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SEGAI ... Servicio General de Apoyo a la Investigacion
SEM ... microscopia electrénica de barrido
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INTRODUCCION




0.- Motivacion

Durante la ultima década se ha generado un importante debate sobre la
regulacién de la respuesta metabélica del cerebro frente a la actividad neuronal. Las
células cerebrales son altamente dependientes y necesitan un suministro continuo de
energia. Todos los datos disponibles sugieren que la glucosa, bajo condiciones
fisiol6gicas normales, es el principal combustible energético. Debido a que el cerebro
tiene muy pocas reservas, necesita un suministro vascular continuo de glucosa y
oxigeno. Asi, a los 20 segundos de ausencia de flujo sanguineo cerebral (FSC) se pierde
el conocimiento; la glucosa, el glucégeno y el ATP existentes en el medio son
consumidos entre 3 y 5 minutos, pudiéndose producir lesiones neuronales irreversibles

en el caso de no revertir el proceso.

Histéricamente, el lactato se habia considerado un subproducto metabdlico
derivado de la glucdélisis o un signo de hipoxia (derivado del metabolismo anaerébico
celular). Sin embargo, en los tltimos 20 afios se han publicado una gran cantidad de
trabajos que indican que el lactato puede ser producido en muchos tejidos bajo
condiciones aerdbicas. Asi, algunos autores sefialan que el lactato podria ser utilizado
como combustible complementario, e incluso, han sugerido que puede ser el substrato
energético preferido por las neuronas durante estados de activaciéon. Basandose en
estos resultados, se han planteado nuevas hipotesis sobre el metabolismo neuronal, el
acoplamiento neurovascular, etc. Pellerin y Magistretti (1994) han propuesto una
hipétesis “ Astrocyte-Neuron Lactate Shuttle” (ANLS) segtn la cual la activacién neuronal
producida por el glutamato (principal neurotransmisor y responsable del 90% de las
sinapsis) conduce a la captacién de glucosa por parte de los astrocitos, posteriormente
su glucdlisis genera lactato que es exportado al compartimiento extracelular donde es

captado por las neuronas. Esta idea ha dividido a la comunidad cientifica en dos



escuelas y ha generado un intenso debate durante los Gltimos 20 afios. La mayor parte
de las evidencias de ANLS se basan en experimentos in vitro, en la disposicién espacial
de la glia entre los vasos sanguineos y las neuronas, en la presencia de algunas enzimas
y en la expresion de ciertos transportadores especificos.

El desarrollo de nuevos métodos para cuantificar y estudiar la evoluciéon de
glucosa y lactato de forma mds precisa y localizada, asi como, su relacién con el
consumo de oxigeno y el FSC podria ayudarnos a entender mejor dichos procesos
neurometabolicos, teniendo en cuenta que todos los mecanismos que acompafan a la

sinapsis ocurren en una escala temporal muy corta, milisegundos.

En las ultimas décadas, los microbiosensores han resultado ser un instrumento
con un gran potencial en la investigacion biomédica y en aplicaciones
neurometabolicas. Su reducido tamafio, asi como, su alta resolucién temporal y
espacial los convierten en una alternativa a otras técnicas més costosas y con un alto

grado de especializacion.

Es por ello, que la presente memoria estd orientada hacia la construccién y
caracterizaciéon de microbiosensores amperométricos sensibles a la glucosa y al lactato.
Dispositivos lo suficiente pequefios, sensibles y selectivos para ser empleados en
animales de experimentacion para cuantificar concentraciones basales del analito de
interés en el espacicio extracelular. Y que a posteriori, puedan ser empleados en
estudios neurometabdlicos, farmacolégicos, etc., tanto a nivel de experimentacion

animal como humana.



1.-Metabolismo cerebral
1.1- Zona de estudio: el sistema nervioso central

El sistema nervioso central (SNC), formado por el encéfalo y la médula espinal,
posee una naturaleza heterogénea conformada por una multitud de células mas o
menos especializadas. El cerebro, el cual supone un 80%de la masa del encéfalo y un 2-
3% del peso corporal, recibe el 15% del flujo cardiaco en reposo (Sokoloff, 1960; Guyton y
Hall, 2011). A su vez, es uno de los 6érganos con mayor demanda energética, gastando
el 20% del oxigeno y el 25% de la glucosa consumida por el organismo (Siesjo, 1978; Fox
et al., 1988; Clarke y Sokoloff 1999). Debido a este consumo y a que el cerebro posee pocas
reservas energéticas, la regulacion neurometabélica debe ser rdpida y eficaz,

generalmente, mediante el correcto suministro de metabolitos a través del FSC.

El FSC en humanos presenta un valor medio de 750 ml/min (57 ml/100 g/min)
(Serra et al., 2005). A presiones normales estd regulado casi exclusivamente por
mecanismos intrinsecos locales, miégenos y metabolicos, permitiendo asi una tasa de
flujo constante (Fox, 2004). Al igual que sucede en otros tejidos del organismo el FSC
estd muy relacionado con el metabolismo tisular circundante. Segtn se cree, varios son
los factores metabdlicos que contribuyen a la regulaciéon del FSC: (1) concentracién de
COs, (2) pH, (3) concentracion de O3, (4) sustancias liberadas por los astrocitos (Guyton
y Hall, 2011), (5) otros. Esta precisa regulaciéon permite mantener un suministro
continuado de glucosa y O, asi como, la eliminacion de productos metabdlicos

generados durante la actividad cerebral (CO; y H2O).

En estado de reposo, el cerebro consume una considerable energia (10% de la
glucosa en sangre), empleada en su mayor parte en mantener los potenciales de
membrana celulares y las condiciones homeostaticas 6ptimas para una adecuada

transmisién nerviosa. En términos comparativos el consumo energético del cerebro



podria ser comparado con el de una bombilla de 20 W (McKenna et al., 2006).
Aproximadamente el 75% de dicha energia es consumida en procesos relacionados con
la transmisién nerviosa (ciclo glutamato-glutamina, potencial de accion, receptores
postsindpticos, etc.), mientras que el 25% restante es empleada en funciones esenciales
tales como: sintesis y degradacion proteica, estabilizacion de los gradientes eléctricos e ionicos
transmembrana, transporte axoplasmdtico, intercambio de nucledtidos y lipidos. (McKenna et

al., 2006).

Cuando se estudia el funcionamiento del cerebro se suele enfocar desde una
Optica neuronal. Las neuronas (~10'?) son células altamente excitables que permiten el
procesamiento de informacién en el cerebro mediante la transmisiéon de sefales
eléctricas complejas, siendo asi, la unidad funcional por excelencia. No obstante, mas
de la mitad del volumen cerebral estd ocupado por células muy poco excitables, que
pese a su elevado nimero, solo consumen entre un 15 y un 30% del balance energético
total. Menospreciadas durante varias décadas, la neuroglia constituye la poblaciéon
mayoritaria, destacando en este grupo los astrocitos o astroglia. Su localizacién
estratégica entre los vasos sanguineos y las neuronas (Figura 1.1), asi como, la
expresion de receptores y transportadores especificos frente a ciertos
neurotransmisores, ha llevado a postular su participacion en la funcién metabdlica y
sindptica de las neuronas. Hoy en dia, a parte de su papel homeostatico se considera
que son células que se comunican entre si y con las neuronas de una manera dindmica

y cooperativa (Lopez-Bayghen et al., 2007 Lopez-Bayghen y Ortega, 2010).



1.2.- Metabolismo cerebral: Glucosa

Anos de investigacion en el campo del metabolismo cerebral han culminado con
la aceptacion de algunas ideas que actualmente son dificilmente cuestionables, y que
sin duda, han generado un gran debate dentro de la comunidad cientifica. Dichas ideas
se resumen a continuacién: (1) La glucosa es inequivocamente el combustible
energético y el dnico substrato disponible para sustentar la actividad neuronal (Siesjo,
1978). (2) Ademads, se asume que la mayor parte de la glucosa empleada se consume
por via oxidativa, tanto en condiciones basales como en estados activados (Sokoloff et al,
1977). (3) El consumo energético es predominantemente debido a la actividad neuronal
(80-95%) frente a la actividad de otras células como la glia (5-20%) (McKenna et al.,
2006). (4) El consumo y suministro de glucosa estd perfectamente acoplado a la

actividad sinaptica (Sokoloff et al, 1977; Barret et al., 2003; McKenna et al., 2006).
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microglia
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Figura 1.1- Acoplamiento neurovascular. La posicion intermedia de los astrocitos entre los
vasos sanguineos y las neuronas, evidencia la importancia que tienen dichos astrocitos en la
regulacion neurometabélica, permitiendo el suministro adecuado de nutrientes en funcion de la
actividad neuronal (fuente: http//www.genomasur.com/BCH/BCH_libro/capitulo_09.htm).

En este modelo, la energia consumida durante los procesos de activacion neuronal
proviene de la glucosa y del O liberados directamente desde los vasos sanguineos
hacia el espacio extracelular (intersticio). De esta manera, se propone un conjunto de

mecanismos  (metabolicos 'y miogenos) de autorregulacion energética (via


http://www.genomasur.com/BCH/BCH_libro/capitulo_09.htm

neurotransmisores 'y vasodilatadores) que permiten a las neuronas disponer de un
suministro energético acorde a sus necesidades funcionales. Un aumento de la
actividad neuronal produce y libera neurotransmisores y sustancias vasoactivas que
conducen finalmente a un incremento del FSC, y por ende, a un incremento en la
concentracion y liberacion de metabolitos energéticos. Es decir, existe un acoplamiento

dindmico entre la actividad neural y el FSC.

Si bien, el transporte de Oz es por simple difusion a través de los tejidos y de las
membranas celulares, el transporte de glucosa en las células de los mamiferos esta
facilitado por dos familias de proteinas: (1) transportadores de glucosa, GLUTs (Joost y
Thorens, 2001; Joost et al., 2002) y (2) co-transportadores de Na* y glucosa, SGLTs (IWood
y Trayhurn, 2003). Los GLUTs son principalmente expresados en: (1) el SNC (vaso,
células gliares, neuronas) y (2) los eritrocitos, favoreciendo el paso de glucosa por
transporte pasivo, sin consumo de energia y a favor del gradiente de concentraciéon
(Joost y Thorens, 2001; Joost et al., 2002; Bermiidez et al., 2007). Dicho mecanismo
imposibilita la acumulacion celular de glucosa, y en el caso de acumularla debe hacerse

en su forma polimérica (glucdgeno), tnicamente en los astrocitos.

En la actualidad se conocen 13 transportadores GLUTs (Joost y Thorens, 2001; Wood
y Trayhurn, 2003), sin embargo, los transportadores GLUT1 y GLUT3 son expresados
mayoritariamente en el SNC (Figura 1.2) (Rayner et al., 1994; Vannucci et al., 1997;
Vannucci et al., 1998). La capacidad de transportar glucosa de los GLUTs depende de
varios factores, principalmente: (1) expresién y concentracion en los distintos tejidos y

(2) propiedades cinéticas intrinsecas.
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Figura 1.2.- Distribucion de los transportadores de glucosa (GLUTs) y monocarboxilatos

(MCT) en el cerebro. El alto grado de compartimentacion cerebral favorece la expresion
diferenciada de dichos transportadores (adaptada de Simpson et al., 2007).

Para acceder al parénquima cerebral la glucosa requiere atravesar las membranas
celulares del endotelio, que en el SNC constituyen la barrera hematoencefilica (BHE)
(Cremer et al., 1979; Bradbury, 1993), siendo en tultima instancia el transporte mediado
por los GLUTs (Figura 1.3). Cada una de las diferentes isoformas de los GLUTs tienen
expresion y caracteristicas cinéticas propias, adaptadas a las necesidades metabdlicas
de los distintos tejidos del organismo (Doege et al., 2000). La isomorfa GLUT1 presenta
dos conformaciones proteicas diferentes. Ambas son glicoproteinas de 45 o 55 kDa con
doce dominios transmembrana en estructura a hélice (Baldwin y Lienhard, 1989). La
GLUT1 (55 kDa), altamente glicosilada, se encuentra en las células endoteliales que
conforman la BHE (Harik et al, 1990; Farrell y Pardridge, 1991; Maher et at., 1993),
mientras que la isoforma de GLUT1 (45 kDa) parece estar asociada a las células gliales
o astrocitos (Bondy et al., 1992, Maher et al, 1993). Por ultimo, el GLUT3 se encuentra

mayoritariamente expresado en las neuronas (Maher et al. 1993; Nagamatsu et al., 1993).



Ambos transportadores GLUT1 y GLUT3, poseen una alta afinidad por la glucosa
(Bermiidez et al., 2007), con una Ky = 1-2 mM, muy por debajo de la concentracion de
glucosa sanguinea (~ 5 mM). Dichos transportadores son capaces de transportar
glucosa al interior de las células de una manera estable y continua. Siendo de gran
importancia en células con una alta dependencia energética como: tejido nervioso y
eritrocitos (Bermiidez et al., 2007). Las concentraciones cerebrales para dichos
transportadores (GLUTs) estimadas por varios autores son: GLUT1 (45 kDa): 6.9-7.7
pmol mg? de proteina; GLUT1 (55 kDa): 2.3-2.5 pmol mg? de proteina; GLUT3: 8-11
pmol mg? de proteina (Maher y Simpson, 1994; Vannucci et al., 1997; Choeri et al 2005;
Simpson et al 2007). A su vez, se ha demostrado que la constante catalitica (kcat) para
GLUTS3 es unas 6-7 veces mayor que para GLUTI, lo que pone de manifiesto que los
transportadores neuronales son muchos méas répidos y efectivos que los gliares (Lowe y
Walmsley, 1986; Maher et al., 1996). Por otro lado, estudios recientes realizados con
microscopia confocal revelan que el glutamato (principal neurotransmisor cerebral y
responsable del 80-90% de las sinapsis) inhibe los transportadores neuronales GLUT3,
mientras que estimula el transporte de glucosa en los GLUT1 (45 kDa) astrocitarios
(Loaiza et al., 2003; Porras et al., 2004). Otro dato interesante, es el desacoplamiento
temporal observado entre el consumo de Oy, el flujo sanguineo local y el consumo de
glucosa durante periodos de activaciéon descrito por algunos autores (Fox y Raichle

1986; Fox et al., 1988).
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Figura 1.3.- Modelo metabélico cldsico: la glucosa y el oxigeno son liberados desde el vaso sanguineo. El oxigeno difunde libremente a través de los tejidos, sin
embargo, la glucosa debe atravesar cada uno de los compartimentos mediante transportadores GLUTSs especificos. En este modelo la glucosa es el combustible
primario, tanto para las neuronas como para los astrocitos, siendo el lactato un mero subproducto metabolico que es desechado al intersticio. Se asume que las

neuronas son capaces de controlar el suministro metabélico en funcion de su estado.
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Por altimo, es importante matizar que la glucosa en el cerebro no funciona tnicamente
como sustrato energético [via ciclo de los acidos tricarboxilicos (TCA)], sino que cumple
varias funciones (Figura 1.4), como pueden ser la de sustrato para la biosintesis de inositol y
glucégeno. Ademads, su esqueleto de carbono puede ser incorporado a la acetilcolina, lactato,
glutamato, glutamina, aspartato y alanina. En el cerebro desarrollado, el metabolismo a
través del ciclo de la pentosa fosfato es particularmente importante ya que proporciona
ribosa-5-fosfato para la sintesis de nucleétidos y la NADPH necesarios para la biosintesis de

lipidos (Tabernero et al., 1996).

