is 20 % of the AC one.

In order to apply this sensor to the determination
of acetaminophen in pharmaceutical formulations,
which often contain ascorbic acid (AA), the resolu-
tion of AC and AA signals was studied by differen-
tial pulse voltammetry (DPV). In these studies, it is
necessary to measure the base line because the AC

@ Springer

signal is superposed to the ferrocene oxidation (see
Fig. 6), and it must be subtracted. Figure 9 shows
the AC and AA peaks sufficiently separated to allow
the AC determination. As the AC concentration in-
creases, the AA peak decreases, and from
150 uM AC for an AA concentration of 500 pM,
the peak disappears and AA does not interfere with the AC
measurement. This phenomenon could be related with the fact
that AC oxidation occurs in the surface of modified electrode
(see discussion above), and from a certain AC concentration,
it is possible that the AC molecules block the access to AA
ones because of their faster electrochemical reaction on the
modified electrode.

Real samples analysis

The developed sensor was applied to the analysis of
three different commercial acetaminophen pharmaceu-
tical samples (Gelocatil, Dolocatil and Efferalgan
Vitamin C) by DPV. The tablets were weighed,
ground into power and dissolved in water as earlier
described. The AC concentration was determined by
the standard addition method and the results are
shown in Table 5. The results are the average values
of five replicate measurements with different elec-
trodes. The reference values are those given by the
tablets specifications. As it can be seen from Table 5, the
recovery for the determination of AC in absence (Gelocatil
and Dolocatil) and presence of AA (Efferalgan Vitamin C)
was very good, demonstrating the efficiency of the developed
sensor for the accurate and reproducible determination of
acetaminophen.

1.0
AC J—
0.6-
0.8 Zos
o 20 40 60 80 100120 140 160
0.6 Acetaminophen (uM)
<
2 04 AA
0.2
0.04
T T T T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7
E (V vs. SCE)

Fig. 9 DPV responses at Dend5"/PtNPs modified electrode for varying
concentrations of AC (0, 50, 100 and 150 pM) in the presence of 500 pM
AA in 0.01 M phosphate buffer (pH 7.0) and NaClO4 0.1 M at a scan rate
of 5 mVs . Inset: Calibration plot with R* = 0.9996
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Table 5 Acetaminophen
determination in pharmaceutical Sample Content Added (uM)  Electrode  Found (uM)  Recovery (%) R.S.D. (%)
samples (mg/tablet)
Gelocatil AC 1000 127.83 1 126.56 99.01 1.9
2 129.25 101.11 2.0
3 127.92 100.07 1.5
4 127.36 99.63 13
5 128.00 100.13 1.9
Dolocatil AC 1000 132.75 1 133.57 100.62 2.0
2 133.87 100.84 1.5
Efferalgan AC 330, 151.23 1 155.27 102.67 1.6
Vitamin C AA 200 2 152.00 100.51 15
3 152.33 100.73 1.8
Conclusion surface is blocked by the AC molecules from certain concen-

New amperometric sensors based on electrodes modified
with poly(amidoamine) ferrocene dendrimers of three
generations have been studied. The modified electrodes
were characterized by SEM, AFM and electrochemical
methods. The kinetic study of modified electrodes with
and without PtNPs demonstrates that the electrodes do
not have kinetic limitations. Besides, the electrodes
which contain PtNPs improve the electron transfer and
increase the active surface. The developed electrodes
showed excellent electrocatalytic behaviour toward the
acetaminophen oxidation which exhibited an irreversible
electrochemical behaviour with an oxidation peak at
Epa = 0. 48 V vs. SCE. The kinetics of electrocatalytic
AC oxidation was studied by rotating-disc voltammetry
demonstrating that electrodes modified with the Dend5™
and PtNPs are the most efficient. The obtained acet-
aminophen diffusion coefficients values are higher than
in aqueous solution, indicating that the overall reaction
rate is not diffusion-controlled and that the electrochem-
ical catalytic reaction occurs practically in the surface of
modified electrodes. The Dend5"™/PtNPs sensor shows a
linear relationship between the concentration and current
response at 0.5 V vs. SCE in a wider range than all the
acetaminophen sensors reported in literature, to the authors’
knowledge, and consequently, it can be used in samples of
several AC concentrations without dilution. The detection
limit was 0.24 uM at 0.5 V. In addition, the Dend5"™/PtNPs
sensor exhibited stable and reproducible responses without
interference from glucose, dopamine or urea. By DPV, a well
separation between the oxidation peaks of AA and AC is
obtained, allowing the AC determination. The AA peak is
influenced by the presence of AC, probably because the AC
oxidation is favoured, and the access of AA to the electrode

tration consequently, the simultaneous determination is not
possible. The Dend5"™/PtNPs sensor was successfully used
for the determination of acetaminophen in pharmaceutical
preparations.
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The main target of this work is the preparation of nanostructurated surfaces with size-controlled gold nanoparticles to obtain effective
electrocatalytic surfaces. In this paper, we show that dispersed Au nanoparticles (AuNPs) having diameters of less than 3 nm can be
synthesized in situ with aminoferrocenyl- and amidoferrocenyl-poly(propyleneimine) (PPI) dendrimers previously electrodeposited
onto electrode surfaces. Dendrimers of first, third and fifth generation have been studied and good dispersed non aggregated
nanoparticles were obtained in all the cases. In a similar way than in homogeneous media, inter-dendrimer Au nanoparticles have
been obtained when first or third generation dendrimer modified electrodes were used, while smaller nanoparticles were obtained
with fifth generation dendrimer, indicating that intra-dendrimer Au nanoparticles have been synthesized. The AuNPs were obtained
from a HAuCly solution after chemical reduction with NaBHy4. The formation of AuNPs was followed by UV-Vis spectroscopy;
electrochemistry and ultra-high resolution scan electron microscopy (HRSEM). The obtained electrodes have been successfully used
for the tetraelectronic oxygen reduction reaction (ORR) with a low onset potential (0.00 V vs. SCE), high kinetic current densities

and also high heterogeneous electron transfer rate constants.
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Nanometer-scale gold particles (AuNPs) exhibit size-dependent
optical and electronic properties of interest in the field of nanoscience
and nanotechnology, and their applications stretch from catalysts'™
to sensors and biosensors.”!? In particular, it is known that AuNPs
with diameters in the sub-nanometer to ~2 nm range show quite
unique properties compared to those larger than 5 nm.'>!* This fact
has motivated intense interest in the design of macromolecular archi-
tectures for the template synthesis of AuNPs with size between 1—2
nm in order to be further used in catalysis'>'® and sensor devices.!”
Nanoparticles encapsulated in dendrimers and other molecular cages
have been reported from 1998!% to date.'®>* These materials were
prepared by sequestering metal ions within dendrimers in solution
followed by chemical reduction to yield the corresponding zerovalent
metal nanoparticles. The size of such particles depends on the number
of metal ions initially loaded into the macromolecule. Dendrimers are
particularly interesting templates because they combine the physical
and chemical searched properties with tunable solubility and surface
reactivity. In addition, the nanoparticles size can also be controlled
by the dendrimer structure and size, and the means by which the
metal ions are coordinated into the dendrimer. Several dendrimers
have been used for this purpose with different cores, type and number
of repetitive branch units and terminal functional groups.?>~%° It was
demonstrated that the interaction of AuCl,~ and poly(amidoamine)
dendrimers (PAMAM) comprise the formation of an ion pair between
AuCl,~ and a protonated tertiary amine, or of a chelate of Au(IIl) by
one (or two) tertiary amine(s) and the terminal groups.?>*° The amide
and amine groups in the PPI dendrimers’ backbone play the same role
in the formation of the ionic pairs with the AuCl,~ ions.! Also it has
been demonstrated the influence of the dendrimer generation on the
size of the resultant colloids:>> lower-generation dendrimers give rise
to larger Au colloids and those high-generations allow getting smaller
Au colloids. This effect is due to both, number of available coordinat-
ing atoms and cavity size into the spherical shape of high-generation
dendrimers, which address to form inter- or intra-dendrimer nanopar-
ticles. However, the AuCl,™ interaction and the cavity size do not
control entirely the size of the formed nanoparticles. It was reported
that AuNPs with improved monodispersity can be prepared by using
the called “magic number”3! ratios of HAuCly:dendrimer.3?3? Specif-
ically, AuNPs containing (on average) 55, 147, 561 and 1022 Au
atoms were obtained within PAMAM dendrimers of generation 4, 6
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and 8 by using ratios of these HAuCl, equivalents per dendrimer.
So, the nanoparticles size and monodispersity are controlled in solu-
tion by the size and structure of dendrimer-template and by the ratio
Au (III):dendrimer. More recently, AuNPs with diameters of 1.6 and
3.3 nm have been obtained on a polymer-wrapped stacked-graphene
dispersed in aqueous ethylene glycol without using any capping
agents.*

In order to develop electrocatalytic applications, the obtained
nanoparticles must be immobilized on electrode surfaces. The ap-
proaches reported to date take as alternatives the immobilization of
NPs-dendrimers by adsorption on Au surfaces (this option provides
very unstable systems), by covalent link to self-assembled monolay-
ers (sometimes the system is not electrochemically active because of
the insulating self-assembled layer between the electrode surface and
the dendrimer),* by electrochemical immobilization to glassy carbon
electrodes by potential cycles,*®37 by deposition of the NPs-dendrimer
corresponding solution onto the working electrode and evaporation of
the solvent,?® by incorporation into conducting polymer matrixes* or
on carbon nanotubes composites.'® Other authors have chosen to ad-
sorb the dendrimers onto gold and platinum surfaces and deposit col-
loidal gold nanoparticles (55 nm) previously synthesized with sodium
citrate.*

In this article, we show that Au nanoparticles with good monodis-
persity can be easily synthesized in situ with aminoferrocenyl- and
amidoferrocenyl-PPI dendrimers previously electrodeposited onto
electrode surfaces. This fact constitutes a significant novelty in relation
with other reported features, in which colloidal AuNPs are obtained
in dendrimer solutions and must be firstly separated and then fixed
to electrodes or other supports. An important key feature concerning
the ferrocenyl dendrimers is their ability to modify electrodes, due to
the solubility change associated to the ferrocene oxidation,*** result-
ing in electroactive material that remains persistently attached to the
electrode surface. Even though ferrocene is also widely used as effec-
tive electrocatalyst (with reversible redox systems with E° about 0.51
and 0.40 for the amide- and amine-dendrimers respectively),*!#445
here the functionalization with ferrocene is used to easily electrode-
posit the dendrimer films. In addition, the surface coverage of den-
drimer films can be determined from the integrated charge of the
cyclic voltammetric waves of the electroactive ferrocenyl sites. We
have used PPI dendrimers of generations 1, 3 and 5 to increase pro-
gressively the number of available coordinating atoms and the cavity
size of the templates.?® We pretend to observe the effects of these vari-
ables on the nanoparticles size. We report the fast and easy preparation
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Figure 1. Ferrocenyl PPI-dendrimers’ structure.

in situ of nanostructured effective electrocatalytic surfaces with inter-
or intra-dendrimer gold nanoparticles size-controlled by the dendrimer
generation. The results are significant because the in situ synthesis and
catalytic applications of AuNPs with this degree of monodispersity in
this size range have not been previously reported.
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Experimental

Materials.—We have used two families of poly(propyleneimine)
dendrimers (PPI) functionalized with amine and amide groups (Fig. 1)
respectively: PPI-1-(NHCH,Fc); (AMNI1), PPI-3-(NHCH,Fc);
(AMN3) and PPI-5-(NHCH,Fc)ss (AMNS); and PPI-1-(NHCOFc),
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Figure 2. Scheme of in situ synthesis of size controlled AuNPs on the dendrimers as templates.

(AMD1), PPI-3-(NHCOFc);s (AMD3) and PPI-5-(NHCOFc)e4
(AMDS5), synthesized as previously described.*"** HAuCly.3H,O was
purchased from Sigma-Aldrich. All other chemicals were analytical
grade and were used without further purification. Ultrapure water was
used for preparation of the buffers and standards, and for electrochem-
istry.

Instruments.—All electrochemical measurements were carried
out using an Ecochemie BV Autolab PGSTAT 12. The experiments
were performed in a conventional three-electrode cell at room temper-
ature (20-22°C) with a Pt disk of 3 mm diameter as working electrode
tips and a Pt wire as auxiliary electrode. A BAS non-aqueous Ag/Ag™*
reference electrode and a saturated Calomel reference electrode (SCE)
or Hg/HgSO, were employed in organic solvents and aqueous media
respectively. In steady-state measurements, an Autolab rotating-disc
electrode was used. The solutions were deoxygenated by bubbling
high-purity nitrogen in all electrochemical measurements. The scan-
ning electron microscope images were recorded on an ultra-high res-
olution scanning electron microscopy Philips XL30S FEG. UV-vis
absorbance spectra were obtained using a Perkin Elmer Lambda 35
UV-vis Spectrometer. The AFM tapping mode measurements were
carried out with a Bruker AFM multimode Nanoscope III A. The UV-
vis and AFM samples were prepared onto ITO modified electrodes.
The oxygen measurements were carried out in an oxygen saturated
0.1 M NaClO, - 0.01 M phosphate buffer pH 7.0 solution (PBS) at
22°C.

Electrodeposition of dendrimers.—Prior to coating, Pt disc elec-
trodes were polished using 0.1 pm alumina powder and rinsed in
ultrapure water in an ultrasonic bath. Each electrode surface was
then conditioned by cycling the potential in 0.5 M H,SO,. Finally,
the electrodes were rinsed successively with water and acetone and
allowed to dry at room temperature. The dendrimer films were elec-
trodeposited onto the Pt or ITO (for UV-Vis and AFM techniques)
electrodes under potentiostatic control at +1.0 V (vs. Ag/Ag") from a
solution containing 10 wM in the redox-active species (ferrocene) and
0.1 M tetrabutylammonium hexafluorophosphate in dichloromethane.

The coated electrodes were rinsed with dichloromethane and water.
The surface coverage of electroactive ferrocenyl sites in the films,
I, was determined from the integrated charge of the cyclic voltam-
metric waves before the AuNPs synthesis. The dendrimers-modified
electrodes were stored at room temperature when not in use.

Synthesis of AuNPs.—The developed method is based in that used
with dendrimers in solution.?’ Briefly, that procedure consists of two
successive steps: the formation of the complex with the amine and/or
amide groups, followed by the reduction of Au complex to zerovalent
Au (Fig. 2). In this case, the dendrimer-modified Pt or ITO electrodes
were dipped in a stirred HAuCly 0.1 mM solution for 10 min and
then rinsed with ultrapure water by dipping the modified electrode
tip in vigorously stirred ultrapure water for a period of 5-10 min, to
remove the uncoordinated ions, thus ensuring the sole reduction of
coordinated Au ions. Next, the electrodes were dipped in a stirred 0.1
mM NaBH, - 0.3 M NaOH solution, during 10 min to reduce the Au
ions and form the NPs. NaBH, was dissolved in NaOH in order to
decrease the rate of reduction.?” Finally, The modified electrodes were
rinsed with ultrapure water.

For the AMN-dendrimers, in order to avoid the massive reduction
of HAuCly on the electrode surface by the ferrocenyl groups,*® they
were previously electrochemically oxidized at0.55 V vs. SCEin 0.1 M
KCIl. Potassium chloride was used as support electrolyte to prevent the
ionic exchange because Cl~ is a more coordinating ion than AuCl, ™.
This pre-treatment is not necessary for the AMD-dendrimers because
the electro-attracting effect of the amide group shifts the oxidation
potential of ferrocene to more positive values.

Results and Discussion

Electrochemical characterization of modified electrodes.—The
electrochemical characterization was carried out by cyclic voltamme-
try in deaerated H,SO4 0.5 M, between 0.0 and 1.3 V vs. SCE at scan
rate 100 mV s~!. Figure 3 shows the obtained voltammograms for
electrodes modified with the two families of dendrimers and AuNPs.
The typical waves corresponding to the Au surface oxidation appear
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Figure 3. Steady-state cyclic voltammograms of (a) Au-AMN and (b) Au-AMD modified electrodes. The lines A, B and C correspond to the first, third and fifth

generations respectively. Scan rate 100 mV s~

in all CVs at about 1.0 V, and the reduction of the adsorbed oxygen
monolayer?” is observed in the potential range of 0.54—0.58 V, which
indicates that AuNPs are formed on the electrode surface and remain
electrochemically active. The oxide reduction peak was integrated and
converted to total Au surface area using the widely accepted conver-
sion factor of 390 wC/cm?.47#® Table I contains the obtained average
Au areas for electrodes modified with the two families of dendrimers,
the dendrimer film average coverage used as template and the calcu-
lated total nitrogen atoms present in each film. If we consider gold
nanoparticles with certain sizes, assuming spherical shape, it is possi-
ble to calculate their theoretical area and compare it with the effective
area experimentally obtained (Table I). In this way, we can obtain an
estimate of the total gold atoms deposited and relate it with the number
of nitrogen atoms of dendrimer-templates. In accordance with other
authors,””*’ we assume that each gold atom has a constant volume of
ve =17 A3 (bulk fec lattice) and the radius of the nanoparticles, R, is
related with the number of gold atoms, n, by the equation:

n=4m(R —38)’/ (3v,)

Where 3§ is the length of the surfactant-stabilizer (§ = 0 in absence
of surfactant). Table II contains, for five nanoparticle sizes, the radii
and the theoretical areas thus calculated, and the number of Au atoms
estimated for all the kinds of dendrimer electrodes. Comparison of
Table II data with the nitrogen atoms in Table I allows us to esti-
mate the most probable nanoparticles size range obtained with each
template-generation. Values of Au atoms in bold are those in closer
agreement with the number of coordinating nitrogen atoms present in
each dendrimer film (Table I). This comparison indicates us that the
nanoparticles tend to be smaller as the dendrimer generation increases,
and support the hypothesis of formation of intra- and inter-dendrimer

nanoparticles with decreasing size as the dendrimer-generation in-
creases. Effectively, this is the result of the available inner and outer
dendrimer cavities, which must vary with the dendrimer generation
in the same way that occurs in solution.”>33 In the films of genera-
tions 1 and 3, the inner nitrogen atoms are very accessible because
of their more open structure, and the gold atoms located in neigh-
boring dendrimers can interact during the reduction step. In this way,
the AuNPs are formed with Au ions from several dendrimers and
position in the inter-dendrimer holes. The upper generations are prac-
tically spherical and the nearest and less flexible peripheral functional
groups restrict the interaction between ions coordinated with nearby
dendrimers and cause the formation of intra-dendritic AuNPs. In fact,
it has been demonstrated that peripheral groups of generations higher
than 6 block the incoming ions and these dendrimers are not useful as
templates.

Spectrometric characterization of the AuNPs.—The characteris-
tic surface plasmon band of metallic nanoparticles can offer informa-
tion about the NPs size. The study of this band requires a strict synthe-
sis procedure in order to ensure the monodispersity of NPs. The Mie’s
theory predicts that below a certain size, less than one-tenth of the
optical wavelength, the position and width of this band should remain
constant, independently of size. Nevertheless, more recently, other
authors®'*? have studied the spectra of AuNPs between 1.7 nm and
4 nm and assert than gold nanocrystals of varying diameters between 2
and 4 nm exhibit distinct bands around 525 nm, the intensity of which
increases with size and becomes rather small in the case of 1 nm
diameter particles. This fact is attributed to a reduced number of itin-
erant electrons in the electron cloud and to that the HOMO=£LUMO
electronic gap decreases with particle size from 1.8 eV for Aug
(~0.5 nm diameter) to 0.3 eV for Au;4; (~ 2 nm diameter). Two

Table I. Characteristics of dendrimer-templates and Au area.

Dendrimer Amine groups® Amide groups® I'® (mol Fc cm—2) Nitrogen Atoms® Au® (cm?)
AMNI1 6 - 5.702-10710 3.606- 10113 0.0135
AMN3 30 - 4.420-10"10 3.493.10113 0.0145
AMN5 126 - 6.622-10710 5.496-10t13 0.0364
AMD1 2 4 9.747-10710 6.163- 10113 0.0295
AMD3 14 16 6.537-10"10 5.166- 10113 0.0228
AMD5 62 64 335810710 278610113 0.0202

4Per dendrimer molecule.
YExperimental values obtained from electrochemical measurements.
¢Calculated for the I" coverage.
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Table II. Estimation of number of Au atoms coordinated by the N atoms in each dendrimer film.