Producciénde Energia,
sintesis de aminodcidos y
neurotransmisores

TCA/ fosforilacién oxidativa

Biosintesis denucleoticos y
formacién de NAPDH

Ciclopentosa #== Glucosa === Glicolisis
fosfato

Producciénde
Energia

Glucégeno

Reserva de energia
(astrocito)

Figura 1.4.- La glucosa posee muiltiples facetas metabolicas: puede ser almacenada como glucogeno
para actuar de reserva energética, puede ser usada directamente para producir energia via glicélisis o
mediante el TCA, ademds, estd conectada via TCA en la sintesis de algunos neurotransmisores y sus
intermediaros, también puede ser empleada en la biosintesis de nucledtidos y NAPDH.
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1.3.- Metabolismo cerebral: Lactato

Recientemente, se ha demostrado que el lactato podria ser algo mas que un mero
subproducto energético, y que éste, puede ser utilizado como fuente de energia por las
células de la retina (Poitry-Yamate, 1995), en neuronas en el cerebro adulto (Larrabee, 1995, Hu
y Wilson, 1997; Schurr et al., 1999) y en general por cualquier tejido en condiciones fisiolégicas
normales (Brooks, 1987; Haljamae, 1987). Incluso, dicho consumo puede ser preferencial frente

a la glucosa en determinadas condiciones (Pellerin y Magistretti, 1994).

Por otro lado, es bien conocido que la tasa de transporte y el metabolismo oxidativo de
la glucosa es muy bajo en el cerebro en desarrollo (periodo posnatal), y éste aumenta con la
madurez del SNC (Vannucci et al., 1997; Dwye et al., 2002; Vannucci y Simpson, 2003). Dicho
proceso esta relacionado con el desarrollo progresivo de algunos transportadores y
lanzaderas especificas del TCA, necesarios para metabolizar la glucosa a nivel celular
(McKenna et al., 2006). Debido a esta inmadurez temporal del SNC, varios 4cidos
monocarboxilicos, incluyendo el lactato y otros cuerpos ceténicos como el acetoacetato y el g-
hidroxibutirato, son empleados como sustratos energéticos. Estos compuestos también son
incorporados en los lipidos, aminoacidos y las proteinas en el cerebro en desarrollo (Cremer,
1982; Nehlig, 2004). Segun estos datos, el lactato parece tener un papel importante durante el
periodo postnatal, tanto como fuente de energia, como sustrato primario para la biosintesis
de intermediarios metabdlicos (Medina, 1985), siendo este hecho consistente con la alta

concentracion de grasas en la leche materna (Vannucci y Simpson, 2003).

1.3.1.- Lanzadera de lactato: Astrocite-Neuron-Lactate Shuttle Hypotesis

A partir de las observaciones citadas anteriormente y otros datos recogidos en la
bibliografia (Pellerin et al., 1998; Pellerin, 2003), Pellerin y Magistretti (Pellerin y Magistretti,

1994) han propuesto un modelo (Astrocite-Neuron-Lactate Shuttle, ANLS), mediante el cual el

12



lactato producido en el astrocito es usado como fuente de energia por las neuronas. Dicha
hipétesis supone una secuencia temporal de sucesos y mecanismos acoplados, que dan lugar
finalmente a la liberacién de lactato en el espacio extracelular y a su recaptaciéon por parte de
la neurona (Figura 1.5). Esta hipoétesis ha sido avalada por un nimero importante de datos y
observaciones fisiologicas (Schurr et al. 1997a; Schurr et al. 1997b; Schurr et al. 1999; Pellerin

2003).

Los astrocitos desempefian un papel fundamental en el flujo de sustratos energéticos a
las neuronas debido a su localizacion estratégica y a su versatilidad metabdlica (Magistretti y
Pellerin, 1996, Lopez-Bayghen et al., 2007; Lopez-Bayghen y Ortega, 2010). La morfologia
particular de los astrocitos, con sus terminaciones alrededor de los capilares sanguineos,
hace que los astrocitos sean la primera barrera celular que la glucosa ha de atravesar para
penetrar en el SNC. Esta localizacién privilegiada, asi como, la existencia de transportadores
especificos (GLUT1 (55 kDa) en las células endoteliales y GLUT1 (45 kDa) en los pies
astrocitarios), apoyan el papel que desempefian los astrocitos en la distribucién de nutrientes
desde la sangre hasta otras células cerebrales (Magistretti y Pellerin, 1999a; Magistretti y

Pellerin, 1999b)

Los astrocitos tienen la capacidad de detectar la actividad sindptica mediante receptores
y/o transportadores especificos en la hendidura sinaptica (Pellerin y Magistretti, 1994). Por
otro lado, recientes investigaciones han demostrado que la captaciéon de glutamato, via
transportadores GLT-1 (EAAT2) y GLAST (EAAT1) (Araque et al., 1999; Pellerin, 2003),
estimula la glucolisis aerdbica astrocitaria (Pellerin y Magistretti, 1994, Takahashi et al., 1995;

Hamai et al., 1999).

El transporte de glutamato en los astrocitos esta dirigido por un gradiente

electroquimico de Na™: una molécula de glutamato es cotransportada con tres iones Na*
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hacia el interior celular y como consecuencia, un ién K+ sale al exterior. Esto genera un
incremento en la concentracién intracelular de Na*, que es equilibrado a través de la Na+t/K*-
ATPasa. Este proceso consume ATP e implica la activacién de la glicélisis y la produccién de
lactato (Pellerin y Magistretti, 1994;, Takahashi et al., 1995; Pellerin y Magistretti, 1997; Magistretti
y Pellerin, 1999a; Magistretti y Pellerin, 1999b). Un gran ntimero de evidencias experimentales
apoyan que dicho mecanismo no es activado por los receptores glutamatérgicos, sino por los
transportadores EAAT1 y EAAT2 (Pellerin y Magistretti, 1994; Takahashi et al., 1995; Pellerin y
Magistretti, 1997). Teniendo en cuenta que la oxidacion de piruvato por el TCA es la via mas
eficiente para obtener ATP, la razén por la cual los astrocitos favorecen la formacion de

lactato no ha sido entendida completamente (Pellerin, 2005).

Durante un proceso glicolitico continuado los niveles elevados de NAD+* citosélico,
esenciales durante la reaccion catalizada por la gliceraldehido-3-fosfato deshidrogenasa
(GADPDH) en la glucélisis (segunda fosforilacion), se reducen drasticamente (ver Figura
1.5). Pellerin y colaboradores han propuesto que dicha reserva citosolica de NAD™ podria ser
regenerada de forma eficiente por la conversiéon (reduccién) piruvato-lactato mediante la
lactato deshidrogenasa astrocitaria (LDHS5) (Pellerin, 2005). Recientemente, han sido
presentados argumentos adicionales que sugieren que los astrocitos poseen una reducida
capacidad de regenerar los niveles de NAD" a partir del NADH citos6lico mediante la
lanzadera malato-aspartato (Ramos et al., 2003). De esta manera, todo parece indicar que la
conversiéon piruvato-lactato podria tener un papel adicional, no solo de suministro
metabolico, sino también regenerando los niveles de NAD" citosélicos indispensables en la

glucolisis astrocitaria.

Una vez generado el lactato en el citosol astrocitario, es necesario su transporte
mediante transportadores especializados. En este caso, Pellerin y colaboradores se apoyan en

las diferentes propiedades cinéticas de dichos transportadores, asi como, en la distribucién
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diferenciada de los mismo en el SNC (Pellerin y Magistretti, 1999a; Pellerin 2003; Pellerin;
2005). Los astrocitos expresan en su membrana celular transportadores monocarboxilatos
(MCT1 y MCT4) que favorecen el transporte de lactato al intersticio. Por otro lado, las
neuronas expresan transportadores monocarboxilatos tipo MCT2 que favorecen la captacion
neuronal de lactato. Finalmente, la presencia de isomorfas de lactato deshidrogenasa (LDH1)
en el citosol neuronal favorecen la conversion (oxidacién) lactato-piruvato, siendo este
altimo, transportado al interior de las mitocondrias (via transportadores monocarboxilatos)
donde continta el TCA acoplado a la fosforilacién oxidativa (Pellerin y Magistretti, 1999a;

Pellerin 2003; Pellerin; 2005).

Sin duda, dicho hipétesis y su evolucion a lo largo del tiempo han generado un intenso
debate entre partidarios y detractores (Hertz, 1999; Bliss et al., 2001; Bouzier-Sore et al., 2002;
Bouzier-Sore et al., 2003; Chih y Roberts, 2003; Bergersen, 2007). En 2011 Pellerin ha presentado
una nueva revision con el sugerente titulo “Sweet sixteen for ANLS” donde se hace una nueva

revision de los conceptos e ideas fundamentales (Pellerin y Magistretti; 2011).
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Figura 1.5.- Hipotesis (ANLS) planteada por Pellerin y Magistretti (Pellegrin, 2003): La secuencia de eventos empezaria por la captacion y regeneracion del
glutamato liberado en la hendidura sindptica (ciclo glutamato-glutamina), proceso acompariado por la entrada masiva de iones Na* al astrocito. Dicho
mecanismo activaria la bomba de Na*/K* produciendo un considerable descenso de las reservas energéticas astrocitarias. Para compensar dicha pérdida se
activaria la glicolisis y/o glicogenolisis y el transporte de glucosa (GLUT1 45 kDa). Una consecuencia directa de la glicolisis astrocitaria es el aumento de
piruvato y NADH citosdlico. Como consecuencia, podrian activarse varios procesos: (1) el TCA acoplado a la fosforilacion oxidativa, generando ATP y
regeneranto el NAD*; (2) conversion de piruvato a lactato (LDHD5), regenerando el NAD*. Posteriormente, el lactato es transportado al intersticio via MCT1
y MCT4. Una vez en el intersticio los transportadores MCT2 introducirian el lactato al interior de la neurona que seguidamente lo transformara a piruvato
(LDH1) e incorpora al TCA acoplado a la fosforilacion oxidativa.
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1.3.2.- Nuevas hipétesis sobre el uso neuronal del lactato

1.3.2.1.- Acoplamiento redox y actividad metabélica: The redox-switch/redox-coupling

hypothesis

Recientemente, se han postulado nuevos mecanismos para describir el acoplamiento
neurona-astrocito (Cerddn et al., 2006, Rodrigues et al., 2009). Dichos autores proponen que las
neuronas y los astrocitos pueden intercambiar reversiblemente lactato y piruvato via MCT
(Figura 1.6). Dicho mecanismo se basa en la inhibicién de la glicélisis via GADPDH en
condiciones reductoras (bajas concentraciones de NAD* citos6lico) asi como, en la
compartimentacion subcelular del piruvato y el intercambio reversible de monocarboxilatos
entre la neurona y la glia. Dicha compartimentacion permite a la neurona y la glia elegir su
sustrato metabolico (glucosa o lactato) en funciéon de: (1) el estado redox citosélico (“redox
switch”, relacion NAD'/NADH), (2) de las concentraciones extracelulares relativas de lactato

y glucosa.

Cerdan y colaboradores sugieren que durante la captaciéon de glutamato por la glia se
incrementa su actividad glicolitica y la actividad del TCA, produciendo una importante
reduccion de la relacion NAD'/NADH citosdlica en la glia (Cerdin et al, 2006).
Posteriormente se transfieren equivalentes reductores a la neurona reduciendo los niveles de
NAD*/NADH y provocando la inhibicion (switch off) de la glicolisis neuronal y favoreciendo
el transporte (via MCT) y oxidacién del lactato extracelular (via LDH1 y TCA) para generar
piruvato (recuperando los niveles de NAD citosélico). Finalmente, este piruvato acumulado
en exceso en el citosol neuronal, podria entrar al TCA o volver al espacio extracelular.
Posteriormente el piruvato podria entrar en la glia (via MCT), recuperando asi los niveles
redox basales (Ramirez et al., 2007) y comenzar un nuevo ciclo lactato/piruvato entre la

neurona y la glia.
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Figura 1.6.- Esquema de la hipdtesis planteada por Cerddn (Cerddn et al., 2006). Dicho modelo enfatiza el transporte bidireccional que tiene el piruvato y el
lactato entre la neurona y el astrocito. En dicho modelo existen dos fuentes de piruvato en la neurona y en la glia derivados del metabolismo de la glucosa o de
los monocarboxilatos. La lanzadera lactato/piruvato es capaz de transferir continuamente lactato desde el astrocito a la neurona via MCT, siendo metabolizado
finalmente por la LDHI. Las altas concentraciones citosolicas de lactato en la neurona inhibe la glicolisis ya que disminuyen drdsticamente los niveles de
NAD" necesarios para la GAPDH, favoreciendo finalmente la oxidacion del lactato extracelular. Posteriormente el piruvato es transportado hacia la glia, via
MCT, preparindose para un nuevo ciclo.
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1.3.2.2.- Transporte mitocondrial del lactato

Nuevas investigaciones han sugerido que el lactato puede ser metabolizado
directamente en el interior de la mitocondria y no necesariamente en el citoplasma
neuronal (Schurr, 2006). Este hecho parece ser confirmado por: (1) existencia de
transportadores MCT en la membrana mitocondrial, (2) presencia de formas isomorfas
LDH localizadas en la membrana interna mitocondrial de las neuronas (m-LDH) (Hashimoto

et al, 2008).