Number of Au atoms™

Au atoms/NPs R(A) Theoretical Area (cm?) AMNI1 AMN3 AMNS5 AMDI1 AMD3 AMDS5
55 6.07 4.63-10714 1.60-10"3 1.71-1013 4.31.10"3 3.50-10'3 2.71-10"3 2.39.10"3
147 8.42 8.91-10"14 222-10"3 2.38-10"3 5.99.10"3 4.86-10"3 3.76-1013 3.33.103
309 10.79 10.79-10~14 2.84-10"3 3.04-10"3 7.65-10"3 6.22.1013 4.80-10"3 425.1013
561 13.16 13.16 - 1014 3.45.10"3 3.70.10'3 9.30-10"3 7.55.10'3 5.83.10"3 5.16-1013
1022 16.07 16.07-10714 4.22.10"3 4.53-1013 1.14-10' 9.25.10"3 7.15-10" 6.33-10"3

*Number of Au atoms = (Experimental area x Au atoms/NPs) /Theoretical area.

years ago, measurable plasmon bands were described® for dendrimer-
stabilized AuNPs with 1.9 nm (545 nm), 2.0 nm (515 nm) and 3.7 nm
(525 nm) average sizes prepared from dendrimer solutions. Figure 4
shows the plasmon bands observed for the NPs obtained with the six
dendrimers as templates electrodeposited on ITO electrodes. Our ex-
perimental evidence also indicates a slight but significant shift to lower
energy accompanied by a dramatic increase in width with decreasing
size. In all spectra we can see the onset to strong absorption described
by Whetten®' and the small Plasmon bands around 530 nm (520, 540
and 548 nm for Au-AMNI1, Au-AMN3 and Au-AMNS5; and 533, 527
and 569 nm for Au-AMD1, Au-AMD3 and Au-AMDS respectively),
coherent with the estimated sizes of particle and in good agreement
with the literature. Note that the absorbance axes are amplified in
order to distinguish the bands that are smaller than the observed by
Astruc.? Unfortunately, the UV-vis spectra do not allow inferring the
particle sizes, although they confirm the AuNPs presence and indicate
that their size is very small.

Morphological characterization of modified electrodes.—Trans-
mission Electron Microscopy (TEM) is the more usual method to
characterize nanoparticles of such a small size. However, unfortu-
nately, the need to oxidize the ferrocenyl unities to electrodeposite the
templates prevents the TEM sample preparation. On the other hand,
Atomic Force Microscopy (AFM), also tapping mode AFM, is not
completely useful because even the ultra-thin tips sweep certain mass
of dendrimer along, increasing the tip radius, and the AFM images
show the distorted surfaces instead of the nanoparticles. Nevertheless,
tapping mode AFM imaging has been useful to study the morphology
and roughness of the dendrimer and Au-dendrimer films. Figure 5
displays the tapping mode AFM section analysis for the AMD and
Au-AMD, and AMN and Au-AMN films deposited on ITO electrodes,
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and Table III shows the results of the AFM study. It is quite evident
that the dendrimer films undergo a drastic increase in the compactness
after the AuNPs modification. The depth of the films, obtained from
the AFM measurements, allowed us to compare their compactness as
an apparent density calculated from the dendrimer coverage (g cm™2)
divided by their depth (cm). Figure 6 shows the results of this compar-
ison in which only the dendrimer mass (Table III) has been taken into
account to estimate the effect of the intra- and inter-dendrimer AuNPs
formation on the dendrimer films. As can be seen, before the synthesis
of AuNPs, AMD-dendrimers form denser films than the AMN ones
and this effect is more significant as the generation increases. This
can be explained by the stronger intermolecular interactions by the
presence of amide groups and by the faster increase of the molecular
weight of the dendrimers than their estimated diameter (from 2.5 to
5.2 nm).*! On the other hand, it was reported*” that the deposited first
generation dendrimers behave rigidly, whereas those of generation 4
and upper exhibit viscoelastic behavior (generations 2 and 3 exhibit
an intermediate behavior). It has been described that this behavior is
responsible of a flattening of the dendrimers and produce denser films.

After the formation of AuNPs, both families of dendrimers show a
similar behavior. The increase of films compactness due to the forma-
tion of the AuNPs can be explained by the existence of some adsorp-
tion of amine and amide groups on Au surface, in a similar way to
that earlier described for PAMAM dendrimers.*-33* The dendrimers
undergo deformation and flattening while adsorbing on surfaces due
to multiple Au-amine interactions. If the size of NPs decreases as
the dendrimers’ generation increases, the available Au surface for
the dendrimer adsorption should also decrease with the increasing
dendrimer-size/AuNPs-area ratio. In addition, the nitrogen atoms be-
come sterically hindered by the increasing compactness and spher-
ical shape of the increasing generations, diminishing the adsorption
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Figure 4. UV-vis spectra of ITOs modified with (a) Au-AMN and (b) Au-AMD films. The spectra correspond to the first (A), third (B) and fifth (C) generations

of AMN and AMD dendrimers.
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possibilities. For these reasons, the effect of this adsorption becomes generations. These facts also are in agreement with the formation of
more significant in the lower generation. Finally, the spongy of AMN inter- and intra-dendrimer AuNPs in the deposited films, as a function
films in relation with the AMD ones (Fig. 7a), probably causes the of the dendrimer generation.
AuCl,~ ions to be more deeply distributed into the AMN films, The data in Table III also show that both Au-AMN and Au-AMD
increasing the compactness, after the AuNPs formation, in all the films presented more plain surfaces exhibiting very low dispersion in
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Table III. Results of AFM study, arithmetic mean roughness (Ra), square average roughness (Rms) and relative surface area of the dendrimer

and AuNPs-dendrimer films.

Film Dendrimer mass (ng/cmz) Depth (nm) Ra (nm) Rms (nm) Relative surface area
AMNI1 8.41 16.60 2.067 2.660 1.056
AMN3 77.24 27.50 3.447 4313 1.096
AMNS5 740.89 132.00 3.823 5.192 1.103
AMDI1 6.64 72.50 0.361 0.532 1.005
AMD3 184.06 288.00 1.706 2.201 1.047
AMDS5 44.86 33.99 7.789 10.191 1.280

Au-AMNI1 34.52 14.50 0.794 1.445 1.005
Au-AMN3 49.30 18.30 0.837 1.997 1.011
Au-AMN35 369.32 63.00 3.443 4.618 1.096
Au-AMD1 117.48 38.00 0.477 0.974 1.003
Au-AMD3 98.32 29.00 1.189 1.484 1.037
Au-AMDS5 260.56 44.40 5.225 7.118 1.183

the roughness profile with the roughness increasing as the generation
increases. Evidently, modifications on the film surface occurred during
the formation of AuNPs giving more homogeneous films.
Ultra-resolution Scanning Electron Microscopy (HRSEM) is also
a powerful tool to study nanostructured surfaces. Samples can be
prepared in the same way than the modified electrodes and reflects
faithfully the electrode surface, but the maximum resolution to au-
tomatically measure the nanoparticles diameter is only of 3.5 nm.
However, although we cannot measure accurately the nanoparticles
size, it is possible to compare the AuNPs obtained with the different
generation dendrimers in order to assess the generation-effect on the
NPs in situ preparation. Consequently, the dendrimer surfaces were
observed by Scanning Electron Microscopy (SEM) and the AuNPs
by HRSEM. The SEM micrographs of Pt wires modified with the
dendrimers confirm that the AMD dendrimer films* are compact
deposits, smoother, and denser than the more laminate AMN ones
(Figure 7a). Figure 7b shows the obtained HRSEM images of the six
AuNPs-dendrimer modified wires and the obtained maximum, min-
imum and majority average nanoparticle sizes for the six templates
are collected in Table IV. The HRSEM analysis demonstrates that
the NPs sizes decrease appreciably as the generation of dendrimer in-
creases. The dendrimers of first generation give rise to nanoparticles
with greater and more dispersed sizes, which confirms the majority
formation of inter-dendrimer AuNPs. In these templates (AMNI1 and
AMDI1), the control of the NPs size is only due to the concentration
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0.00 L L L
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Figure 6. Density of dendrimer films estimated from the dendrimer coverage
and the AFM depth measurements. The round symbols correspond to AMN and
the square ones to AMD dendrimers respectively. The dashed lines represent
the corresponding Au-dendrimers. The Au-dendrimer compactness has been
calculated taking into account only the dendrimer mass.

of AuCl,~ coordinated in the dendrimer template and the density of
the film. As the densities of both films are close, the formation of
larger NPs in the AMNI template can be attributed to a greater Au
skin loading by the ionic exchange of the chloride ions (counter ions
of the ferrocenium groups) by AuCl, ™. As the generation increases,
the ferrocenium groups of AMN dendrimers are less accessible for
anion exchange and this effect becomes less significant. The films of
the third generation dendrimers form smaller and less dispersed inter-
dendrimer NPs because they have smaller inter-dendrimer holes. In
relation with the AuNPs obtained from the fifth generation dendrimers,
besides some few larger NPs, probably formed by the AuCl,~ ions
coordinated with the external nitrogen atoms, the majority of them
are very small and uniformly distributed in the dendrimer films, as a
cobblestone, with very low size dispersion, and their sizes are below
the microscope resolution of 3.5 nm. From the visual comparison be-
tween NPs with sizes slightly higher than 3.5 nm and the obtained
AuNPs, it is possible to assign an average size between 1 and 2 nm
for the majority of them in both AMDS and AMNS templates.

Electrocatalytic applications.—Oxygen is considered the best ca-
thodic clean fuel because of its abundance and high redox potential to
form water and is a common target in the electrocatalysis field. Several
authors have developed electrodes modified with metallic nanoparti-
cles with good properties as electrocatalysts for the oxygen reduction
reaction (ORR). They examined the effect of nanoparticles size on the
kinetics of the ORR, generally of Pt or Au@Pt nanoparticles®—37-
and found that the kinetics of the ORR decrease with decreasing
particle size."> However the AuNPs smaller than 2 nm with a nar-
row diameter distribution loaded on conducting supports have a high
catalytic activity for the ORR and are considered as one of the al-
ternative catalyst of platinum nanoparticles.>* As a function of the
electrode material and solution composition, the ORR proceeds via
two different pathways; a two-electron-transfer process yielding H,O,
or a four-electron-transfer process to yield H,O. The ORR is a type
of surface sensitive reaction in which the type of electrode material
strongly affects the catalytic activity. Several studies have shown that
a two-electron reduction pathway takes place on bulk Au electrodes
at low overpotentials in acid media, with the first electron transfer be-
ing the rate-determining step. Indeed, recent reports of cathodes with
AuNPs show two-electronic oxygen reduction®*7 or a succession of
two bielectronic steps involving hydrogen peroxide as an intermediate
species.*® Very recently it has been reported a high-performance ORR
catalyst based on gold nanoclusters supported on carbon nanosheets
showing a tetra-electronic oxygen reduction.” In view of this report,
we expect that the AuNPs obtained from the fifth generation den-
drimers show the best catalytic behavior for the ORR because their
small size and narrow distribution. We show the responses of AMN
and AuNPs-AMN electrodes for the first and fifth generations because
AMD dendrimer shows a similar response with a little smaller current
and the electrodes modified with the third generation show a similar
behavior than those modified with the first.
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Figure 7. SEM (left) and HRSEM (right) micrographs of platinum wire electrodes modified with (a) AMN1, AMN3 and AMNS at left, from top to bottom, and
Au-AMN of three generations respectively at right, from top to bottom. (b) AMD1, AMD3 and AMDS, at left, from top to bottom, and Au-AMD at left ordered

in the same way.

In our case, the ferrocenyl dendrimers are themselves good cata-
lysts of oxygen reduction and the improvement due to the AuNPs have
been studied. Figures 8a and 8b show the cyclic voltammograms ob-
tained with AMN1 and AMNS without and with AuNPs respectively.
As can be seen from both figures, the ferrocenyl polymers move the
onset forward to positive values, and increase the cathodic current in-
dicating a catalytic behavior in comparison with the Pt bare electrode.
In addition, the presence of AuNPs seems to have more influence on
the fifth generation than on the first. All these results are in agreement
with the formation of smaller nanoparticles with the fifth generation
dendrimers. In agreement with other authors,”’ two consecutive two
electron reduction steps of O, are observed on first generation mod-
ified electrodes, more accentuated in the cyclic voltammograms of
Figure 8a. Electrodes modified with dendrimers of the fifth genera-
tion also show a little first step around —0.1 V (see Figure 8b) but less
appreciable than in the first generation.

The ORR activity was studied in oxygen saturated PBS solution
using a rotating disk electrode and the data were analyzed by the

Koutecky-Levich equation:
1 1
O.62nFC0D§/3v—1/5001/2

j  nFkC, +

Where j is the measured current density, w is the electrode rota-
tion in rad s~', n is the overall number of electrons transferred in the
oxygen reduction reactions, F' is the Faraday constant (F = 96485.4
C mol™"), Cy is the concentration of molecular oxygen (1.3437 - 10~°
mol cm™3)®® under atmospheric pressure, Dy is the diffusion coef-
ficient of O, (2.01-107> cm? s~'), k is the heterogeneous electron
transfer rate constant, and v is the kinematic viscosity of the aqueous
solution (0.01 cm? s~!).34%

Figures 9a to 8d show the steady-state linear voltammograms
recorded on AMNI1, Au-AMNI1, AMNS5 and Au-AMNS5 modified
electrodes respectively at several rotation rates. The onset potentials
of the ORR are 0.00 V vs. SCE for the Au-dendrimer electrodes, even
at low rotation rates. Noteworthy, this onset is the lowest overpotential
ever reported for Au-NPs.3*>7> The average number of electrons, 7,

Table IV. AuNPs sizes measured from the HRSEM analysis.

Template Density* (g cm™?) Max. size (nm) Min. size (nm) Majority size (nm)
AMNI1 0.003 100 5 80
AMN3 0.025 36 9 23
AMNS5 0.042 25 1-2 1-2
AMDI1 0.002 66 5 60
AMD3 0.046 50 7 37
AMD5 0.123 25 1-2 1-2

*Calculated from AFM data of the dendrimer films.
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Figure 8. Cyclic voltammograms of (a) a Pt bare (A), an AMNI1 (I" = 3.4-10~'° mol Fc cm~2) (B) and an Au-AMN1 (I' = 4.8-107'% mol Fc cm~2) (C)
electrodes, and of (b) a Pt bare (A), an AMN5 (I' = 8.0- 107! mol Fc cm™2) (B) and an Au-AMNS5 (I' = 7.0-107'% mol Fc cm~2) (C) electrodes. All in an
oxygen saturated (1.3437 - 10~ mol cm~3) PBS solution. Scan rate 20 mV s~
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Figure 9. Steady-state voltammograms recorded on AMNI (a), Au-AMNI (b), AMNS5(c) and Au-AMNS5 (d) modified electrodes in oxygen saturated PBS solution
using rotation rates between 100 and 2000 rpm. Scan rate 5 mV s~ Insets: Koutecky-Levich plots at potentials (a) —0.09, —0.1, —0.11, —0.12, —0.13, —0.14,
—0.15, —0.18, —0.22, —0.26, —0.3, —0.35, —0.4, —0.45, —0.5, —0.55 and —0.6; (b) —0.11, —0.12, —0.13, —0.14, —0.15, —0.22, —0.3, —0.35, —0.4, —0.45,
—0.5, —0.55 and —0.6; (c) —0.15, —0.25, —0.3, —0.35, —0.4, —0.45, —0.5, —0.55 and —0.6; and (d) —0.1, —0.15, —0.20, —0.25, —0.3, —0.35, —0.4, —0.45,
—0.5, —0.55 and —0.6.
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Figure 10. Variation of the heterogeneous electron transfer rate constants of
AMNI1, Au-AMNI (square symbols, fitted and empty respectively), AMNS
and Au-AMNS (round symbols, fitted and empty respectively). Average values
obtained from the respective Koutecky-Levich plots.

obtained from the Koutecky-Levich plots of AMNI1 electrodes (inset
in Figure 9a) are 2.03, from —0.09 V to —0.15 V, and 4.08 from
—0.22 V; and 1.90 from —0.11 to —0.15 and 3.94 from —0.20 V with
the Au-AMNI electrodes (inset in Figure 9b). The average number
of electrons obtained for the AMNS and Au-AMNS electrodes were
respectively 2.21 and 1.99 to —0.15 V; and 4.08 and 3.97 from —0.20
V (insets in Figures 9¢ and 9d).

In relation with the current density, the Au-AMNS reaches higher
values than Au-AMNI1 and Au-AMN3 (not shown) and is ranked
among the best last reported AuNPs ORR catalysts.>*37->

From the Koutecky-Levich intercepts, the corresponding hetero-
geneous electron transfer rate constants, k, have been calculated for
several potential values. Figure 10 shows the comparison between the
obtained values for the electrodes modified with the dendrimers and
the Au-dendrimers of first and fifth generations. As it can be seen, the
differences between the films without and with AuNPs are well shown.
The rate constant of Au-dendrimers are higher from —0.1 V and reach
a maximum around —0.4 V. In addition, Au-AMNS shows a faster
kinetics than Au-AMNI1 only due to the AuNPs because no difference
is observed between the AMN1 and AMNS modified electrodes.

The robustness of the Au-dendrimer electrodes was studied for
one month, making daily series of twenty voltammograms keeping
constant the oxygen concentration. All the electrodes remain their
entire ORR activity for this period, indicating that the AuNPs are
stable and do not tend to aggregate into larger particles during the
sample processing.

Conclusions

In this work intra- and inter-dendrimer AuNPs have been obtained
for the first time by means of aminoferrocenyl- and amidoferrocenyl-
PPI dendrimer-templates previously electrodeposited onto the elec-
trode surface. The oxidation of ferrocenyl groups made possible the
electrochemical deposition of templates, and the nitrogen atoms of
PPI interact with the chloroaurate ions. In view of the impossibility
of carrying out the TEM characterization, all the AuNPs were charac-
terized by electrochemical measurements, UV-visible spectroscopy,
AFM and HRSEM. The dependence on the dendrimer generation of
the number of held Au ions and their interaction possibilities, the
sizes of obtained holes and the porosity and density of AMD and
AMN films, allowed us to prepare AuNPs with generation-dependent
sizes.

The developed electrodes were applied as ORR catalysts with dif-
ferent results as a function of the AuNPs size and therefore of the den-

drimer generation. The first and third generation Au-dendrimer elec-
trodes exhibited two consecutive two-electronic steps for the ORR;
however, the fifth generation dendrimers which forms smaller AuNPs,
especially Au-AMNS, show a tetra-electronic mechanism for the O,
reduction with a low onset potential (0.00 V vs. SCE), a high kinetic
current density and also a high heterogeneous electron transfer rate
constant. Thus, an easy method to obtain size-controlled AuNPs by
electrodeposited dendrimer templates and their application as ORR
catalysts has been reported. This work opens new research lines in
which other interesting properties of these films can be exploited. Ef-
fectively, the limited access to the catalyst as filter to interferents, the
ability of the amide and amine groups to form hydrogen bonds, or the
synergic electrocatalytic properties of ferrocene are very promising
characteristics to develop news applications. Further work will be fo-
cused to obtain specific electrocatalysts with size-controlled nanopar-
ticles for other reactions of interest as well as in the field of electro-
chemical sensors and biosensors, where the AuNPs size is critical not
only as catalyst, but as immobilization platform or to achieve enzyme
direct electrochemistry.
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Other HRSEM micrograps

HRSEM micrographs of platinum wire electrodes modified with AuNPs-AMNS.
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Kinetic and Statistic data of the ORR Koutecky-Levich study

Electrode E (V) Linear fit R? k (s cm) n
-0.09 -10.896(%0.015)-72.720(£7.86)x  0.9991 0,0070+0.0007
-0.10 -10.808(£0.012)-69.312(+6.15)x  0.9971 0,0062+0.0006
0.11 -10.765(0.007)-63.680(+3.33)x  0.9985  0,0057:0.0003
2.03
0.12 -10.803(£0.001)-58.127(£0.56)x  0.9975  0,0052:£0.0001
-0.13 -10.400(%£0.012)-56.295(£5.59)x  0.9975 0,0052+0.0001
0.14 -11.447(£0.010)-46.233(£5.39)x  0.9741  0,0039::0.0005
-0.15 -11.203(%£0.012)-42.917(£6.15)x  0.9698  0.0037+0.0006
-0.18 -10.359(%0.005)-33.118(£2.31)x  0.9935  0,0031+0.0002
AMNI1 -0.22 -8.836(+0.001)-29.135(+0.33)x  0.9931 0,0032+0.0001
-0.26 -6.939(+0.005)-23.488(£2.51)x  0.9909  0,0040+0.0004
-0.30 -4.773(x0.002)-26.064(+1.22)x  0.9933 0,0058+0.0002
035 -3.475(£0.002)-26.751(:0.88)x  0.9955  0,0080£0.0002
4.08
20.40 -2.057(+0.001)-27.883(+0.59)x 1 0.0104£0.0002
L0.45 22.057(£0.001)-27.882(:0.31)x  0.9994  0,0134=0.0001
-0.50 -1.626(x0.001)-28.567(+0.03)x  0.9996  0,0170+0.0001
-0.55 -1.378(+0.001)-28.689(£0.09)x  0.9994  0,0200+0.0001
-0.60 -1.123(£0.001)-29.165(x0.33)x  0.9994  0,0246+0.0003
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-0.35
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-0.50