Esta hipotesis alternativa (Figura 1.7) sugiere que el lactato y no el piruvato, es el
producto final de la glicdlisis en todos los tipos de tejidos y en cualquier condicién: aerébica
o anaerdbica (Schurr, 2006; Schurr y Payne, 2007). Bajo esta suposicion, la glicélisis citosélica
siempre conduce a la formacién de lactato, principalmente para regenerar el NAD* que se
consume durante glicolisis. Finalmente, si la produccién de lactato se produce en
condiciones aerdbicas, es transportado a través de la membrana mitocondrial via
transportadores monocarboxilatos (MCT1 y MCT2) y convertido en piruvato (via m-LDH).
Una vez en esta forma, entraria al TCA acoplado a la fosforilacién oxidativa para obtener
ATP. Avalando dicha hipétesis se encuentran los estudios de Hashimoto y colaboradores
realizados en 2008, que demuestran la presencia de transportadores MCT1 y MCT2 en la
membrana mitocondrial, asi como, la presencia de m-LDH en su interior (Hashimoto et al,
2008). Finalmente, ese mismo afio estudios paralelos confirmaron la presencia de
transportadores MCTs mitocondriales no solo en las neuronas sino también en células

gliares (Lemire et al., 2008).
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Figura 1.7.- Esquema de la hipdtesis planteada por Schurr (Schurr, 2006): La glicdlisis citosdlica produce piruvato que posteriormente es reducido a lactato,
regenerando los niveles de NAD* citosolico. Seguidamente, dicho lactato es transportado, via MCT, a la mitocondria donde es convertido en piruvato y entra
en el TCA.

20



1.4.- Metabolismo cerebral: técnicas instrumentales

Actualmente, existe un gran interés por el estudio y conocimiento de las funciones
cerebrales (lenguaje, memoria, plasticidad, emociones), asi como, su modificacién en
procesos neurodegenerativos (Alzhéimer, Parkinson, Huntington), procesos adictivos,
etc. Ello ha propiciado que hoy en dia existan un gran ntmero de técnicas
instrumentales, empleadas en dilucidar aspectos concretos del comportamiento,
funcionamiento y metabolismo cerebral. Algunas de estas técnicas son costosas y
aparatosas como: resonancia magnética funcional (fMRI), tomografia por emisién de
positrones (PET), técnicas de fluorescencia, espectroscopia de proton (*H-NMR) y C-13
(BC-NMR); y otras mas sencillas y econémicas como: microdialisis, técnicas
espectroscopicas en el infrarrojo cercano (NIRs) y en el visible (VIS), sensores,

biosensores etc.

El desarrollo de las modernas técnicas de andlisis neuroquimico, ha dado lugar a
un avanzado grado de especializacion, sin embargo cada técnica presenta sus propias
restricciones inherentes. Por ejemplo, las técnicas espectroscopicas como el NIRs
(infrarrojo cercano) dependen del poder de penetracion de los fotones en los tejidos, la
resonancia magnética (‘H-NMR y 3C-NMR) no permite una resolucion (resolucién del
voxel) menor del cm?, llevando a una imprecisién en la localizacién (espacio intra y
extracelular) de los metabolitos estudiados, especialmente cuando los modelos
compartimentales han sido aceptados como doctrina (McKenna et al., 2006). Esto ha
llevado a que los métodos invasivos de analisis (microdialisis, voltametria in vivo,
electroforesis capilar etc.), con una mayor resolucion espacial, hayan sido usados mas

frecuentemente en modelos animales.
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1.4.1.- Microdialisis

La microdidlisis cerebral es un método analitico que utiliza un sistema cerrado en
el cual una sonda de doble luz, con una membrana de didlisis (J~250-500 um) en uno
de sus extremos, se inserta en una regién determinada del cerebro. A través de dicha
membrana se produce una difusién pasiva y a favor del gradiente de concentraciéon
de analitos y/o farmacos, entre el liquido de perfusiéon y el medio extracelular
(Benveniste et al., 1990). La técnica fue desarrollada en la década de los 60 y 70 por
varios grupos (Bito et al., 1966, Delgado et al., 1972) y empleada en el estudio de
distintos analitos en diversos tejidos, incluyendo el cerebro (Bito et al., 1966, Delgado et
al., 1972). Pese a que inicialmente presentaba ciertas limitaciones, la técnica fue
perfeccionada y aplicada a nivel cerebral por otros grupos de investigadores
(Ungerstedt y Pycock, 1974, Mas et al., 1995a; Mas et al., 1995b). Esta técnica permite
estimar in vivo la liberacién de neurotransmisores y metabolitos, y a su vez, estudiar
los cambios inducidos en ellos por drogas y farmacos perfundidos a través de la

sonda de didlisis o administrados por via sistémica (Ungersted, 1991).

1.4.2.- Voltametria in vivo

Aproximadamente cincuenta afios después del nacimiento de las técnicas
voltamperométricas (1922) a cargo del premio Nobel Jaroslav Heyrovsky, aparecié un
interés generalizado por el estudio de distintos compuestos electroactivos en el SNC.
Los primeros estudios que aparecen usando técnicas voltamperométricas se remontan
a los afios 50, cuando Clark y colaboradores midieron O y acido ascérbico en el
cerebro (Clark et al., 1958; Clark y Lyons, 1965). Sin embargo, Ralph Adams fue el

primero en aplicar dichas técnicas en el SNC de forma generalizada, y hoy en dia es
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considerado como el principal impulsor de las técnicas voltamperométricas en el

estudio del SNC (Kissinger et al., 1973).

En la década de los 70 y 80 se empezo6 a estudiar la electrooxidacion de fenoles,
catecoles y catecolaminas en sistemas in vivo (Gonon et al., 1981; O’Neill et al., 1983;
Sharp et al., 1983; Gonzilez-Mora et al., 1988; Gonzilez-Mora et al., 1989). Varios grupos de
investigacion sugirieron la posibilidad de implantar pequefios electrodos en el SNC y
estudiar  diferentes neurotransmisores catecolaminérgicos [dopamina (DA,
norepinefrina (NE)] y sus metabolitos [4cido homovanilico (HV) y é&cido 3,4-
dihidroxifenilacético (DOPAC)] (Gonon et al., 1981; O’Neill y Fillenz, 1985; Gonzdilez-Mora
et al., 1988; Wightman et al., 1988; Gonzilez-Mora et al., 1989; Gonzalez-Mora et al., 1990;

Mas et al., 1990; Louilot et al., 19971).

Los primeros electrodos utilizados en voltamperometria in vivo fueron electrodos
de pasta de carbono (CPEs) (O’Neill et al., 1982), aunque rapidamente Gonon y
colaboradores establecieron el uso de electrodos de fibra de carbono (CFEs), mucho
mas versatiles y con reducidas dimensiones (~um) (Gonon et al., 1981; Mas et al., 1989;

Mas et al., 1995a; Mas et al., 1995b).

Inicialmente, los problemas encontrados en dichos dispositivos fueron: (1) baja
selectividad frente a otros compuestos electroactivos presentes en el SNC (dcido
ascorbico (AA), dcido irico (AU), (2) pasivacion de la superficie del electrodo por agentes
floculantes (lipidos y proteinas), (3) agresividad del medio de trabajo (respuesta
inmunologica). Para solventar estos problemas se recurrié al empleo de dos estrategias
distintas: (1) Pretratamiento electroquimico de las fibras de carbono (Gonon et al., 1981),
dicho tratamiento alteraba la superficie del electrodo y permitia detectar a diferentes

potenciales AA y distintos catecoles. (2) Recubrimiento del electrodo con polimeros
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polianiénicos como el Nafion (Gerhard et al., 1984). (3) Deconvolucién matematica

mediante algoritmos no lineales (Mas et al., 1989; Gonzilez-Mora et al., 1991).

Con el devenir de los tiempos se ha incrementado el interés por mejorar las
propiedades antiinterferentes y la sensibilidad de estos métodos electroquimicos. Sin
duda, gran parte del éxito actual se debe a la gran diversidad de las técnicas
voltamperométricas existentes [Voltametria Ciclica (CV), Amperometria a Potencial
Constante (CPA), Voltametria Ciclica Rapida (FCV), Voltamperometria Pulsada
Diferencial (DPV)] (Mas et al., 1990; Louilot et a., 1991; Guadalupe et al., 1992; Mas et al.,
1995a; Mas et al, 1995b) y a la utilizacion de nuevos materiales poliméricos y
electrocataliticos, que permiten no solo mejorar la selectividad, sino proporcionar
mejores condiciones de trabajo (sensibilidad, estabilidad, potencial de trabajo, limite de
deteccion, etc.) (Lowry et al., 1998; Breccia et al., 2002; Li et al., 2002; Qian et al., 2004;

Killoran y O’Neill, 2008; O’Neill et al 2008; Rothwell et al., 2008).

Finalmente, el uso de los métodos voltamperométricos ha permitido el estudio de
una gran variedad de procesos y mecanismos neuroquimicos y neurofisiol6gicos
(Kozminski et al., 1998, Colliver et al., 2000, Pothos et, al 2000; Avshalumov et al., 2003;

Stuber et al., 2005a; Stuber et al., 2005b)

1.4.3.- Voltamperometria vs. Microdialisis

Pese a que desde la década de los 60 se desarrollaban electrodos electroquimicos
para un namero razonable de analitos, el salto tecnolégico que permitié su adecuaciéon
para realizar estudios en el cerebro fue, la miniaturizacion. En la décadas de los 80-90 se
introdujeron los CPEs (J~250 um) (O’Neill et al., 1982) y los CFEs (@ ~10um) (Gonon et
al., 1981; Gonzilez-Mora et al., 1988; Wightman et al., 1988; Gonzilez-Mora et al., 1989;

Gonzilez-Mora et al., 1990 ;Mas et al., 1990; Louilot et a., 1991; Mas et al., 1991; Guadalupe et
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al., 1992; Mas et al., 1995a; Mas et al., 1995b), los cuales redujeron significativamente el
tamafio de tales dispositivos. Gracias a este reducido tamafio (~um), sobre todo los
CFEs, ofrecian ventajas analiticas (gran resolucion espacial y temporal) frente a otras

técnicas convencionales (microdidlisis, electroforesis capilar, etc.), Figura 1.8.

La insercion de la sonda de recogida de muestra (microdidlisis) produce
alteraciones del medio de estudio (cerebro), debidas principalmente, a sus grandes
dimensiones (J~250-500 pm). Como consecuencia, aparecen alteraciones fisiologicas y
anatomicas en la region de estudio (rotura de vasos sanguineos, pérdida de la integridad de
la barrera hematoencefilica, cambios en la microcirculacion local, edema, consumo extra de
glucosa, produccion de citoquinas, eventual proliferacion de células gliales, etc.) que se pueden
extender hasta 1 mm de la zona de implantaciéon (Benveniste et al., 1987; O’Neill et al.,
1991; Fumero et al., 1994, Mas et al., 1995a Zhou et al., 2001; Khan y Michael, 2003).
Estudios recientes con FCV han demostrado alteraciones en la liberacién y recaptacion

de DA en el tejido préximo a la sonda de microdiélisis (9~220um) (Borland et al., 2005).

Por otro lado, debido la diluciéon del analito en la disolucién de perfusién, no se
mide la concentracion real del espacio extracelular, sino una concentracién menor que
depende de: (1) la tasa de reparto a través de la membrana de microdialisis, (2) la
velocidad de perfusion, (3) tamafio de poro, (4) las caracteristicas estructurales de la
molécula, etc. Esto hace dificil o al menos laboriosa la obtencién del valor de fondo
(nivel basal) del analito (Zero Net Flux method) (Lonnroth et al., 1987). Dicha dilucién
puede incluso enmascarar los cambios fisiol6gicos acontecidos cuando este se presenta
a bajas concentraciones como es el caso del glutamato (concentracién basal ~ 20 pM

(Oldenziel et al., 2006; Oldenziel et al., 2007).
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Figura 1.8.- Comparacion de las dimensiones de los electrodos de fibra de carbono (CFE), sonda
de microdidlisis y el rango de tamario de las neuronas.

La principal ventaja de la microdiélisis es que puede determinar varios analitos
simultdneamente, especialmente cuando se combinan con técnicas cromatograficas y
sistemas de deteccion adecuados (Kaul et al., 2011). Sin embargo, ello lleva consigo el
aumento de la resolucion temporal (velocidad de muestreo: 5-8 muestras/hora,
separacion cromatogréfica: 15-20 minutos). Una forma de disminuir dicho tiempo es
hacer pasar el liquido de perfusién con el analito por una celda de reaccién donde se
pueda monitorizar los cambios del analito acoplando un sensor electroquimico o un
biosensor al sistema (Moscone y Mascini, 1992, Steinkuh et al., 1996, Ricci et al., 2007). Sin
embargo, dicha aproximacién no disminuye el tiempo necesario de perfusion del
liquido a través de todo el sistema de muestreo, obteniéndose asi, una resolucion de 15-

20 muestras/hora (Yao y Yano, 2004).
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Gracias al pequefio tamafio de los microelectrodos las lesiones ocasionadas por su
insercion son reducidas notablemente y ademads, aparecen nuevas caracteristica
(pequerias corrientes de medida, modificacion de la técnica voltamperométrica, resolucion
temporal, etc.), que hacen que los microelectrodos sean adecuados para realizar estudios
a nivel fisiol6gico. Sin duda, la mayor ventaja es que miden directamente en el espacio
extracelular, sin necesidad de utilizar métodos de extraccién Por otro lado, la elevada
relacién sefial/ruido permite alcanzar bajos limites de deteccion y una elevada

resolucion temporal.

Las pequefias corrientes generadas en el microelectrodo (~pA), hacen que sea
posible medir en medios con una alta resistencia, como son los medios biolégicos
(SNC). La resoluciéon temporal es muy corta (<Is) (Robinson et al., 2003; Cheer et al.,
2004), debido principalmente a dos factores: (1) dindmico, al disminuir el tamafio del
electrodo disminuye también la capa difusiva circundante, incrementando asi la
velocidad de transporte de masa desde y hacia el electrodo; y (2) eléctrico, al disminuir
la superficie del electrodo la corriente capacitiva decrece exponencialmente, mientras
que la corriente farddica disminuye linealmente, luego la razén im/i, aumenta al
disminuir las dimensiones, permitiendo reducir el tiempo necesario para alcanzar el

estado estacionario (Ydriez-Sederio y Pigarron, 2001).

Por ultimo, la posibilidad de modificar dichos microelectrodos adecuadamente ha
permitido la determinaciéon de metabolitos no electroactivos: glucosa (Moscone y
Mascini, 1992; Steinkuh et al., 1996; Fillenz y Lowry 1998; Lowry et al., 1998; Ricci et al.,
2007); lactato (Shram et al., 1998; Yao y Yano, 2004; Burmeister et al., 2005), glutamato
(Kulagina et al., 1999; Kasai et at., 2001; Kasai et at., 2002; Oldenziel et al., 2006; Oldenziel et
al., 2007), piruvato (Yao y Yano, 2004), etc., incrementando asi su interés metodolégico

en el &mbito neuroquimico.
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2.- Biosensores

2.1.- Definicién

La deteccién de especies electroactivas como el acido ascérbico (O’Neill et al.,
1983), acido trico (O’Neill, 1990), acido homovanilico (O’Neill y Fillenz, 1985) y oxigeno
(Lowry et al., 1996; Bolger y Lowry, 2005) han sido realizadas con éxito mediante
electrodos no modificados. Sin embargo, la deteccién de especies no electroactivas,
tales como aminoacidos (glutamato), metabolitos energéticos (glucosa, lactato,
piruvato), etc. requieren el empleo de biosensores (Moscone y Mascini, 1992; Steinkuh et
al., 1996; Shram et al., 1998; Yao y Yano, 2004; Burmeister et al., 2005; Oldenziel et al., 2006;

Oldenziel et al., 2007; Ricci et al., 2007).

De acuerdo con la definicion que da la IUPAC (Internacional Union of Pure and
Applied Chemistry) (Thévenot et al., 1999; Thévenot et al., 2001), un biosensor es un
dispositivo analitico que incorpora un elemento biolégico (4cido nucleico, enzima,
anticuerpo, receptor, tejido, célula), o biomimético (PIMs, aptameros, PNAs),
intimamente asociado a un transductor fisicoquimico (Figura 2.1), que en presencia del
analito, produce una sefial discreta o de cardcter continuo (pH, transferencia de
electrones, de calor, cambio de potencial, de masa, variacién de las propiedades
Opticas, etc.), proporcional a la cantidad de analito presente en la matriz en la que se

encuentra.

Las caracteristicas mas importantes de los biosensores y que los convierten en
herramientas analiticas competitivas con las técnicas clasicas de andlisis (microdialisis,
electroforesis,...) son: especificidad, alta sensibilidad, corto tiempo de andlisis, uso en sistemas
de Analisis por Inyeccion de Flujo (FIA), facilidad de automatizacion, capacidad de trabajar en
tiempo real, bajo coste de fabricacion, etc. (Prodromidis y Karayannis, 2002; D'Orazio, 2003;
Mehrvar y Abadi, 2004; D'Orazio, 2011).
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Figura 2.1.- Esquema de las partes fundamentales de un biosensor, asi como, el acoplamiento
entre distintos sistemas de reconocimiento y sistemas de transduccion.

2.2.- Los origenes

El nacimiento de los biosensores se puede atribuir a Leland C. Clark Jr. (Clark y
Lyons, 1962), quien sugiri6é por primera vez la posibilidad de modificar un electrodo de
oxigeno para estudiar una reaccién enzimatica que consumiera dicho reactivo. De esta
forma, la enzima (Glucosa oxidasa, Gox) fue retenida mediante una membrana
semipermeable de didlisis en la superficie de un electrodo de oxigeno. Clark observé
que la respuesta de este nuevo dispositivo era proporcional a la concentraciéon de
glucosa: la enzima oxidaba la glucosa y como consecuencia, se producia un descenso
proporcional en la concentraciéon de oxigeno en la superficie del electrodo. En estas
primeras publicaciones Clark y Lyons acufiaron el término “electrodo enzimdtico” a su

nuevo invento (Clark y Lyons, 1962).

Posteriormente, este disefio fue implementado (Updike y Hicks, 1967). Dichos
autores emplearon dos electrodos de oxigeno (uno recubierto con enzima y otro no).
Dicha modificaciéon permitié corregir las variaciones de oxigeno en el medio (efecto
matriz). En 1973, Guilbault y Lubrano desarrollaron un electrodo enzimatico para
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determinar glucosa en sangre mediante la deteccion amperométrica (anddica) del
peréxido de hidrégeno generado durante la reaccion enzimatica (Guilbault y Lubrano,
1973). En 1975, empez6 la comercializacion de este dispositivo por la empresa Yellow
Spring Instruments (analizador YSI modelo 23) (Magner, 1998). Ese mismo afio, Divis
desarroll6 un dispositivo para determinar etanol que utilizaba microorganismos como
elemento de reconocimiento (Divis, 1975). A partir de este momento el término

“biosensor” empezo a ser usado.

En las altimas décadas, el disefio y las aplicaciones de los biosensores en distintos
campos de la quimica analitica han continuado creciendo. El desarrollo de los
biosensores ha estado centrado principalmente en el campo del diagndstico clinico
(biosensores sensibles a glucosa) (Wang, 2001; D'Orazio, 2003; Wilson, 2005, D'Orazio,
2011). Sin embargo, han aparecido muchas aplicaciones en el &mbito medioambiental,
agroalimentario, quimico, farmacéutico y militar (Mason, 1988; Kulys et al., 1989;
Ramsay, 1998; Castillo et al., 2004). El nimero de publicaciones cientificas, revisiones y
patentes sobre biosensores desarrollados en los tltimos afios es muy elevado, lo que
refleja el gran interés que despiertan estos dispositivos en la comunidad cientifica
(Wang, 2001; Castillo et al., 2004; D'Orazio, 2011). A su vez, el empleo de nuevos
materiales (nanoparticulas, nanotubos de carbono, grafenos, etc.) y elementos de
reconocimiento (anticuerpos, receptores ionicos, compuesto biomiméticos) han mejorado sus
caracteristicas analiticas. Por ultimo, los biosensores ofrecen una excelente versatilidad,
pudiéndose fabricar a la carta y con caracteristicas especificas a su dmbito de

aplicacion.
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2.3.- Clasificacion de los biosensores

Los biosensores pueden clasificarse atendiendo a diferentes criterios (Tabla 2.1).
Asi, podemos clasificarlos segtn el tipo de interaccion entre el analito y el material
bioldgico, el método de deteccion, la naturaleza del material biolégico de reconocimiento o la
naturaleza del sistema de transduccion empleado (Thévenot et al., 1999; Thévenot et al.,

2001).

Tipo de interaccion Deteccion de la interaccion
Biocatalitico Directo
Bioafinidad Indirecto

Elemento de reconocimiento Sistema de transduccion
Enzima Electroquimicos
Organulo, tejido Opticos
Receptor biolégico Piezoeléctricos
Anticuerpo Termomeétricos
Acidos nucleicos Nanomecanicos
PIM (polimeros de impresion)
Aptameros

Tabla 2.1.- Criterios de clasificacion de los biosensores.

Sin duda, las clasificaciones mas extendidas son: (1) en funcién del tipo de
interaccién que existe entre el elemento de reconocimiento y el analito: biocatalitico
(enzimas, células, orgadnulos) y bioanifidad (anticuerpo, lectinas, receptores bioldgicos,
acidos nucleicos); (2) segtn el sistema de transduccion empleado para seguir la

reaccion de biorreconocimiento.
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2.3.1.- Clasificacion en funcion del elemento de reconocimiento

Las moléculas utilizadas en los biosensores como elementos de reconocimiento
deben cumplir ciertos requisitos fundamentales para poder ser empleadas como
unidades sensoras: (1) tienen que poseer afinidad hacia el elemento objeto del
reconocimiento; (2) dicho reconocimiento debera ser lo suficientemente selectivo para
reconocer a este elemento en presencia de otros compuestos (interferentes); y (3)
debera permanecer estable a lo largo del tiempo (Thévenot et al., 1999; Thévenot et al.,

2001).

El reconocimiento molecular puede dar lugar a un enlace entre el elemento
receptor y la molécula de interés (antigeno-anticuerpo), o bien, a una interaccion de
naturaleza catalitica (enzima-sustrato-producto). Este es el principal criterio que se utiliza

para clasificar los biosensores como biocataliticos o de bioafinidad

2.3.1.1.- Biosensores biocataliticos

Se basan en la utilizacion de catalizadores biolégicos que participan en una
reaccion quimica (Mason, 1988; Kulys et al., 1989; Ramsay, 1998; Castillo et al., 2004). Una
vez finalizado el proceso, el biocatalizador se regenera y puede ser usado en un nuevo

ciclo catalitico.

Estos Dbiocatalizadores pueden ser enzimas aisladas o en paquetes
multienziméticos que actdan de modo encadenado en organulos celulares, células
completas y tejidos animales o vegetales. Entre las enzimas disponibles
comercialmente, las mas utilizadas son las correspondientes a la familia de las 6xido-
reductasas (glucosa oxidasa, xantina oxidasa, lactato oxidasa, glutamato oxidasa, etc.). Se
trata de enzimas muy estables que catalizan reacciones de oxido-reduccién y que

pueden acoplarse a distintos sistemas de transduccion.
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Las principales ventajas del uso de enzimas en la construccién de biosensores son:
(1) elevada selectividad, (2) rapida respuesta, (3) simplicidad del método de deteccion,
(4) capacidad de autoregenerarse y (4) extensa disponibilidad comercial (Prodromidis y

Karayannis, 2002; D'Orazio, 2003; Mehrvar y Abdi, 2004; D'Orazio, 2011).

2.3.1.2.- Biosensores de bioafinidad

Los biosensores de bioafinidad se basan en la interaccion del analito con el
elemento de reconocimiento sin que medie transformacion catalitica alguna. La

interaccion conlleva la aparicién y/o modificacién de un equilibrio analito-receptor.

Para cuantificar dicha interaccién, puede recurrirse a métodos directos, de tipo:
sandwich, de desplazamiento y competitivos. Dado que en la interaccién no se consumen
sustratos ni se generan productos de reaccion, se recurre al marcaje del receptor
implicado en la interaccién, o bien, al de un elemento que compita con el analito por la
unién al receptor. Como marcadores se wutilizan compuestos fluorescentes,
nanoparticulas o enzimas que intervengan en wuna reaccion complementaria

transducible.

En la actualidad se emplean distintos receptores de bioafinidad como: anticuerpos
(Abad y Montoya, 1994; Abad et al., 1997; Lopez y Ortega et al., 1998; Lopez y Ortega, 2002;
Manclis et al, 2004; Yu et al., 20006), lectinas (Xi et al., 2001; Shao et al., 2010; Xue et al.,
2010), acidos nucleicos (Loiza et al., 2007; Loiza et al., 2008, Martinez-Paredes et al., 2010;

Ortiz et al., 2011), etc.

2.3.2.-Clasificacion en funcién del tipo de transductor

El sistema de transduccién, o més conocido como transductor, es el elemento y
generalmente el soporte del material biolégico. Transforma las variaciones de las

propiedades fisico-quimicas, que se producen debido a la interaccién especifica
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analito-sistema de reconocimiento, en una sefial que puede ser registrada, amplificada
y almacenada. Dicha sefial proporciona informacién cuantitativa o semicuantitativa del
analito determinado. Para el adecuado funcionamiento del biosensor, el elemento de
reconocimiento y el sistema de transduccién deben estar en contacto directo. En
funcién de la naturaleza del sistema de transduccién podemos distinguir distintos

sistemas:

2.3.2.1.-Electroquimicos

Los transductores electroquimicos transforman la sefial que se produce por la
interaccion entre el sistema de reconocimiento y el analito en una sefial eléctrica (IWang,
2001; Castillo et al., 2004; Grieshaber et al., 2008). Dicha sefial nos proporciona

informacion analitica cuantitativa del analito que la origina..

2.3.2.2.- Masicos, piezoeléctrico o actisticos

Los sistemas de transduccién piezoeléctrica, miden cambios directos de masa
inducidos por la formacién del complejo receptor-analito sobre la superficie del
electrodo (cristal). Puesto que la frecuencia de oscilaciéon del cristal viene determinada
por su masa, de acuerdo con la ecuacion de Sauerbrey, esta frecuencia variard cuando
se produzca dicha interacciéon, pudiendo ser relacionada con la concentracién de

analito (Skladal, 2003; Pohanka y Skladal, 2005; Kreutz, 2006; Pohanka et al., 2007;).

2.3.2.3.- Térmicos

Los transductores termomeétricos (generalmente termistores) son capaces de medir
cambios de calor originados por reacciones enziméticas. Esta variacion de temperatura
puede ser relacionada con la concentracién de analito (Lammers y Scheper, 1999;

Ramanathan et al., 1999; Demchenko et al., 2007).
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2.3.2.4.- Opticos

Los transductores Opticos se basan en la medida de las variaciones de las
propiedades de la luz (absorciéon, fluorescencia, luminiscencia, dispersion o indice de
refraccién) como consecuencia de la interacciéon fisica o quimica entre el analito y el
biosensor (Mansouri y Schultz, 1984, Marvin y Hellinga, 1998; Russell et al., 1999;
Ballerstadt y Schultz, 2000; Pickup et al., 2005). La introduccién a principios de los 90 de
una nueva tecnologia de biosensores basadas en el fenémeno de resonancia de
plasmoén de superficie (SPR) ha permitido el estudio en tiempo real del proceso de

interaccién entre biomoléculas.

detector
haz luminoso
A y
seficl de \
ressonancia)
luz
polarizada
i luz - >
prisma reflejada fEmpe
chip sensor

celda de flujo

Figura 2.2.- Fenomeno de la resonancia del plasmon de superficie. La resonancia del plasmon de
supetficie se produce por la reflexion total del haz de luz incidente al interaccionar con los
plasmones por lo que se observa una reduccion de la intensidad de la luz (fuente: Pérez, 2007).