-0.55

-0.60

-9.928(+0.014)-71.622(+7.30)x

-9.887(+0.006)-62.977(+2.98)x

-8.742(+0.002)-58.858(0.92)x

-7.631(x0.001)-56.184(0.41)x

-6.499(+0.003)-54.019(1.50)x

-3.844(+0.005)-34.039(+2.77)x

-2.148(+0.001)-29.805(:0.65)x

-1.790(+0.001)-29.007(0.25)x

-1.431(0.001)-29.686(:0.59)x

-1.442(+0.001)-28.756(0.12)x

-1.475(+0.001)-27.918(+0.29)x

-1.299(+0.001)-28.174(0.17)x

-1.210(0.001)-27.802(0.35)x

0.9982

0.9997

0.9957

0.9977

0.9981

0.9971

0.9997

0.9997

0.9998

0.9996

0.9999

0,0070+0.0007

0,0062+0.0003

0,0065+0.0001

0,0069+0.0002

0,0081+0.0002

0,0086+0.0007

0,0135+0.0003

0,0147+0.0001

0,0201+0.0004

0,0193+0.0001

0,0184+0.0002

0,0210+0.0001

0,0223+0.0003

1.90

3.94

Average of ten measurements with five electrodes.
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Nanometer-scale gold particles exhibit size-dependent electronic properties with important sensing and
biosensing applications. In the same way, a lot of analytes show some type of surface-sensitive reac-
tion and the electrode material has a strong influence on the catalytic activity. In this work we study
the kinetics and electrochemistry of electrodes with size controlled gold nanoparticles, obtained by elec-
trodeposited amidoferrocenylpoly(propyleneimine) dendrimers of two generations as templates, and the
kinetics and the analytical response to the oxidation of dopamine. We demonstrate that the four-types
of modified electrodes show good catalytic responses toward the oxidation of dopamine via different
processes in relation with the absence or presence of gold nanoparticles and their size. The best response
was obtained with the largest nanoparticles, obtained with the first generation dendrimer-template at
0.3V vs. SCE, with three linear ranges (0-70, 70-600 and 600-1000 M), with sensitivities 585.7; 466.0
and 314.3 pA/mMcm?, and limit of detection of 0.01 wM. The effect of interfering substances has been
studied by differential pulse voltammetry and the developed sensor has been successfully used for the
determination of dopamine in a commercial dopamine hydrochloride injection and in spiked Human
urine.
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1. Introduction

The achievement of gold nanoparticles (AuNPs) with specific
size and morphology is still the focus of a lot of researchers because
of their size-dependent properties and potential applications in
several fields as the electronics, optics, catalysis, etc. At present,
numerous methods are used to obtain AuNPs, such as electro-
chemical [1,2], chemical [3,4] and others [5,6]. In relation with
the chemical methods, recently synthetic routes using several pro-
tectors have been designed in order to avoid the nanoparticle
agglomeration and there exists a great interest in the design of
macromolecular architectures for the template synthesis of AuNPs
with controlled size to be further used in catalysis [7,8] and sensor
devices [9]. Dendritic macromolecules (dendrimers) are particu-
larly interesting as templates because they allow to combine their
physical and chemical properties with tunable solubility and sur-

* Corresponding author.
E-mail address: pilar.garcia.armada@upm.es (M.P. Garcia Armada).

http://dx.doi.org/10.1016/j.apsusc.2017.05.098
0169-4332/© 2017 Elsevier B.V. All rights reserved.

face reactivity. The incorporation of organometallic entities on the
surface or within dendritic structures provides a unique opportu-
nity for tailoring organometallic dendrimers to achieve desirable
properties for well-defined applications [10,11].In fact, dendrimers
containing redox-active units show interesting electrical and redox
properties and have found practical applications such as cata-
lysts, electron transfer mediators, molecular sensors, and electronic
devices [12,13]. The nanoparticles size can be controlled by the
dendrimer structure and size, and the means by which the metal
ions are coordinated into the dendrimer [14]. In the last twenty
years we have investigated redox-active organometallic silicon and
nitrogen-based dendritic materials containing ferrocenyl groups
[15-18] and their applications to the determination of molecules
with biological interest [19,20]. A key feature concerning the ferro-
cenyl dendrimers is their ability to modify electrodes. They can be
deposited onto different electrode surfaces, resulting in electroac-
tive material that exhibits high mechanical stability and remains
persistently attached to the electrode surface in aqueous media.
In a recent paper [21] we have reported the prepara-
tion and a catalytic application of electrodes modified with
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size-controlled AuNPs synthesized in situ on aminoferrocenyl
and amidoferrocenylpoly(propyleneimine) dendrimers previously
electrodeposited onto electrode surfaces.

Dopamine (DA) is a significant chemical neurotransmitter
extensively distributed in the mammalian central nerve system
[22,23],and has an important role in human metabolism. An abnor-
mal level of DA in the brain causes several diseases as depression,
stress, mental exhaustion, low sex drive and low motivation [24].
In addition, DA also affects to the function of central nervous,
renal hormonal and cardiovascular systems [25-27]. It is involved
in drugs addictions and its deficiency can be related to several
neurodegenerative diseases such as schizophrenia, Parkinsonis or
Alzheimer’s diseases, and HIV infection [28-32]. Various analyt-
ical methodologies have been developed to detect DA however,
the most straightforward, rapid, and cost-effective is the use of
electrochemical sensing techniques. The electrochemical sensors
have other advantages such as high sensitivity, controllability and
real-time detection [23].

The major factor that hampers the electrochemical evaluation of
DA is the interference of ascorbic acid and uric acid that generally
coexist with DA in biological samples and have similar oxidation
potential to DA at conventional working electrodes [33]. Therefore
it seems necessary to search for sensor electrodes with which these
interferences do not hinder the determination of DA. Inorganic-
organic nanocomposites have been given much attention for their
properties and applications. The unique size-dependent properties
exhibited by the AuNPs make it interesting to fabricate modified
electrodes for DA determination with enhanced sensitivity, selec-
tivity and reproducibility. In the last years, several contributions
have been made in this sense and DA sensors based on AuNPs
obtained with different polymers [24,33-41], graphene [42,43],
in self-assembled monolayers [44,45], and other more complexes
composites [35,46,47] have been reported. However, due to the
diversity of NPs sizes, DA-polymer interactions and/or possible syn-
ergy of gold-based nanocomposites, a good understanding about
the properties of AuNPs, the interaction between AuNPs and the
analyte molecules and the mechanisms of detection must be still
achieved [24].In the present article we report the kinetic character-
ization of electrodes modified with the first and fifth generations of
amidoferrocenylpolypropileneimine (AMD) dendrimers and with
the inter- and intra-dendrimer AuNPs with diameters from <2 nm
to 60 nm, synthesized from the corresponding dendrimer frame-
works electrodeposited onto the electrode surfaces. In the same
way, we discuss the mechanism of DA detection and the influence
of the AuNPs size in the DA oxidation kinetics and determination.

2. Experimental
2.1. Materials

In this work we have wused two amidoferro-
cenylpoly(propyleneimine) dendrimers with four (AMD1) and
sixty-four (AMD5) amidoferrocenyl units (chart S1), synthesized
as previously described [48]. Dichloromethane and other organic
solvents were purchased from Sigma. HAuCl,-3H,0 was obtained
from Aldrich. TBAH (tetra-n-butylammonium hexafluorophos-
phate) was purchased from Fluka. All other chemicals were
analytical grade and were used without further purification. Ultra-
pure water was used for preparation of buffers and standards, and
for electrochemistry solutions.

2.2. Measurements

Electrochemical measurements were performed with an Eco-
chemie BV Autolab PGSTAT 12 instrument. The experiments were

performed in a conventional three-electrode cell at 20-21 °C with
a Pt disk of 3mm diameter as a working electrode, a Pt wire as
an auxiliary electrode, and a BAS nonaqueous Ag/Ag* reference
electrode or a saturated calomel reference electrode (SCE) were
employed in organic solvents or in aqueous media, respectively.
In steady-state measurements, an Autolab rotating disk electrode
was used and the amperometric measurements were performed in
0.01 M phosphate buffer pH 7.0 with 0.1 M NaClO,4 (PBS) as sup-
porting electrolyte. For the DA determination, all solutions were
deoxygenated by bubbling high-purity nitrogen through them for
at least 15 min. The background current was allowed to decay to
a steady value before aliquots of DA were added. A Biologic VMP3
multichannel potentiostat-galvanostat (Biologic, France) coupled
with EC-Lab v10.44 software was used for the electrochemical
impedance spectroscopy (EIS) characterization of electrodes. EIS
measurements were performed in 10 mM K3Fe(CN)g/K4Fe(CN)g
(1:1) containing 0.1 M KCl with 10mV AC perturbation and fre-
quency range 100 kHz-10 mHz. The scanning electron microscope
images were recorded on an ultra-high resolution scanning elec-
tron microscopy Philips XL30S FEG.

2.3. Electrodes preparation

The modified Au-AMD electrodes were obtained as described
previously [21]. Briefly, Pt disk electrodes were polished with
0.1 wm alumina powder, rinsed with water in an ultrasonic bath
and conditioned by cycling the potential between the limits for
hydrogen and oxygen evolution in H,SO4 solution (0.5M) until
well-defined cyclic voltammograms were obtained. All the two
generations dendrimer films were electrodeposited under poten-
tiostatic control at +1.0V (vs. Ag/Ag*) from the electrolyte bath
containing the redox active species (ferrocene, 1 mM) and TBAH
(0.1 M) in dichloromethane deaerated with nitrogen. The coated
electrodes were rinsed with dichloromethane and water. In all
cases the surface coverages of electroactive ferrocenyl sites in the
films, I', were determined from the integrated charge, Q, of the
cyclic voltammetric waves. The dendrimer modified electrodes,
AMD1 and AMD5, were stored at room temperature when not in
use.

To obtain the AuNPs with average sizes of 60 and <2 nm [21], the
corresponding AMD1 and AMDS5 modified electrodes were dipped
in a stirred HAuCl4 0.1 mM solution for 10 min and then rinsed
with ultrapure water to remove the uncoordinated ions. Next, the
electrodes were dipped in a stirred NaBH4 0.1 mM in NaOH 0.3 M
during 10 min to reduce the Auions and form the NPs. The modified
electrodes were rinsed with ultrapure water.

3. Results and discussion

3.1. Electrochemical and kinetic characterization of modified
electrodes

The morphology of electrodes modified with the two gener-
ations of dendrimers with and without AuNPs (Fig. 1), and the
electrochemistry and kinetic behavior of the AMD1 and AMD5 films
were studied earlier [20,21]. Briefly, the AMD1 and AMD5 modified
electrodes show reversible systems with E°=0.517 and 0.503V vs.
SCE respectively [20].