2.4.- Biosensores electroquimicos

Los transductores electroquimicos transforman la sefal que se produce por la
interaccion entre el sistema de reconocimiento y el analito en una sefial eléctrica (IWang,
2001; D’Orazio, 2003; Castillo et al., 2004; Grieshaber et al., 2008; D'Orazio, 2011). Las
técnicas electroanaliticas son capaces de proporcionar limites de deteccion

excepcionalmente bajos y abundante informacién sobre los sistemas estudiados:
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estequiometria, velocidad de transferencia de carga, velocidad de transferencia de

masa, constante de velocidad y constante de equilibrio.

En el campo de los biosensores el uso de transductores electroquimicos presentan
numerosas ventajas: (1) se necesitan volimenes pequefios, incluso del orden de
nanolitros; (2) la sefial obtenida es eléctrica, (3) los limites de deteccién que se obtienen
normalmente son adecuados para la deteccién de muchos analitos interesantes, incluso
a nivel bioldgico; (4) son susceptibles a la miniturizacion; (5) relativa simplicidad en su
funcionamiento y bajo coste de la instrumentaciéon analitica; (6) los dispositivos son

especialmente apropiados para la monitorizaciéon en tiempo real.

Atendiendo a como ocurra este proceso de transduccion, existen tres tipos de
biosensores electroquimicos: potenciométricos, conductimétricos, y amperométricos

(Thévenot et al., 1999; Thévenot et al., 2001; D’Orazio, 2003; Grieshaber et al., 2008).

2.4.1.- Potenciométricos

Este método se basa en la medida de la diferencia de potencial eléctrico entre dos
electrodos (indicador y referencia) en ausencia de corriente. Las variaciones en la medida
del potencial de celda vienen determinadas por la ecuaciéon de Nernst, siendo
proporcional a la concentracién de algtn ion generado durante la reacciéon enzimatica
(Chumbimuni-Torres et al., 2006; Chumbimuni-Torres et al., 2009; Zhang et al., 2009a; Wang
et al., 2010). Un biosensor de este tipo podria ser un sensor selectivo a NH4* modificado
con ureasa. Durante la reaccién, dicha enzima descompone la urea (Ecuaciéon 2.1) en
dos iones: amonio y carbonato (D’Orazio, 2003), siendo el primero cuantificado por

dicho electrodo.

Urea +2H,0 —Y**2 ,9oNH; +CO2" Ecuaciéon 2.1
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2.4.2.- Conductimétricos

Este tipo de transductores mide los cambios de conductividad debida a la
interaccion con el analito (Gallardo-Soto et al., 2001; Roach et al., 2003; Zhang et al., 2009b),
ya sea en la disolucién de medida o en una membrana selectiva dispuesta en la
superficie del electrodo conductimétrico. El ejemplo mas caracteristico lo constituye el
biosensor de urea, donde la generacion de iones carbonato y amonio (Ecuacién 2.1)

produce un aumento en la conductividad del medio (D’Orazio, 2003).

2.4.3.- Amperométricos

Se basan en la medida de la corriente generada por el intercambio electrénico
entre el material de biorreconocimiento y el transductor (Garguilo, 1996; Ferri et al.,
2001; Fiorito y Cordoba de Torresi, 2001; D’Orazio, 2003; Mitala, 2006). La posibilidad de
poder incorporar en el transductor otros componentes, como mediadores redox,
cofactores y otras biomoléculas, confiere a este tipo de biosensores una gran

versatilidad de uso.

2.4.3.1.- Clasificacién de los biosensores amperométricos

Durante las reacciones de oxidacion-reduccién se transfieren electrones entre
reactivos y productos. Desde el punto de vista enzimatico, el resultado final es la
transferencia de uno o varios electrones desde la enzima a la superficie del transductor
(Habermiiller et al., 2000). Teniendo en cuenta dicho proceso de transferencia electrénica

existen tres tipos o generaciones de biosensores:

2.4.3.1.1.- Biosensores de 1° generacion

Estan basados en hacer reaccionar el analito con una enzima especifica (Ecuacion

2.2) y en la medida de un producto (Ecuacién. 2.3) o de un cosustrato (Ecuacién 2.4) de
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la reaccién enzimatica (Karyakin et al., 2002; Li et al., 2008; Tseng et al., 2009). Fueron los
primeros que se desarrollaron, el electrodo de Clark modificado con Gox, antes

mencionado, pertenece a este grupo (Clark y Lyons, 1962).

El inconveniente de medir algunos cosustratos o productos de reaccién es la
necesidad de aplicar sobrepotenciales muy elevados y la aparicién de fenémeos de
interferencia. A su vez, a estos potenciales se puede producir la polimerizacién de los
productos de reaccién, que suelen pasivar la superficie del electrodo. Todo ello ha
dado lugar a: (1) el empleo de membranas permeoselectivas que impiden la llegada de
interferentes a la superficie activa del transductor (Garjonyte et al., 1999a; Rothwell et al.,
2010), (2) deteccién catalitica de los intermedios de reaccion (H2O2) (Karyakin et al.,
2002) y (3) uso de mediadores redox artificiales, que reducen el potencial aplicado

(dando lugar a la segunda generacién de biosensores amperométricos).

glucosa glucolactona

Glucosa oxidasa

Transductor

Figura 2.4.- Esquema de las reacciones que ocurren en un biosensor de 1° generacion, basado en
la deteccion amperométrica del H,O, generado o el O, consumido enzimdticamente.

G
glucosa + O, & gluconolactona + H>O» Ecuacién 2.2
H»0» = 2H*+ Oz +2e (+0.7 V vs. SCE) Ecuacién 2.3
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O, +4H*+4e &  2H,0 (-0.65V vs. SCE)

Ecuacion 2.4

2.4.3.1.2.- Biosensores de 2 generacion

Los biosensores de segunda generacién utilizan un mediador que transfiere los
electrones puestos en juego en el centro activo enzimatico hacia la superficie del
transductor (Schuhmann et al., 1990; Palmisano et al., 2000; Chaubey y Malhotra, 2002; Mao
et al., 2003). De esta manera, sustituyen al cosustrato natural empleado por la enzima.
El mediador debe poseer unas caracteristicas determinadas para favorecer dicho
proceso: (1) debe transferir los electrones rapidamente para evitar la competencia de
los cosustratos naturales de la enzima; (2) debe tener un potencial redox préximo a

cero, para evitar la interaccion con otros analitos que pueden actuar como interferentes.

glucosa glucolactona

Glucosa oxidasa
(Gox)

I_ Transductor L_,

Figura 2.5.- Esquema de las reacciones que ocurren en un biosensor de 2° generacion.

Los mediadores mas usados, tanto libres como inmovilizados en un hidrogel, son
el par ferro/ferricianuro, ferroceno y sus derivados, 1,4-benzoquinonas, azul de
metileno, rojo neutro, y algunos complejos de osmio y rutenio (Ryabov et al., 1995;
Castillo, 2004). Los principales problemas asociados a dichos biosensores incluyen la

competencia de los cosustratos naturales y la pérdida de la estequiometria de la
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reaccion, asi como, pérdida del mediador (potencialmente toxico) por difusion y

contaminacién de la muestra (Schumann et al., 1990).

2.4.3.1.3.- Biosensores de 3 generacion

En esta ocasiéon la enzima es conectada directamente con la superficie del
transductor (Ruzgas et al., 1996; Godet et al., 1999; Ryabova et al., 1999; Xiao et al., 2003;
Cano et al., 2008), evitando el uso de cualquier intermedio de reaccién (cosustrato o
mediador redox). Este tipo de biosensores presenta una mayor selectividad, ya que
trabaja a potenciales préximos a los intrinsecos de la enzima. Segun la teoria de Marcus,
la espontaneidad de que ocurra dicho proceso de transferencia electrénica entre la
enzima y el electrodo va a depender de lo accesible que sea el centro activo de la

enzima (Marcus y Sutin, 1985; Marcus, 1993).

glucosa glucolactona

Glucosa oxidasa
[Gox)

Transductor =

Figura 2.6.- Esquema de las reacciones que ocurren en un biosensor de 3" generacion.

Una de las enzimas més viables para su utilizacién en este tipo de biosensores es
el HRP (peroxidasa de rabano), ya que su centro activo no se encuentra en el interior de
la enzima (Ruzgas et al., 1996). Sin embargo, la mayoria de enzimas son sistemas
muchos mds complejos y poseen su centro activo mucho mdés protegido. Ejemplos

evidentes de esta aproximacion son los biosensores que incluyen en su estructuraciéon
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sales orgdnicas conductoras tales como: tetratiofulvaleno (TTF) y/o

tetracianoquinodimetano (TCNQ) (Cano et al., 2008).

2.5.- Técnicas de inmovilizacion enzimatica

El buen funcionamiento de un biosensor depende de la adecuada inmovilizacién
del sistema de reconocimiento sobre el transductor. El objetivo de dicha inmovilizacion
es favorecer un intimo contacto entre el biorreceptor y el transductor. El componente
biolégico de un biosensor tiene que ser incorporado en el dispositivo de manera que no
se altere su actividad si posee propiedades cataliticas, o bien, que el sitio de unién en
el que se produce la interaccién con el analito se encuentre accesible al mismo

(Hermanson et al., 1992; Cao et al., 2005; Mateo et al., 2007; Minteer et al., 2011).

La inmovilizacién puede realizarse mediante métodos fisicos, fundamentalmente
por adsorcién o por atrapamiento, y métodos quimicos, mediante la formacion de enlaces
covalentes, capas intermedias (afinidad) o por entrecruzamiento (crosslinking) (Choi,

2004; Choi et al., 2005; Andreescu y Marty, 2006; Arya et. al; 2008).
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Figura 2.7- Métodos de inmovilizacion empleados en el desarrollo de biosensores, (adaptada de
Sassolas et al., 2012).

Como ventajas del empleo de enzimas inmovilizadas se pueden destacar (1) el
aumento de la estabilidad de la enzima; (2) la posible reutilizacion del biosensor, por lo
que disminuye los costes del proceso y (3) la posibilidad de disefiar un reactor
enzimatico de facil manejo y control, adaptado a la aplicaciéon de la enzima
inmovilizada (Sassolas et al., 2012). Por el contrario, los principales inconvenientes del
proceso de inmovilizacién son: (1) alteracién de la conformacién de la enzima respecto
a su estado nativo; (2) gran heterogeneidad del sistema enzima-soporte, donde pueden
existir distintas fracciones de proteinas inmovilizadas con un diferente nimero de
uniones al soporte; (3) pérdida de actividad enzimética durante la inmovilizacién

(Sassolas et al., 2012).

2.5.1.- Métodos de inmovilizacidn fisica

2.5.1.1.- Adsorcion

Representa el método mas sencillo para la inmovilizaciéon de proteinas y otras
biomoléculas, por lo que suele resultar la alternativa mas simple (Sassolas et al., 2012).
No obstante, presenta el inconveniente de su reversibilidad y variabilidad, que pueden
representar un problema cuando las condiciones ambientales fluctdan (pH, fuerza
iobnica, disolventes empleados, etc.). Ademas, la densidad de moléculas inmovilizadas
sobre la superficie suele ser inferior a otros métodos de inmovilizacion alternativos. Sin
embargo, dada su simplicidad la inmovilizacién fisica goza todavia de gran
popularidad para la inmovilizacién de numerosas moléculas sobre superficies sensoras

(Chaubey et al., 2000; Liu et al., 2007; Xu et al., 2008; Wang et al., 2009).

2.5.1.2.- Atrapamiento
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Consiste en la retencién fisica del elemento de reconocimiento en las cavidades
interiores de una matriz sélida porosa, constituida generalmente por pasta de carbono
(Rubianes et al., 2003; Antiochia et al., 2007; Odaci et al., 2008), polimeros del tipo
poliuretano (Puig-Lleixa et al, 2001; Fritzen-Garcia et al, 2009), poliacrilatos,
poliacrilamidas, polimetacrilatos, poliestireno, alcohol polivinilico, etc. (Sassolas et al.,
2012). En general, este método de inmovilizacién puede llevarse a cabo de maneras
distintas, como la polimerizacién interfacial, la simple evaporacion del disolvente, el
atrapamiento en una matriz polimérica y la retencién mediante membranas. Se han
utilizado distintas membranas semipermeables como medio de atrapamiento: acetato
de celulosa, policarbonatos, teflén, Nafion (Gogol et al., 2000) y poliuretano (Puig-Lleixa
et al., 2001; Fritzen-Garcia et al., 2009). Estas membranas presentan la ventaja de
preservar la configuracion y actividad de las moléculas inmovilizadas, aunque
introducen barreras difusionales que normalmente afectan a los tiempos de respuesta

de los sensores.

En los biosensores electroquimicos se emplean ademas otras alternativas, como el
atrapamiento mediante electropolimerizacion y generaciéon de membranas poliméricas
(popipirrol PPY, polianilina PANI, orto-, meta- y para- polifenilendiamina PoPD, PmPD,
PpPD) (Mazeikiene y Malinauskas, 2002; Langer et al., 2004; Mathebe et al., 2004; Guerrieri et
al., 2006; Li et al., 2007). Se puede recurrir a polimeros conductores, como el PPY y la
PANILI. Por otro lado, el 0-PD, m-PD, p-PD pueden generar peliculas poliméricas (PoPD,
PmPD, PpPD) conductora o no, en funcién de las condiciones de trabajo (Li et al., 2002).
En el dltimo caso, las propiedades aislantes dan lugar a un crecimiento limitado y
generan peliculas poliméricas extremadamente delgadas (~10-30 nm) con mejores
propiedades difusivas (Li et al., 2002; Killoran y O’Neill, 2008; O’Neill et al., 2008;

Rothwell et al., 2008). Durante el proceso de inmovilizacién enzimatica se suele afiadir
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otra enzima sin actividad (ej: BSA) que evita que se produzca un alto grado de

compactacioén y en definitiva, pérdida de la actividad catalitica.

2.5.2.- Métodos de inmovilizacion quimica
2.5.2.1.- Enlace covalente

En las reacciones quimicas utilizadas en la inmovilizacién covalente generalmente
intervienen los grupos nucleéfilos de las moléculas como: grupos amina (-NHb2) (IWu et
al., 1994; Ferreira et al., 2003), grupos carboxilicos (-COOH) (Delvaux M y Demoustier-
Champagne S, 2003), alcoholes (-OH) (Sassolas et al., 2012), tioles (-SH) y grupos imidazol
(Sassolas et al., 2012). Las vias principales de reaccién son: (1) activaciéon de acidos
carboxilicos en ésteres mediante carbodiimida y N-hidroxisuccinimida, (2) formacién
de una base de Schiff entre una amina nucleéfila y un aldehido, (3) sustituciones
nucleofilicas entre aminas primarias o tioles y grupos electréfilos con un elemento

saliente, como un éster activado o un halogenuro de acido (Sassolas et al., 2012).
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Figura 2.8- Ejemplos de enlaces covalentes sobre una superficie previamente aminada por
acoplamiento mediante: (A) carboiimida (B) glutaraldehido (adaptada de Sassolas et al., 2012).
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2.5.2.2.- Capa intermedia

Otra via de inmovilizacién consiste en generar un sedimento de moléculas que
formen un enlace selectivo de bioafinidad entre dicho sedimento (lectina, avidina,
quelatos metdlico) (Andreescu et al., 2001) y las moléculas de reconocimiento (enzimas,
anticuerpos, DNA). Este método permite controlar la orientacién de la biomolécula con
el fin de evitar la desactivacién enzimatica y/o bloqueo del centro activo. Las capas
intermedias mas empleadas son: proteina A, concanavalina A (Bucur et al., 2004),

proteina G y avidina (Sassolas et al., 2012).

2.5.2.3.- Entrecruzamiento

El método de entrecruzamiento o cross-linking se basa en crear enlaces
intermoleculares irreversibles entre las enzimas (o material biolégico de
reconocimiento) usando polimeros con grupos bi y multifuncionales (dialdehidos,
diiminoésteres, diisocianatos, sales de bisdiazonio) (Gogol et al., 2000; Berezhetskyy et al.,
2008; Luo et al., 2008; Kong et al., 2009; Sassolas et al., 2012). Este método es atractivo
debido a su simplicidad y a la fortaleza del enlace quimico producido. El principal
inconveniente es la pérdida de actividad debido a distorsiones en la conformacién
enzimatica y/o a las alteraciones quimicas del sitio activo durante la reticulacion.
Proteinas sin actividad enzimatica como el BSA, rico en residuos de lisina, suele ser
correticulada con el receptor biolégico para disminuir dichos efectos disfuncionales

(Gogol et al., 2000; Pei et al. 2004; Berezhetskyy et al., 2008; Yonemori et al., 2009).
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3.- El Azul de Prusia

El Azul de Prusia (Prussian Blue, PB), Fes[Fe(CN)s]s, pertenece a la familia de los
hexacianometalatos metalicos, {Xn[Y(CN)s]m}, donde X e Y son sustituidos por atomos
de hierro (Karyakin, 2001; Abbaspour y Kamyabi, 2005; Giménez-Romero et al., 2007). Es el
compuesto de coordinacion mas antiguo conocido y utilizado como tinte desde el siglo
XVIII (Kraft, 2008). Sus propiedades electroquimicas se conocen desde la década de los
setenta, cuando Neff inform6 de la deposicién de una fina capa de PB sobre una lamina
de platino (Neff, 1978). A partir de este momento, aparecieron un gran namero de
publicaciones estudiando sus propiedades electrocrémicas (Ellis et al., 1981; Rajan et al.,
1982; Mortimer y Rosseinsky, 1983; Mortimer y Rosseinsky, 1984; Koncki et al., 2001; Koncki,
2002) y electroquimicas (Itaya et al., 1986, Feldman et al., 1987; Dostal et al., 1995). Desde
un punto de vista préctico, el PB ha sido empleado con éxito en el campo de los
biosensores (Garjonyte y Malinauskas, 2000a; Guan et al., 2004; Haghighi et al., 2004) e
inmunosensores (Jiang et al., 2010; Liu et al., 2010; Wang et al., 2011). A su vez, se han
descrito multitud de métodos para optimizar su deposicion (quimica, fotoquimica o

electroquimica) y estabilidad (Ricci y Palleschi, 2005).

Hoy en dia, su comportamiento electroquimico se entiende bastante bien. Los
electrodos modificados con PB muestran, mediante CV, dos picos caracteristicos (Ellis
et al., 1981; Rajan et al., 1982; Itaya et al., 1984a; Itaya et al., 1984 b; Ohzuku et al., 1985;
Itaya et al., 1986). El primero corresponde a la interconversion entre el Blanco de Prusia
(Prussian White, PW) y el PB (Ecuacién 3.1), mientras que el segundo, corresponde a la

transicion entre PB y el Verde de Prusia (Prussian Green, PG), (Ecuacion 3.2). Las
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reacciones de transferencia de electrones en presencia de KCl como electrolito soporte

se pueden formular de la siguiente manera (ecuaciones 3.1 y 3.2):

(PB) Fellly[Fell(CN)s]s + 4e~ +4K*— (PW) KyFell4[Fell(CN)s]3 Ecuacién 3.1

(PB) Fellly[Fell(CN)s]3 + 3C1 — (PG) Fellly[Felll(CN)s]3Cls +3e~ Ecuacién 3.2

Donde los potenciales para dichas transiciones se sitdan a +0.1 y +0.9 V frente
SCE respectivamente (Ellis et al., 1981; Itaya et al., 1982a; Itaya et al., 1982b; Itaya et al.,
1982¢; Rajan et al., 1982; Ohzuku et al., 1985, Karyakin, 2001). Sus propiedades
electroquimicas, tales como: potencial formal, sensibilidad, estabilidad y constantes de
velocidad de transferencia electrénica de las conversiones PB/PW y PB/PG dependen
del: método de deposicién, pH, naturaleza y concentraciéon de electrolito soporte, etc.

(Itaya et al., 1982a, Itaya et al., 1986; Garcia-Jarerio et al., 1998).

La estructura zeolitica del PB (Figura 3.1), cuya celda unitaria posee una estructura
tridimensional cdbica centrada en las caras con una celda unitaria de 10.2 A y un
didmetro de canal aproximado de 1.6 A (Ludi y Gudel, 1973; Herren et al., 1980), define
en gran medida las propiedades electrocataliticas y electroquimicas del PB,
permitiendo asi, la libre difusién a través de su estructura cristalina de moléculas de
bajo peso molecular (como el O2 y H202) y de ciertos iones (Itaya et al., 1986). Las
reacciones de oxido/reducciéon son acompanadas por la difusion de cationes (K*) y
aniones (Cl ) que permiten compensar la carga de las distintos estados redox (Ecuacién
3.1 y Ecuacién 3.2). Por ello dichas interconversiones, PW/PB y PB/PG, son muy
influenciadas por el electrolito soporte, que debe difundir a través de su estructura
cristalina (Itaya et al., 1982a, Itaya et al., 1986, Garcia-Jarerio et al., 1998; Ricci y Palleschi,

2005).
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Debido a este mecanismo (Ecuaciéon 3.1), sélo cationes con radios hidratados
pequefios, tales como K* (1.25 A), NH," (1.25 A), Rb* (1.28 A) y Cs* (1.19 A), pueden
difundir libremente por la estructura del PB y compensar las cargas durante la
interconversion PW/PB. Por otro lado, Na* (1.35 A), Ca?* (1.56 A), Mg®" (1.61 A),
debido a sus radios hidratados mayores no pueden difundir tan libremente en la
estructura tridimensional del PB, dificultando y/o inhibiendo la interconversiéon

PW/PBy viceversa.

Figura 3.1- Estructura zeolitica (ciibica centrada en las caras) propuesta para el PB (adapta a

partir de: http://mslab.polymer.pusan.ac.kr/english/research.html ).

Durante muchos afios, la estructura del PB y la relacién con su comportamiento
electroquimico y sus propiedades electrocataliticas ha sido fuente de controversia. Los
primeros intentos por resolver dicha estructura, o mas bien su estequiometria se
remontan al siglo XVII y XIX, cuando quimicos tan prestigiosos como: Priestley,
Scheele, Bertholet, Gay-Lussac y Berzelius intentaron elucidar la composiciéon quimica
del PB (Kraft et al., 2008). En 1782 Scheele descubri6 que se formaba cianuro de
hidrégeno al calentar el PB en una disolucion diluida de acido sulfarico, mientras que
en 1811 la determinacion estequiométrica de Gay-Lussac del cianuro de hidrégeno

concluy6 con la hipétesis de que el PB contenia cianuros en su estructura (Kraft et al.,
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2008). Debido a la falta de técnicas analiticas adecuadas, los detalles estructurales e
incluso su composicion estequiométrica solo pudo ser resuelta parcialmente. En la
década de los 30 del siglo pasado, Keggin y Miles (Keggin y Miles, 1936) estudiaron su
estructura mediante rayos X. Dichos autores distinguieron dos formas diferentes de PB
que llamaron desafortunadamente: soluble e insoluble. Estos términos, usados en la
industria textil de la época no se refieren a la solubilidad en agua, sino mas bien
indican la facilidad con la que los iones potasio se introducen en la estructura del PB.
La inadecuada aplicaciéon de estos términos ha sido debatida por muchos autores,
siendo demostrado finalmente que ambas conformaciones son muy insoluble (Kps =

10-40) (Ellis et al., 1981; Mortimer y Rosseinsky, 1984).

De acuerdo con Keggin y Miles, la forma "soluble" del PB {KFelllFel!l (CN)s} tiene
una estructura ctbica en las que el hierro (II) y el hierro (III) se encuentran en una cara
ctibica centrada en las caras, donde el hierro (II) esta rodeado por 4tomos de carbono y
el hierro (III) estd rodeado por atomos de nitrégeno coordinados octaédricamente. Por
otro lado, la forma "insoluble" {Felll;[Fell(CN)s]s} presenta un exceso de iones férricos,
que remplazan a los iones potasio de la forma soluble en las posiciones intersticiales
(Keggin y Miles, 1936, Mortimer y Rosseinsky, 1984). Posteriores trabajos (Ludi y Gudel,
1973; Buser et al., 1977; Herren et al., 1980) mostraron algunas discrepancias con la forma
insoluble del PB propuesta por Keggin y Miles. Dichos autores encontraron una
estructura méas desordenada, donde una cuarta parte de los sitios ocupados por el
anion ferrocianuro estaban desocupados, a su vez, encontraron la presencia de 14 a 16
moléculas de agua en cada celda unitaria. Una porcion de estas moléculas de agua
estaban ocupando los sitios vacios de nitrégeno del grupo ferrocianuro, mientras que el
resto ocupaba posiciones intersticiales en forma de agua no coordinada. Por otra parte,

dichos autores no encontraron hierro (III) en sitios intersticiales. Estos resultados
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también han sido confirmados por espectroscopia Mossbauer e infrarrojo (Duncan y

Wrigley, 1963; Robin y Day, 1967).

Hay que destacar que la incertidumbre encontrada y las distintas estructuras
propuestas para el PB pueden atribuirse al hecho de que el PB es una designacion
quimica genérica de un material mucho més complejo con estequiometria variable
(Itaya et al., 1986). Siendo la estructura definitiva funcién de los materiales de partida y
del procedimiento de cristalizaciéon, que podria generar estructuras con: iones
coprecipitados, distinto contenido en agua coordinada y no coordinada, distinto grado
de defectos y vacantes en el reticulo cristalino, presencia de ferrocianuro hidrolizado,

etc.

3.1.- Deposicién de Azul de Prusia

La mayoria de los depésitos de PB se obtienen mediante el empleo de técnicas
electroquimicas, ya que permiten un control exacto de la extensién de la deposicion
(cantidad y espesor del depoésito). Entre estas, destaca la técnica galvanostdtica en la que
el electrodo a modificar se introduce en una disolucién que contiene iones ferricianuro
y cloruro férrico y se aplica un potencial adecuado y constante durante un tiempo
determinado (Karyakin et al., 1996, Karyakin et al., 1998, Garjonyte y Malinauskas, 1999b;
Karyakin et al., 2000; Garjonyte y Malinauskas, 2000b). La CV también ha sido usada con
éxito, donde la cantidad de PB depositado depende de la velocidad de barrido, los
limites del ciclado y el nimero de ciclos empleados (Garjonyte y Malinauskas, 19990).

La electrodeposiciéon es seguida generalmente por una etapa de activaciéon
(transicion de la forma insoluble a la soluble) del depdsito mediante CV, donde los
electrodos modificados con PB son ciclados en la disolucién electrolitica soporte hasta

que el CV permanece constante (30-50 ciclos). Posteriormente, el depésito es
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estabilizado (pérdida del agua de solvatacion) mediante una etapa de calentamiento
(100 °C durante 1-1.5 h).

La deposicion quimica ha demostrado ser una alternativa ttil y cada vez es mas
empleada, sobre todo para modificar tintas de impresioén para electrodos serigrafiados
(Moscone et al., 2001; Ricci et al., 2003a; Ricci et al., 2003b). Dicha técnica consiste en hacer
reaccionar Fe3* con Fe!'(CN)#~ o Fe2* con Fe'(CN)3~ dando lugar a una suspensién
coloidal de color azul, que posteriormente se mezcla con los materiales empleados en

la construccién de electrodos serigrafiados.

3.2.- Estabilidad de Azul de Prusia frente al pH

La desventaja principal de PB es su solubilidad a pH neutro y basico. Dicha
solubilidad estd relacionada con la formacién de hidroxo-complejos de hierro y la
precipitacion de Fe(OH)s a partir de pH 6.4 (Feldman y Murray, 1987; Stilwell et al.,
1992), que en definitiva, producen la ruptura de los enlaces CN-Fe-CN (Karyakin y
Karyakina, 1999). Diferentes estudios de estabilidad indican que el depésito de PB
puede ser estabilizado en medio neutro y basico modificando el procedimiento de
deposicion (Moscone et al., 2001; Ricci et al., 2003a), aunque existen numerosas
variaciones mas o menos laboriosas, las etapas claves se pueden resumir en: (1)
electrodeposicion en medio acido 0.1 M de KCI y HCI, (2) activaciéon por ciclado a

potencial controlado, (3) estabilizacién térmica.