The Au-dendrimer films present an electrochemical behavior
very similar to those of dendrimer films. In the same way that
the AMD films, the electrochemical behavior of Au-dendrimer elec-
trodes at several scan rates, presented cathodic and anodic peaks
separations (AEp) practically constant, in all cases, at all the scan
rates from 0.1 to 5Vs~1, indicative of the absence of kinetic lim-
itations [49]. Also, the Au-dendrimer electrodes (Au-AMD1 and
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Fig. 1. URSEM micrographs of platinum wires modified with Au-AMD1 (left) and Au-AMDD5 (right) films.

Table 1
Electrochemical and kinetic results.

Electrode 3EY (V vs. SCE) 2AEp (V) AWy at2Vs~! (mV) D¢t (cm? s (I'= 2.10-1° mol cm~2)
Au-AMD1 0.49 0.060 +0.006 121 221079
Au-AMD5 0.49 0.080+0.005 101 0.6-10°°

3 Average of six electrodes.

Au-AMD5) show AEp higher than zero (see Table 1), but slightly
higher than those of dendrimer electrodes, probably due to their
non-planar heterogeneous surface. The formal potential, EY, cal-
culated from the anodic and cathodic peak potentials are lower
than those of the dendrimer-electrodes. This fact is indicative of
the better conductivity of the Au-AMD electrodes.

Fig. 2a and b show the plots of the anodic and cathodic peak
currents vs. the scan rate, v, for the two generations of Au-AMD
electrodes. These plots show linear relationship due to the surface
confined nature of the electroactive groups, as theoretically pre-
dicted for a surface-immobilized couple. In addition, the increase
of the charge, Q, as v decreases is observed too, which confirms
the multilayer structure of the dendrimer film and the existence
of certain charge percolation [50,51]. Consequently, the Au-AMD
films show fast kinetics and electron-transfer with the electrode
also fast [20]. A very successful approach for the interpretation
of this problem is based on the fact that the speed of electrons,
and the corresponding balancing counter ions transport through
the multilayer films, obeys the diffusion laws with a called diffu-
sion coefficient of charge transport, apparent or effective diffusion
coefficient. Some cases have been reported in which a change in
the linear dependency of i, from v to v'/2 is observed [20,51] from
certain scan rate values. This change is attributed to the interaction
between the scan rate and the charge transfer kinetics through the
film. When the current of the voltammetric peak is proportional
to v1/2, the speed of electrons and the corresponding balancing
counter ions transport through the multilayer films obeys the dif-
fusion laws, and it can be expressed by the same equation used for
species in solution (Randles-Sevcik) [51]:

ip = 2.69:10°n%/2 AD¢ /2 C v1/?

where D is the called diffusion coefficient of charge transport,
effective or apparent diffusion coefficient and Cy is the concen-
tration (molcm—3) of active sites in the film. D, can be obtained
from the slopes of the i, - v1/2 plots once Cy is known. In our
case, a change in the linear dependency of i, from v to v1/2 was
observed for the films of both generations (Fig. 2c) and Cy was
calculated from the integrated area below the voltammetric peak
and the depth of the dendrimer coverage obtained by Atomic Force
Microscopy measurements [21]. The obtained values for Au-AMD1
and Au-AMDS5 films were 8.18-10~> and 1.81-10~4mol Fc cm—3
respectively. Table 1 shows the D, average values for each one

of the modified electrodes. The Au-AMD electrodes show apparent
diffusion coefficients notably increased in comparison with those
obtained with AMD1 and AMD5 modified electrodes (2.1-10~ ' and
0.5-10~ 11 cm? s~ respectively) [20]. This increase in the speed of
electrons transport through the multilayer films is obviously due
to the presence of AuNPs.

The electronic transfer coefficients,a, were estimated from the
width at mid-height W ,. For very high scan rates, the W/, of
the cathodic peak is equal to 62.5/a mV and for the anodic peak
to 62.5/(1-a) when only one electron is transferred [52]. The Wy,
values obtained (Table 1) for the anodic and cathodic peaks were
equal, indicating that o =0.5, as those observed for the dendrimer
electrodes [20].

To determine the conductivity of the modified electrodes, the
impedance behavior of the different modified electrodes was stud-
ied. Fig. 3 displays the results of impedance spectrum on bare
and AMD1 and Au-AMD1 modified electrodes. The charge transfer
resistance, Rct, of the electrode is equal to the diameter of semi-
circle appearing in the Nyquist plot. When the dendrimer film is
deposited onto the electrode, an increase in the semicircle diameter
was observed due to the lower conductivity of the ferrocenyl-
dendrimer films. However, after formation of AuNPs, a remarkable
decrease of the Rct is observed owing to the good conductivity of
the nanoparticles. These results indicate that the AuNPs enhance
the electron transfer efficiency of the composites.

3.2. Electrooxidation of DA on the dendrimer-electrodes

The ferrocenyl dendrimers are themselves good electrocata-
lysts for numerous analytes. Therefore, we have previously studied
the electrochemical oxidation behavior of DA at the dendrimer-
electrodes in order to investigate the influence of the AuNPs
and their sizes on the DA oxidation. Fig. 4a displays the cyclic
voltammograms at bare (inset) and AMD1 and AMD5 modified
electrodes (curves D and C respectively) in presence of 0.5 mM
DA, in PBS supporting electrolyte. The process detected in the
cyclic voltammograms C and D shows a quasi-reversible elec-
trochemical behavior corresponding to the oxidation of DA to
dopamine-o-quinone. The ratio ipc/ipa indicates the presence of
a coupled chemical reaction. Some authors have proposed that
dopamine-quinone can form leucodopachrome by intermolecular
cyclization and/or aminochrome by deprotonation [53,54]. Then,
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Fig. 2. (a) Plot of the peak currents vs. the scan rate obtained for Au-AMD1, (b) for
Au-AMDS5 and (c) plot of the peak currents vs. the square root of scan rate obtained
for Au-AMD1 and Au-AMDS5, all in PBS pH 7.0.

leucodopachrome is oxidized to dopaminochrome, which may be
subsequently transformed into melanin polymers. In a wider elec-
trochemical measurements range (Fig. S1, Supporting information),
a new system is observed at more cathodic potentials, which can
be attributed to redox couple leucodopachrome/dopaminechrome
[44], thus confirming the formation of leucodopachrome.

The peak current values are substantially higher than those
obtained with the uncoated surface (inset in Fig. 4a), thus offering
a much higher oxidation response over the 0.05-0.3V range. The
ipq is directly proportional to the square root of potential scan rate,
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Fig. 4. (a) CVs obtained for (A) Au-AMD1 (1.5-10-° mol Fc cm~2), (B) Au-AMD5
(1.2:10°mol Fc cm=2), (C) AMD5 (I'=1.9-10- mol Fc cm~2) and (D) AMDI1
(I'=2.2-10"2 mol Fc cm~?) modified electrodes in PBS pH 7 at scan rate of 10mVs~"'.
(b) CVs obtained for several AMD5 modified electrodes in presence of DA 0.5 mM
with dendrimer coverages (A) 2.1-10-2 mol Fc cm~2; (B) 3.5.10-2 mol Fc cm~2 and
(C) 1.03-10~8 mol Fc cm~2. Dashed line shows the CV of AMD5 electrode with
2.1-107° mol Fc cm~2 in absence of DA. All in PBS pH 7 at scan rate of 5mVs-'.
Inset: voltammetric signal of DA 0.5 mM with an unmodified Pt bare electrode in
the same conditions.
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Fc(AMD) + DA — Fc(AMD)-DA

Fc(AMD)-DA — Fc(AMD) + DA-o-quinone + 2H" + 2¢

Scheme 1.

v1/2, over the range of 10-300 mV s~ 1. These results indicate that
the overall electrochemical reaction of DA at the modified elec-
trodes might be controlled by the diffusion of DA as well as by a
kinetic process. The peak oxidation potentials shift to more posi-
tive values with increasing scan rate and there is a linear correlation
between the peak potential and the logarithm of the scan rate. The
transfer coefficient a and the number of electrons involved in the
rate-determining step, ny, can be evaluated from the slope of E,
with log v, using the equation valid for an irreversible diffusion
controlled process:

Ep= (b/2)logv + constant

where b is the Tafel slope, (2.3RT/(1-a)nyF) [55]. Assuming o equal
to 0.5, the values of n, were estimated 1.66 and 1.60 for electrodes
modified with AMD1 and AMD5 respectively. Then, it seems rea-
sonable to consider that a two electrons transfer process is the
rate-determining step of DA oxidation on the modified electrodes
with obtained transfer coefficients values, «, 0.55 and 0.6 for the
AMD1 and AMDS5 electrodes respectively.

On the other hand, Fig. 4b shows that the catalytic wave is not
coincident with that of the mediator oxidation itself. These fact
has been observed previously in other cases [56,57] and corrob-
orates the formation of an intermediate complex in the catalytic
oxidation of DA. This behavior can be explained by the interactions
established between DA and the groups of the dendritic macro-
molecules. It has been proposed [58] that the hydrophobic part of
DA could experience a long range hydrophobic interaction with
the amide—NH— group of the dendrimer, and the cationic part of
DA could form hydrogen bonding with the amide—C=0 functional
group of other nearby adjacent dendrimer. In agreement with the
observed behavior, the mechanism for the catalyzed oxidation of
DA can be given by the Scheme 1:

To establish the optimum experimental conditions for sensi-
tive and selective determination of DA the effect of dendrimer
film coverage on the electrocatalytic signals was studied. As can
be seen from Fig. 4b, with increasing coverage the catalytic cur-
rent of the DA oxidation decreases and the electrocatalytic wave
is poorer developed and practically disappears for thicker films.
This behavior could be explained by limitations derived from the
inefficient charge propagation through the film that hampers the
electron transfer at the surface dendrimer film. Nevertheless, for
these thicker films an oxidation peak appears at the same poten-
tial than the corresponding to the reversible ferrocene/ferrocenium
system confined in the electrode surface. In addition, the pres-
ence of DA causes a substantial enhancement in the anodic peak
of the ferrocene whereas the cathodic peak current diminishes as
expected for a catalytic process. The correlation between the elec-
trode potential for the oxidation of DA and that of the ferrocenyl
groups strongly suggests that ferrocene has catalytic activity and
acts as mediator for the electrocatalytic oxidation of DA at about
+0.45V. At this potential the ferrocene groups are oxidized and
the charge propagation through the film takes place by electron-
hopping transport. In the case of the electrodes modified with thick
films of the dendrimers the oxidation mechanism of DA can be
described as shown in the Scheme 2.

The kinetics of the catalyzed oxidation of DA was investigated at
modified rotating-disk electrodes. The linearity of the Levich plots
(i1im vs. @1/2) at low rotation rates indicates mass-transport-limited
kinetics. At higher rotation rates, these plots deviate from linearity,

2Fc(AMD)* + DA —— 2Fc(AMD) + DA-o-quinone + 2H*

-2e

Scheme 2.

Table 2

Dopamine determination: electrochemical and kinetic results.
Electrode 2Ep (V vs. SCE) Kops (M~1s71) aDp (cm?s71)
AMD1 0.28 2.6.10° 1.1.107>
AMD5 0.25 6.3-10° 0.9-10-3
Au-AMD1 0.19 1.1.10* 1.0.10-3
Au-AMD5 0.24 3.4.10° 1.0-107>

2 Average of five electrodes with dendrimer coverages between 1.10-'° and
4.10- mol Fc cm—2.

which suggests a kinetic limitation. These data clearly indicate that
the limiting currents observed at dendrimer modified electrodes
are not entirely transport controlled, but also partially controlled
by the catalyzed electron-transfer kinetics. In these cases, the
Koutecky-Levich equation [59,60] can be used to obtain the rate
constants, k, being k=keps-1":

1 _ 1 1 1
i nFACy kobsF 0.620D5/3v—1/6w1/2

where n denotes the number of electrons, F the Faraday constant, A
the electrode area, v the kinematic viscosity, Dy the diffusion coef-
ficient, I" is the coverage (the sum of both the oxidized and reduced
form of the bound mediator at any potential), @ the angular veloc-
ity, kops is the heterogeneous second-order rate constant and Cy the
bulk concentration of DA. The diffusion coefficient, Dy, can be eval-
uated from the slope of the Koutecky-Levich plots (i1 vs. w~1/2)
(Fig. 5a), knowing the number of electrons participating in the reac-
tion (n=2 in this case). The heterogeneous rate constant, ks, can
also be evaluated from the intercept, knowing the dendrimer cov-
erage from the integral of the area under the voltammetric waves.

The obtained values of k,,; were dependent of DA concentra-
tion, as revealed in Fig. 5b. This has also been observed for certain
electrodes used for the catalytic oxidation of nicotinamide ade-
nine dinucleotide and has been explained by the formation of a
charge transfer complex previously to products formation [61]. The
obtained diffusion coefficients for both dendrimer electrodes are
summarized in Table 2. Plots of 1/k,s versus [DA] (Fig. 5¢) showed
linear relation-ships in all the cases, supporting the formation of
the charge transfer complex mediator-DA. The Kqps paj-0o Values
were evaluated for the AMD1 and AMD5 modified electrodes and
are also collected in Table 2.

3.3. Electrooxidation of DA on the Au-AMD-electrodes

Fig. 4a also shows the electrochemical oxidation of DA at the
Au-AMD1 and Au-AMD?5 electrodes (curves A and B). From the com-
parison with the corresponding bare, AMD1 and AMD5 electrode
curves (inset, D and C), we can observe that the presence of AuNPs
shifts cathodically the DA oxidation peak (see also Table 2), partic-
ularly for the Au-AMD1. The anodic peak currents become higher
than those obtained with the respective dendrimer electrodes and
the cathodic peaks increase, indicating an increase in the reversibil-
ity. This behavior is indicative of a more efficient electrocatalytic
activity in the electrodes modified with AuNPs. Moreover, the cyclic
voltammograms recorded in presence of DA do not show the same
behavior changes with the increasing dendrimer coverage thick-
ness than those of the dendrimer electrodes. This fact indicates that
the reaction of DA oxidation occurs at the AuNPs surface instead
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Fig. 5. (a) Slopes of Koutecky-Levich plots vs. [DA]~' shown for the AMD1
(2.8:102mol Fc cm~2) and AMD5 (1.3-10-2 mol Fc cm~2) modified electrodes;
(b) variation of kops with [DA] for the AMD1 (1.0-10-° mol Fc cm-2), and AMD5
(2.8:10°mol Fc cm2); and (c) variation of Kkg,s~' obtained for the AMD1
(2.8:1072 mol Fc cm~2) and AMDS5 (1.3-10~2 mol Fc cm~2) modified electrodes with
the dopamine concentration. All measurements were in PBS pH 7.0.

of at the dendrimer and is independent of the thickness of the
dendrimer films. Cyclic voltammograms recorded with electrodes
of various coverages reveal that the electrochemical behavior of
DA electro-oxidation at the Au-AMD electrodes is independent of
the films thickness in the range of coverages from 1.0-10~19 to
5.0-10-° mol Fc/cm?2.

The effect of the scan rate in presence of DA was examined for the
Au-AMD electrodes and the same linear response than for the AMD
electrodes was observed, indicative of a typical diffusion-controlled
electrode kinetics (Fig. 6).
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Fig. 6. CVs obtained for an Au-AMD1 (1.82-10-'° mol Fc cm~2) in presence of DA
0.5mM at scan rates 10, 25, 50, 100, 150, 200 and 250 mV's~! in PBS pH 7. Inset:
Peak currents vs. the square root of scan rate.
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Fig. 7. (a) Slopes of Koutecky-Levich plots vs. [DA]~! shown for the Au-AMD1
(6.3-1071° mol Fc cm~2) and Au-AMD?5 (1.6-10-9 mol Fc cm~2) modified electrodes;
(b) intercepts of Koutecky-Levich plots for the same electrodes. All measurements
were in PBS pH 7.0.

The diffusion coefficients (Dg) were calculated from both
Randles-Sevcik equation and Koutecky-Levich slopes (Fig. 7a) for
several DA concentrations. The Dy values (Table 2) obtained by both
methods were coincident and similar to those of them dendrimer
electrodes. The number of electrons calculated by feedback of these
methods were close to 2 in all cases, clearly demonstrating that
the electrocatalytic oxidation of DA on the Au-AMD modified elec-
trodes is a two-electron transfer process. The rate constants (k)
estimated from the intercepts of the Koutecky-Levich plots (Fig. 7b)
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Fig. 8. (a) Plots of chronoamperometric currents vs. DA concentration of rotat-
ing AMD1 (1.3:10°mol Fc cm~2), AMD5 (6.8-10-'mol Fc cm~2), Au-AMD1
(7.5-10-1° mol Fc cm~2) and Au-AMD?5 (3.4-10-1° mol Fc cm~2) modified electrodes.
(b) Response of an Au-AMD1 modified electrode (7.0-10~1° mol Fc cm~2) to succes-
sive additions of 1 M of DA. Insets: (a) First and (b) second linear ranges of the
calibration plot obtained with Au-AMD1. All measurements were at 0.3V vs. SCE in
PBS pH 7.0 and 500 rpm.

are collected in Table 2. For the Au-AMD electrodes, the ks are
independent of DA concentration indicating a change in the DA
oxidation site, in relation to the AMD electrodes. Now, the oxida-
tion takes place on the AuNPs surface and the ferrocene complex
formation is not significant or does not occur. Any change in the DA
oxidation pathway related with the oxidation site was found.

As it can be seen, the Au-AMD1 electrode, with larger AuNPs,
exhibits a greater k,,; and a lower peak potential than Au-AMD5
and seems to be the more advantageous device.

3.4. Electrochemical determination of DA

The determination of DA was carried out by Amperometry and
Differential pulse voltammetry. The amperometric responses to DA
of both dendrimer and Au-AMD modified electrodes were deter-
mined at several applied potentials and the results are collected
in Table 3. Fig. 8a shows the calibration plots of the four modified
electrodes to successive additions of DA at 0.3V vs. SCE applied
potential.

As can be seen, and in accordance with the obtained heteroge-
neous second-order rate constants, k., the Au-AMD1 electrodes
show the best response and the Au-AMDS5 electrodes only show
some advantages at low potentials in relation to the AMD5 elec-
trodes. As expected, the amperometric signals confirm the behavior
predicted in the kinetic study, demonstrating that the DA oxidation
is favored on the larger AuNPs obtained with the AMD1 template,

showing a wider linear range, a competitive sensibility and the low-
est detection limits. The smaller AuNPs, although prevail on the
ferrocene because of their faster kinetics, offer poor sensitivity and
worse analytical parameters towards the DA oxidation. In relation
with the applied potential, note that solely the Au-AMD1 elec-
trodes show three linear ranges at 0.3V which has been observed
by other authors [33,47], and suppose a considerable increase in
the application possibilities of this sensor, especially taking into
account the simplicity of this electrode in comparison with other
proposed dopamine electrochemical sensors (Table S1, Support-
ing information). Consequently, 0.3V was considered as optimal
working potential for the amperometric determinations.

The amperometric responses to successive additions of DA and
the corresponding calibration curve for the Au-AMD1 modified
electrode at 0.3V vs. SCE are shown in Figs. 8 b and S2 (Supporting
information). As can be seen, the catalytic current increased steeply
and reached a stable value within 5 s upon the addition of DA.

Differential pulse voltammetry (DPV) is widely used in real
samples because it offers a peak resolution enough to make simul-
taneous determinations or avoid common interferences. For this
reason, the determination of DA by DPV using the Au-AMD1
electrode was studied. Fig. S3 (Supporting information) shows
the differential pulse voltammograms at various concentrations
of DA and two of the calibrate plots obtained for several con-
centration intervals. The peak potential of DA appears at about
0.15V vs. SCE and the anodic peak current ipq was proportional
to the concentration of DA in the range from 0.5 to 120 uM
with an average (n=4) linear regression equation: ipa(pA)=0,0044
(+0.0008) +0.0243 (£0.0003)-Cps (M) with the average corre-
lation 0.9950 (+0.0040). The detection limit (as three times the
standard deviation) was 0.06 wM. The relative standard deviation
of 10 successive scans was 1.4% for 1.0 uM DA. These experimen-
tal results indicate that the Au-AMD1 electrode possess excellent
characteristics as DA sensor.

3.5. Interference, reproducibility and stability studies

In physiologic samples, DA usually coexists with other elec-
troactive species as ascorbic acid (AA), glucose, tryptophan,
acetaminophen or uric acid (UA). We have selected the physio-
logical pH 7.0, which is the most frequently used. However, some
authors have preferred other pH values due to the effect caused
on the peak potentials and resolution of them. On the one hand,
the reactions of oxidation of AA, DA and UA involve a deprotona-
tion step, facilitated at higher pH values and, on the other hand,
the charge of analytes changes with the pH depending on each cor-
responding pKa (DA: 8.87; AA: 4.10; and UA: 5.7) [62]. When the
modified electrode charge changes with the pH, the use of other pH
value can promote the electrostatic interaction with some analytes
to obtain the maximum peak separation [63,64]. In our case, the
ferrocene charge does not depend on the pH, but on the applied
potential and, at the working potential, the ferrocene remains
neutral. Therefore, electrostatic interactions between the cationic
DAH" or the anionic AA and UA and the electrode do not occur.
Due to their oxidation peak potentials, only AA and UA could cause
interferences in the DA determination at the Au-AMD1 electrode.
Consequently, the interfering effects of AA and UA were examined
by simultaneous measurements of AA, DA, and UA.