Otros métodos propuestos consisten en modificar ligeramente su estructura
quimica, asi como su estructura tridimensional para evitar la libre difusion de grupos
OH™ a través del cristal (Moscone et al., 2001; Haghighi et al., 2004). Sin embargo, un
enfoque mas préctico utiliza el recubrimiento y/o codeposiciéon de PB con diversos

polimeros como: Nafion, PPY, PANI y PoPD, mejorando asi, su estabilidad operativa y
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selectividad frente diversas sustancias electroactivas (Karyakin y Chaplin, 1994; Chi y
Dong, 1995; Karyakin et al., 1995; Garcia-Jarerio et al., 1996; Karyakin et al., 1996, Garjonyte
y Malinauskas, 2000a; Garjonyte y Malinauskas, 2000b; Lukachova et al., 2002). Lukachova y
colaboradores han descrito un electrodo modificado con PB recubierto con PoPD con
una sensibilidad moderada H>O> (0.3 A M™" cm™), una elevada selectividad (~600)

frente el AA y una excelente estabilidad operativa (~20 h) (Lukachova et al., 2003).
3.3.- Electrodeposicion de PB en presencia de surfactantes cationicos

Recientemente ha sido descrita la electrodeposicion de PB y otros
hexacianoferratos en presencia de bromuro de cetiltrimetilamonio (CTAB) (Vittal et al.,
1999; Vittal et al., 2000; Vittal et al., 2001; Senthil-Kumar y Chandrasekara-Pillai, 2006a;
Vittal et al., 2006; Vittal et al., 2008). Segun esta recogido en la bibliografia, las reacciones

en condiciones normales de formacién del PB son:

Fe3* + e~ > Fe?* Ecuacion 3.3

Fe3* + Fe?* + [Fel'(CN)s |3~ > Fej/;Fe3* [Fel(CN)s]*~  Ecuacion 3.4

Donde Fej/;Fe3*[Fel(CN)s]*~ es la forma insoluble del PB (Senthil-Kumar y
Chandrasekara- Pillai, 2006b). De acuerdo con estos autores, la presencia de CTAB en la
disolucion de trabajo durante la formacién del PB puede facilitar la electrodeposiciéon
sobre la superficie del electrodo al interactuar positivamente con los componentes de la
disolucién y la superficie del transductor. Segtin el mecanismo propuesto, cuando el
cation CTA" se encuentra en disolucién a su CMC (Critical Miscellar Concentration), la
superficie del electrodo (interfase agua/electrodo) estaria totalmente recubierta por
iones CTA" perfectamente orientados, favoreciendo asi, la interaccion electrostatica
entre los grupos [Fell(CN)s]* y CTA". De esta forma, no solo se incrementa el nimero

de grupos [Fell(CN)s]* en la superficie del electrodo (recordemos que las funciones -
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COOH/COO comunes en electrodos de carbono pueden dificultar la adsorcién del
anién [Fe(CN)¢]*), sino que también favorece una orientacion adecuada del
ferricianuro que posteriormente reacciona con los iones Fe’* y Fe®* (Ecuacion 3.4)

(Senthil-Kumar y Chandrasekara-Pillai, 2006b).

Por otro parte, si se emplea la CV como método de electrodeposicion, a partir de
0.9 V vs. SCE el PB adquiere carga negativa, favorenciendo la formacién de una nueva
capa de CTA" sobre el depésito de PB recién formado, y favoreciendo la
electrodeposicion de una nueva capa de PB. Mediante dicho proceso, se van alternando
capas de PB y CTA" dando lugar a una estructura hibrida PB/CTAB (muy irregular y
porosa) que puede continuar creciendo virtualmente hasta que se agoten los reactivos
en la disoluciéon de trabajo o se ralentice su aporte hacia superficie del electrodo

(Senthil-Kumar y Chandrasekara-Pillai, 2006D).

Con esta metodologia se ha conseguido ademés del incremento significativo del
depésito y de la sensibilidad frente a H>O2, una mejora en la rapidez y eficacia del
transporte io6nico (Vittal et al., 2006; Vittal et al., 2008). Por otro lado, y de suma
importancia para la aplicacion del PB en biosensores que operan en condiciones
fisiolégicas, se ha obtenido una muy buena estabilidad de los depésitos de PB a pH
neutro y ligeramente bésico. Dicha estabilidad se puede atribuir a varios factores: (1) el
CTAB, asi como otros surfactantes catiénicos, posee en su estructura amonios
cuaternarios con propiedades acidas, creando un microentorno ligeramente 4dcido que
puede anular el efecto de los iones OH ; (2) la estabilizacion electrostatica entre capas
cationicas (CTA") y anidnicas (PB) ofrece una estabilizaciéon adicional y evita su

disolucion (Senthil-Kumar y Chandrasekara-Pillai, 2006a).
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3.4.- Biosensores basados en Azul de Prusia

Pese a que en 1984 Itaya y colaboradores (Itaya et al., 1984a; Itaya et al., 1984b)
demostraron que la forma reducida de la PB (PW) mostraba actividad catalitica frente a
la reduccion selectiva de O, y H2O: a un potencial préximo a -0.250 y 0 V frente a SCE
respectivamente, no fue hasta 1994 cuando Karyakin y colaboradores (Karyakin et al,
1994) propusieron el primer biosensor de glucosa que aprovechaba dichas propiedades
para detectar el H,O> generado enzimaticamente por la glucosa oxidasa (Figura 3.2). En
1995, dicho autor optimizé su disefio alcanzando un limite de deteccién de 10° M y un
rango lineal hasta una concentracién de 5 mM (Karyakin et al., 1995). En ese mismo afio
Chi y Dong, consiguieron depositar la Gox durante la electrodeposicion del PB (Chi y
Dong, 1995), afiadiendo posteriormente un recubrimiento con Nafion. Este biosensor
present6 una rapida respuesta, un limite de deteccién de 210° M y un rango de

concentracion lineal de 0.01-3 mM.

Glucosa 0.
Gox

Acido glucénico H,0, PW
< ELECTRODO
O PB

Figura 3.2.- Esquema de reacciones acopladas en un biosensor de 1° generacion de glucosa,
basado en la deteccion amperométrica del H,O> con Azul de Prusia.
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El interés de la comunidad cientifica por el PB ha ido creciendo, en especial
debido a sus propiedades electrocataliticas y electrocrémicas. Este avance se muestra
en la figura 3.3, donde se observa un continuado aumento en el ndmero de
publicaciones cientificas, mostrando un incremento notable a partir de 2005, donde se

triplica el nimero de publicaciones anuales.

El ambito mas generalizado de aplicacién ha sido el desarrollo de biosensores
sensibles a glucosa (Karyakin et al., 1994; Chi y Dong, 1995; Karyakin et al., 1995; Garjonyte
y Malinauskas, 2000a; Garjonyte y Malinauskas, 2000b; Li et al., 2008). Sin embargo,
muchas otras enzimas han sido empleadas: lactato oxidasa (Garjonyte et al., 2001; Ricci
et al., 2003c), colesterol oxidasa (Li et al, 2003; Vidal et al, 2004), aminoécido oxidasa (Chi
y Dong, 1995), etanol oxidasa (Karyakin et al, 1996), glutamato oxidasa (Karyakin y
Karyakina, 2000), lisina oxidasa (Ricci et al. 2003b) y oxalato oxidasa (Fiorito y Cordoba de

Torresi, 2004).
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Figura 3.3.- Histograma de publicaciones cientificas referidas a las palabras claves: Prusian
Blue y Prussian Blue-biosensors (fuente: http://www.sciencedirect.com).

Pese al gran nimero de aplicaciones del PB en el &mbito de los biosensores (Ricci y
Palleschi, 2005), el desarrollo de microbiosensores modificados con PB y su aplicacién
en el dmbito neuroquimicoy neurofisilégico no ha sido explorado hasta la presente
tesis. Fruto del presente trabajo se han publicado 7 articulos en revistas cientificas
indexadas, asi como numerosas presentaciones en congresos nacionales e

internacionales.
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4.-Objetivos

El objetivo de esta tesis es el disefio y caracterizacion (in vitro e in vivo) de
biosensores que puedan medir glucosa y lactato en el sistema nervioso central (SNC).
Debido a las restricciones espaciales inherentes a dicho estudio, como punto de partida
se han empleado electrodos de fibra de carbono de ~ 10 um de didmetro. Estas
pequenias dimensiones aseguran una perfecta resolucion espacial y evita que se
produzcan alteraciones considerables del medio (espacio extracelular cerebral), tales
como: pérdida de integridad de la barrera hematoencefdlica, rotura de vasos

sanguineos, cambios en la microcirculacién local, edemas etc.

El desarrollo de la presente memoria ha estado orientado hacia la elaboraciéon de
biosensores electroquimicos que a posteriori puedan ser usados en resolver uno de los
debates mas importantes que hoy en dia se plantean en el drea de la neurociencia: el
estudio del metabolismo energético cerebral. El enfoque electroquimico ha sido elegido por
ser una técnica versatil, econdmica, de facil uso y una herramienta complementaria a
otras técnicas empleadas en el laboratorio de Neuroquimica y Neuroimagen de la

Universidad de La Laguna (RMN, microdialisis, técnicas espectroscépicas, etc.).
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Por otro lado, se ha modificado el enfoque convencional: empleo de transductores
de Pt, Pt/Ir (® ~ 100 pm) y deteccién amperométrica a + 0.70 V, por un nuevo sistema
de transduccién basado en fibras de carbono modificadas con PB, capaz de seguir la
reacciéon enzimatica a un potencial proximo a 0 V. Evitando asi, el posible efecto que el

potencial aplicado pueda ejercer sobre la exitabilidad neuronal.

Dicha aproximacion resulta novedosa, tanto por las propiedades electrocataliticas
que ofrece el PB, como por el hecho de que hasta el momento no se han encontrado
evidencias bibliograficas del uso del PB en el disefio de microbiosensores para medir

glucosa y lactato en el SNC.

A continuacién, se resumen los objetivos principales que se han marcado como

fundamentales en el desarrollo del presente trabajo:

1) Construciéon y modificacién de microelectrodos de fibra de carbono con PB.

2) Optimizacién de la electrodeposicién, estabilidad y sensibilidad del depésito
PB mediante el uso de surfactantes catiénicos.

3) Construcciéon de microbiosensores de glucosa y lactato con sensibilidad,
selectividad y resolucién temporal y espacial adecuados para trabajar en el
SNC.

4) Empleo de una amplia gama de polimeros con el fin de optimizar: i) la
operatividad a bajas concentraciones de oxigeno ii) la sensibilidad analitica iii)
la biocompatibilidad y iv) la selectividad de los microbiosensores frente a los

interferentes biol6gicos méas comunes.
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5)

Optimizacién de los protocolos de modificacion enzimatica con Gox y Lox para
adecuar la sensibilidad y selectividad de los microbiosensores desarrollados a
las condiciones del entorno de trabajo.

Disefio y elaboraciéon de experimentos, in vitro e in vivo de validacién que
demuestren la utilidad de los microbiosensores desarrollados en la presente

tesis en el &mbito neuroquimico y neurofisiolégico.

MATERIALES Y METODOS

60



5.-Materiales y métodos

5.1.-Reactivos

Todos los reactivos han sido suministrados por la compafiia Sigma-Aldrich y
usados sin previa modificacién y/o purificacion. Cada reactivo ha sido almacenado en
las condiciones recomendadas por la casa comercial. Todas las disoluciones fueron
preparadas con agua ultrapura (Milli-Q/Millipore) y conservadas en nevera mientras no
eran usadas. Las disoluciones de reactivos poco estables (H202, 0-PD, interferentes,
glutaraldehido, etc.) se prepararon previo uso. Las disoluciones enziméticas y el
calibrado de los microbiosensores han sido realizadas en tampoén fosfato salino 0.01M

(sigma [P4417]: 0.01 M tampon fosfato, 0.135 M NaCl, 0.027 M KCl, pH=7 4).

Las fibras de carbono y los capilares de vidrio usados en la construcciéon de los
microbiosensores fueron suministrados por la empresa World Precission Instrument y
Union Carbide, mientras que el alambre de cobre de 0.25 mm fue suministrado por RS.
La resina epoxi empleada para sellar los extremos de los microbiosensores ha sido
resina comercial de uso cotidiano. Los electrodos serigrafiados de pasta de carbono

(SPCE) modelo DRP-110 fueron suministrado por la empresa espafiola Dropsens.
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A continuacién, se describen brevemente los principales reactivos empleados en la

construccién y validacion de los microbiosensores:

5.1.1.-Microelectrodos de fibra de carbono

Las fibras de carbono son relativamente inertes y tienen excelentes propiedades
mecénicas y eléctricas, ademas son ideales para realizar registros electrofisiologicos y

electroquimicos con un tamafio micrométrico.

Los CFEs fueron introducidos en la década de los 70 por Francois Gonon y
colaboradores (Gonon et al., 1981). En sus primeros experimentos Gonon y
colaboradores midieron la corriente de oxidaciéon de dopamina (DA) utilizando
técnicas como la voltametria normal pulsada (NPV) y la CV. Dichos trabajos
concluyeron que los CFEs tenian un limite de deteccién mejor que los CPEs. Por otro
lado, dependiendo del método electroquimico aplicado los compuestos con picos de

oxidacién y reduccion solapados podian ser resueltos adecuadamente.

Los CFEs han demostrado ser muy adecuados para la deteccion electroquimica in
vivo de distintas catecolaminas (Ponchon et al., 1979) y otras especies oxidables,
incluyendo 6xido nitrico (NO) (Malinski y Taha, 1992). La inmovilizacién de moléculas
de ADN o de nanotubos de carbono (CNT) (Zhang et al., 2007) sobre los CFEs ha abierto

nuevas vias en la deteccion electroquimica de especies de importancia biologica.

5.1.2.-Nafion

El Nafion es un polimero polianionico descubierto por la empresa DuPont en 1966.
Dicho polielectrolito es un polimero perflurado (con atomos de fltor en vez de
hidrégeno) compuesto por cadenas, tipo teflén, de las que derivan cadenas laterales

con grupos iénicos (sulfonatos, SO3’). Los protones de los grupos HSOs; (4cido
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sulfonico) pueden saltar a un grupo SO3™ adyacente mediante un mecanismo conocido
como hopping, actuando como un excelente transportador de protones. Su estructura
porosa con canales con un tamafio comprendido entre 10 y 50 A permite el movimiento
no solo de cationes, sino también de otras pequefias moléculas como: H.O, CH;0H,

H,0.,.