Figs. S3-S5 (Supporting information) show the DPV voltammo-
grams of DA, AA and UA respectively. Note that the determination
of AA and UA would be also possible, although their sensitivi-
ties (55.86 and 12.19 wA/mM cm2 respectively) are significantly
lower than those of DA (651.7 hLAmM~!cm~2, Table S1 and Fig.
S3, Supporting information). The peak potentials obtained for AA
and UA are 0.24V and 0.45V respectively, and the peak potential
of DA is 0.16V vs. SCE, in accordance with the reported literature
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Table 3
Amperometric Analysis Results.

Electrode aT" (molFc/cm?) E (V vs. SCE) 2Sensitivity (wA/mM cm?) 2Linear range (M) R? 2PDetection limit (M)
AMD1 1.1.10° 0.30 308.6 0-550 0.9928 24
AMD5 9.6.10°10 0.30 304.3 0-550 0.9905 2.7
Au-AMD1 7.5.10-10 0.30 585.7 0-70 1 0.01
466.0 70-600 0.9981
3143 600-1000 0.9968
0.25 3453 0-400 0.9946 0.02
0.20 218.2 0-200 0.9960 0.04
Au-AMD5 3.9.10-10 0.30 330.0 0-200 0.9965 0.1
0.25 142.8 0-300 0.9971 0.2
0.20 72.5 0-200 0.9983 0.8

3 Average of five electrodes.
b Calculated as 3 x standard deviation of signal/slope of the calibration line.
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Fig. 9. DPVs of the Au-AMD1 modified electrode in PBS pH 7.0 (a) contain-
ing 0.2mM AA and several concentrations of DA (10-60 wM); (b) containing
0.2 mM AA, 0.2 mM UA and different concentrations of DA (4-26 wM). Insets: peak
current-concentration linear relations of (a) y =0.0239 + 0.0007 x + 0.0004 + 0.0001;
R?=0.9936 +0.005; and (b) y=0.0229 (+0.0008) x —0.0002 (+0.0001); R? =0.9956
(4£0.003).

(see Table S1, Supporting information). In view of the anodic peak
potentials separation for DA, AA and UA, we can expect a good res-
olution between the DA and UA peaks but poor for the DA and
AA ones, however, the great difference in their sensitivities is a
significant advantage. The resolution of the DA and AA peaks was
studied making several additions of DA in presence of AA. Fig. 9a
shows the peaks for DA at several concentrations between 10 and
70 uM, in presence of 0.2 mM AA. As can be seen, the AA peak is
slightly shifted to more anodic potential in presence of DA, allow-
ing the DA determination with the same sensitivity than in absence
of AA (see the slope of the peak current-concentration plot, inset

Table 4
Determination of DA in real samples (n=3).

Sample DA added DA found Recovery SD
(u.M) (u.M) (%)
Dopamine hydrochloride 33.75 33.78 100.09 0.04
injection
Human urine 5.00 5.00 100.00 0.05

in Fig. 9a). The detection limit is 0.13 wM, rather higher than that
obtained in absence of AA. Next, we investigated the DPV responses
of ternary mixtures containing increasing quantities of DA in pres-
ence of AA and UA with concentrations 0.2mM (Fig. 9b). Three
well-resolved independent anodic peaks were observed for DA,
AA and UA, although the AA peak is notably smaller. The slope
(inset in Fig. 9b), and therefore the sensitivity, were also similar
to results obtained in absence and presence of AA and the detec-
tion limit increases to 0.20 wM. These results show the usefulness
of this sensor to be applied to measure real physiological samples.

The sensitivities of repeated DA determinations remained more
than 98.4% of their initial scans after the electrodes were kept
in water for two weeks. These results show that the developed
electrode exhibits good stability in DA detection and no obvious
damage in the Au-AMD structure was observed during the succes-
sive scans. Moreover, we also confirmed the long-term stability of
the modified electrodes by measuring the peak current of a 10 uM
DA solution with several Au-AMD1 electrodes (n=3)in five succes-
sive measurements within a period of 14 days. The DA responses
remained the same at different times. These results indicate that
the proposed AuNPs-AMD1 modified electrodes exhibited excel-
lent reproducibility and long-term stability.

3.6. Application in real samples

The Au-AMD1 was used for the detection of DA in spiked human
urine and in a commercially acquired dopamine hydrochloride
injection sample. The urine samples (22.5mL) were diluted to
25 mL with PBS pH 7.0 to ensure the pH of samples and then appro-
priate amounts were transferred to the electrochemical cell. The
dopamine injection (10mgmL-! DA, 2.0mL per injection.) was
diluted appropriately in 0.1 M phosphate buffer to bring it to the
working concentration range. The resultant solutions were placed
in the cell and DPV responses were recorded at sensor electrode.
The results are shown in Table 4. The appreciable found and recov-
ery results reveal that the Au-AMD1 modified electrode is useful to
determine DA in different real samples.
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4. Conclusions

New electrochemical sensors based on electrodes modified
with size-controlled AuNPs by using two generations of elec-
trodeposited amidoferrocenylpoly(propileneimine) dendrimers as
templates have been studied to the dopamine determination. The
modified electrodes were characterized by electrochemical meth-
ods. The kinetic study of Au-AMD electrodes demonstrates that, in
the same way that the AMD electrodes, they do not have kinetic
limitations. The AMD and Au-AMD developed electrodes showed
excellent electrocatalytic behavior toward the dopamine oxida-
tion. The cyclic voltammograms of DA at the AMD electrodes
exhibited an irreversible electrochemical behavior with oxidation
peaks of 0.28 and 0.24V vs. SCE for the first and fifth gener-
ations respectively, while at the Au-AMD electrodes showed a
reversible behavior with oxidation peaks at 0.19 and 0.24V vs.
SCE for the first and fifth generations respectively. The kinetics
of electrocatalytic DA oxidation studied by rotating-disc voltam-
metry demonstrated that electrodes modified with the Au-AMD1,
with the larger NPs, are the most efficient. The obtained hetero-
geneous second-order rate constant values also demonstrate the
higher efficiency of Au-AMD1 electrodes in relation with the other
modified electrodes. These results are confirmed by the excellent
and competitive analytical characteristics of the Au-AMD1 elec-
trodes for the DA determination, which shows three amperometric
linear ranges at working potential of 0.3V vs. SCE: between 0 and
70 uM, with sensitivity 585.7 wA/mM cm? and limit of detection
0f 0.01 wM, from 70 to 600 WM, with sensitivity 466.0 wA/mM cm?
and from 600 to 1000 wM with sensitivity 314.3 wA/mM cm?. The
effect of interfering substances has been studied by differential
pulse voltammetry and the determination of DA has been possible
in presence of AA and UA, the sole compounds present in phys-
iological samples with peak potential near to that of DA. Finally,
the Au-AMD1 sensor was successfully used for the determination
of DA in a commercial dopamine hydrochloride injection and in
spiked Human urine.
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PPI-n

Chart S1. Ferrocenyl-dendrimers scheme. AMD1: n=1, x=4; AMDS5: n=5, X = 64.
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Figure S1. CVs obtained for an AMD5 modified electrode (6.9-101° mol Fc cm™) in
presence of 0.5 mM dopamine in PBS pH 7. Scan rate 20 mV s,
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Figure S2. Calibration plot obtained with Au-AMD1 at 0.3 V vs. SCE in PBS pH 7.0
and 500 rpm. Inset: third linear range.
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Figure S3. DPV profiles at AuUNPs-AMDL electrode in PBS pH 7.0 containing DA
quantities between 1 and 6.4 uM. Insets: Plots of the oxidative peak currents versus the
DA concentration in two concentration groups. DPV settings: modulation time 0.1 s;

interval time 0.2 s; modulation amplitude 0.01 V and scan rate 5.25 mV s,
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Figure S4. DPV profiles at AUNPs-AMDL electrode in PBS pH 7.0 containing AA 100,
200, 300 and 400 uM. Inset: Plot of the peak currents versus the AA concentration.
DPV settings: modulation time 0.05 s; interval time 0.2 s; modulation amplitude 0.05 V

and scan rate 5.25 mV sL.
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Figure S5. DPV profiles at AUNPs-AMD1 electrode in PBS pH 7.0 containing UA 200,
500 and 1000 uM. Inset: Plot of the peak currents versus the UA concentration. DPV
settings: modulation time 0.1 s; interval time 0.2 s; modulation amplitude 0.01 V and

scan rate 5.25 mV s



Table S1 Comparison with reported DA electrochemical sensors

Electrode E Sensitivity Linear Detection Ref
(Vvs.SCE) (uA/mMcm?) range (uM)  limit (uM)
PPY-IC GCE 0.40 154 10-300 0.10 [1]
AuNPS-PTAP/GCE 0.15 (DPV) 6580* 0.15-1.5 0.02 [2]
Fc-S-Au/C NC/graphene/GCE 0.15 (DPV) 1484 0.40-45 0.05 [3]
AuNP/NG-ITO 0.35 38.0 0-48 0.001 [4]
Au/ZnO/N-doped graphene/GCE 0.15 (DPV) 294* 2-180 0.40 [5]
HNP-AuAg 0.45 (DPV) 194.6 [6]
0.60 399.6 5-335 0.20
Mn complex-goldE 0.15 (DPV) 250 0-800 0.01 [7]
f-MWCNT/AUNPs-AT 0.3 (DPV) 13530 10-50 0.18 [8]
AuNP/PAN/ITO 0.58 92.84 1-100 0.91 [9]
AuNPs/Trp-GR GCE 0.45 (DPV) 7323 0.5-90 0.06 [10]
1215 90-411
Au-Pt/GO-ERGO GCE 0.15 (DPV) 384 0.07-4980 0.02 [11]
AUNCs/AGR/MWCNT 0.2 (DPV) 4285.7 1-201 0.08 [12]
AU/NPSS 0.15 (DPV) 4400 3-80 0.02 [13]
AuNPs/SPCs 0.15 (DPV) 427 0.2-100 0.01 [14]
Au-PEDOT/PNMPy/PEDOT 0.15 (CV) 190 0-100 2 [15]
AuNPs-AMD1 0.30 585.7 0-70 0.01 This
466.0 70-600 work
314.3 600-1000
0.15 (DPV) 347.1 0.5-120 0.06

* LA/mM, area unknown
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