Sin embargo, su naturaleza aniénica impide el paso de aniones a través de su
estructura (expulsion Donnan). Tradicionalmente, en el dmbito biomédico ha sido
empleado como recubrimiento externo en microelectrodos para detectar distintos
neurotransmisores y metabolitos en el SNC en presencia de interferentes de naturaleza
anioénica (Gerhardt et al., 1984; O’Neill et al., 2008). Por otro lado, también ha sido
empleado para disminuir los procesos de biofloculacién sobre la superficie sensora
(Oldenziel et al., 2006). De esta forma, microelectrodos modificados con Nafion
presentan repulsiones electroestaticas frente a compuestos aniénicos como el AA, AU,
lipidos, etc., mientras que permite el paso de neurotransmisores catiénicos (DA y
serotonina (5-HT)) con un coste temporal minimo (Gogol et al., 2000; Choi et al., 2005;

O'Neill et al., 2008; Tseng et al., 2009).

El proceso de recubrimiento consiste en sumergir el electrodo varias veces en una
disolucién comercial de Nafion al 5% en alcohol, y dejarlo secar a temperatura

ambiente o en la estufa a 180 ° C.

0 5 T Hy
k) . [ ‘-:05
Ch 0. .CFR ! (KH

FC CF, 5. uH.D Yo
;o _
! ]
CF, HD
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Figura 5.1.-Formula (fuente: Wikipedia) vy estructura del Nafion donde se observan los canales
ionicos por donde existe libre flujo de moléculas de agua y cationes (fuente:
http./fwww.intellectualism.org/questions/QOTD/dec03/20031209.php).

5.1.3.- Polietilenimina

La Polietilenimina (PEI) es un polimero catiénico obtenido a partir de monémeros
de etilenimina. Segin su estructura molecular, dicho polimero puede ser lineal o
ramificado. El PEI contiene una gran cantidad de grupos amino que pueden ser
primarios, secundarios o terciarios. Debido a su alto contenido en dichos grupos
funcionales, tanto la polietilenimina lineal como la ramificada han despertado un gran

interés en la industria aeronautica para capturar y almacenar COo.

Al igual que otros policationes (derivados de polilisina, PLL) es empleado en
terapia génica en procesos de transfeccion celular (Garnett, 1999), protegiendo al ADN de
la degradacion en el compartimento endosomal, durante la maduracion del endosoma

a lisosoma, y facilitando el transito intracelular del ADN hacia el nicleo celular.

Por otro lado, debido a su caracter policatiénico puede ser empleado para
acumular y estabilizar enzimas con punto isoeléctrico inferior al pH fisiol6gico sobre la
superficie del transductor. Incrementando la actividad y la carga enzimética en la
superficie del biosensor (Breccia et al 2002; Qian et al., 2004), y en consecuencia
aumentando la sensibilidad y disminuyendo el limite de deteccién del mismo (O’Neill

et al 2008).

5.1.4.- Poli-o-fenilendiamina

En los dltimos afios ha incrementado el interés de los polimeros no conductores,

en especial su aplicacién en el desarrollo de sensores y biosensores electroquimicos. Su
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limitado crecimiento debido a su naturaleza no conductora permite generar capas muy
delgadas (10-30 nm), con buenas propiedades difusivas, tiempos de respuesta rapidos
y con excelentes propiedades antiinterferentes (Li et al., 2002; Killoran y O’Neill, 2008;
O’Neill et al., 2008, Rothwell et al., 2008). Por otro lado, presentan buena
biocompatibilidad y permiten inmovilizar enzimas en su estructura (Lowry et al., 1998).
Otra ventaja importante, es que el proceso de autosellado permite que la
electropolimerizaciéon sea mucho mdas reproducible y con menores defectos
estructurales, obteniéndose un recubrimiento mas homogéneo sin huecos o surcos

estructurales (pin-holes).

Los mondémeros mas comunes empleados en la sintesis de peliculas no
conductoras son derivados del benceno, tales como: fenol, o- y p-aminophenol, o-, m-y
p-diaminobenceno (fenilendiamina) y o- y p-dihidroxibenceno (Mazeikiene y Malinauskas,
2002; Langer et al., 2004; Mathebe et al., 2004; Guerrieri et al., 2006, Li et al., 2007). En los
altimos afios el interés por la sintesis de membranas poliméricas basadas en la o-
fenilendiamina (0-PD) se ha incrementado, sobre todo en el ambito fisiolégico. En
condiciones de neutralidad el monémero se polimeriza en su forma no conductora,
formando una membrana quimicamente inerte, extremadamente fina (10-30 nm) y
reproducible. Dicha membrana posee excelentes propiedades difusivas frente a
pequefias moléculas como el H»O> y el O.. Sin embargo, debido a su denso
empaquetamiento presenta excelentes propiedades antiinterferentes (impidiendo la

difusiéon de moléculas de mayor tamafio que el mondémero).

Por otro lado, presenta pocos problemas frente a fenémenos de biofloculaciéon
proteica e interaccion con el sistema inmune, pudiendo ser mejorada al incorporar
heparina o BSA a la disolucién de electropolimerizacion. La adicién de BSA disminuye

el grado de compactacion de la capa de PoPD y disminuye la pérdida de sensibilidad

65



debido a las nuevas restricciones difusivas de los analitos, cofactores y productos
enzimdticos a través dicha membrana. A su vez, disminuye el namero de

desactivaciones de los centros activos enzimaticos debido a fenémenos estéricos.

Todavia no ha sido resuelta la estructura de la PoPD debido a que su limitado
grosor dificulta su estudio mediante técnicas instrumentales convencionales como el
microscopio de barrido electrénico. Sin embargo, existen diversos autores que sugieren
la existencia de dos estructuras plausibles: estructura tipo escalera (Chiba et al., 1987) y

estructura abierta (Yano, 1995).

N N
~ ~
N NS
N N
n

NH-> NH2

Figura 5.2.- Posibles estructuras propuestas para el PoPD.

Las propiedades permeoselectivas de los derivados de la fenilendiamina (o-, m-y
p-) asi como, las condiciones 6ptimas para su sintesis (CV, CPA, potencial de
deposicién, fuerza idnica del medio, naturaleza i6énica del medio, etc.) han sido
revisadas y discutidas ampliamente en publicaciones recientes (Killoran et al; 2007;
Rothwell et al 2009; Rothwell et al., 2010; Rothwell y O'Neill, 2011) justificando sin duda, el
empleo de la PoPD como membrana permeoselectiva en el desarrollo de la presente

tesis.
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5.1.5.- Glucosa oxidasa (Gox)

La Glucosa oxidasa (Gox) es una flavoproteina que cataliza la oxidacién de la pB-D-
glucosa en &cido glucénico con la utilizacion del oxigeno como aceptor ultimo de
electrones (Wang, 2008; Wang 2011). Durante la reacciéon se produce H>O» como
subproducto. La Gox es una de las enzimas mejor estudiadas, puesto que presenta
numerosas ventajas con respecto a otras enzimas: alta constante de velocidad, excelente
selectividad, buena estabilidad térmica y con el pH, bajo coste de obtencién, etc. La
enzima esta constituida por dos subunidades idénticas y una tnica molécula de flavin
adenin dinucleétido (FAD) como grupo prostético. La Gox posee un peso molecular de
186,000 g/ mol y unas dimensiones de 70 Ax55Ax80A.

El grupo prostético en su estado FAD se encuentra en la forma oxidada y para
pasar a su forma reducida (FADH:) necesita la adiciéon de dos dtomos de hidrégenos
que toma del sustrato (glucosa). Ambos pares son electroquimicamente reversibles en
presencia de cofactores como el O». La estructura cristalina de la Gox ha revelado
recientemente que el tamafio de la hendidura enzimatica presenta una apertura inicial
de10 A x10 A y que solo puede modificar su tamafio en unos pocos angstroms. Esto

permite que la glucosa entre al sitio activo y pueda ser oxidada de manera especifica.
5.1.6.- Lactato oxidasa (Lox)

La enzima Lactato oxidasa (Lox) pertenece también al grupo de las flavoenzimas.
En este caso, el grupo prostético es el grupo flavin mononucleétido (FMN) (Chaubey et
al., 2000; Garjonyte et., 2001, Burmeister et al., 2005). La Lox y otras enzimas similares
catalizan la oxidaciéon de a-hidroxoédcidos sin generar intermedios de reaccién. El
mecanismo de reaccién de la Lox, asi como la de otros miembros de la misma familia
(Glicolato oxidasa, Flavocitocromo B;), se produce mediante un proceso carbaniénico. El

proceso de oxidacion comienza cuando un protén a del sustrato es abstraido por una
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base del centro activo y los electrones resultantes del carbaniéon formado son
transferidos al grupo flavin. Se cree que la interacciéon (i6nica) inicial ocurre entre un
grupo carboxilato y un residuo de arginina en la cara si del centro activo.

Pese la estructura cristalina de la Lox no ha sido resuelta todavia, la estructura de
enzimas de la misma familia es bien conocida. La secuencia de aminoacidos de dichas
enzimas presenta una estructura coherente entre ellas y coherentes con el mecanismo
carbanidnico propuesto anteriormente. La reaccion de oxidacién del lactato por la Lox
viene recogida en la ecuacién 5.1, donde el grupo prostético, inicialmente en el estado
oxidado (FMN), reacciona con el lactato para dar piruvato y pasar a su forma reducida
(FMNH>). Posteriormente, en presencia de O» molecular (cofactor), el FMNH, se
reoxida a su forma original y queda preparado para reaccionar con otra molécula de

lactato, ecuacion 5.2.

Lactato + Lox(FMN) — piruvato + Lox(FMNH,) Ecuacion 5.1

Lox(FMNH,) + 0, = Lox(FMN) + H,0, Ecuacién 5.2

5.1.7.- Interferencias: El acido ascérbico como prototipo de interferente endégeno

Existen multitud de compuestos biol6gicos (neurotransmisores, metabolitos, etc.)
que pueden ser oxidados o reducidos en la superficie de un electrodo (compuestos
electroactivos). Dichos procesos de oxido-reduccién generan corrientes eléctricas que se
suman o restan a la respuesta del biosensor y que puede producir errores en la
interpretacion de los resultados, tanto en la corriente de fondo (concentracion basal del

analito), como frente a la respuesta de estimulos fisioldgicos y electrofisiolégicos.

El 4cido ascoérbico (AA) es el mayor interferente en biosensores de 1* generacion,
debido principalmente a: (1) su alta concentracion en el SNC de mamiferos: 200-400 pM

(en el mismo rango o superior que muchos analitos de interés), y (2) por el hecho de
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que es oxidado en un amplio rango de potencial (E1/2 entre -100 y +400 mV frente a
SCE) (O’Neill et al., 1998). Es por ello que el AA ha sido usado como prototipo de
interferente enddgeno en procesos de validacién y en test de interferencias en el &mbito
de los biosensores. Por otro lado, en los estudio de validacion frente a interferentes se
han empleado otras muchas sustancias que potencialmente podian actuar como

interferentes (ver articulos adjuntos).

5.2.- Enzimas y mecanica enzimatica

Durante el desarrollo del presente trabajo el empleo de enzimas oxido-
reductasa (Gox, y Lox) ha sido fundamental, pues es el material biolégico que permite la
deteccién y cuantificacién de glucosa y lactato en el SNC. Con el fin de entender mejor el
funcionamiento de los microbiosensores (calibrado, sensibilidad, selectividad,
interferencias,...) se introducen a continuacion algunos conceptos bésicos. Sin embargo
para una lectura y estudio en profundidad del apartado 5.2 se recomienda consultar:

(Mathews et al., 1999; Lehninger et al., 2005)

Las enzimas son altamente selectivas al sustrato, su caracteristica principal es que
incrementan la velocidad de la reaccién sin que esta sea consumida, es decir, se regeneran
durante la misma reacciéon enzimatica, quedando lista para reaccionar con otra
molécula de sustrato. Estas dos propiedades son las que hacen que las enzimas sean los

materiales biol6gicos mas empleados en el desarrollo de biosensores.

La estructura tridimensional de la enzima es la responsable de la mayor parte
de las propiedades enzimaticas, incluida la selectividad al sustrato. Generalmente, son
estructuras que consisten en largas cadenas de aminoacidos unidas por enlaces

peptidicos empaquetadas en estructuras secundarias, terciarias y cuaternarias por
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puentes de azufre, interacciones hidrofébicas y puentes de hidrégenos. Esta
macroestructura tridimensional es la que da lugar a la apariciéon del centro activo de la

enzima, altamente selectivo al sustrato.

Los estudios sisteméticos sobre la actividad enzimatica comenzaron a finales
del siglo XIX. Ya en 1882 se introdujo el concepto de complejo enzima-sustrato (ES) como
intermediario del proceso de catdlisis enzimatica. En 1913, Leonor Michaelis y Maud
Menten, desarrollaron esta teoria y propusieron una ecuacién de velocidad que explica
el comportamiento cinético de las enzimas. Para explicar la relacién observada entre la
velocidad inicial (vo) y la concentracion inicial de sustrato ([S]o) Michaelis y Menten
propusieron que las reacciones catalizadas enziméticamente ocurrian en dos etapas: En
la primera etapa ocurre la formacion del complejo ES (etapa rapida, ecuacién 5.3) y en la
segunda, el complejo ES da lugar a la formacion del producto (P, paso lento de la

reaccion), liberando asi a la enzima para realizar un nuevo ciclo catalitico:

k k
E+S — ES N E+P Ecuacién 5.3

k_q

En este esquema, ki, k.1 y k2 son las constantes cinéticas individuales de cada
proceso y reciben el nombre de constantes microscopicas de velocidad. Segun esto, se

puede afirmar que:

v, = kq [E][S] Ecuacién 5.4

v_; = k_q [ES] Ecuaci6n 5.5

vy, = ky [ES] Ecuacién 5.6
Donde: [E], [S] y [ES] son las concentraciones de enzima libre, de sustrato y del
complejo enzima-sustrato respectivamente. La concentracién total de enzima, [E7],

(que es constante a lo largo de la reaccién) es:
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[Er] = [E] + [ES] Ecuacion 5.7

Reordenando queda:

[E] = [Er] - [ES] Ecuacién 5.8

Sustituyendo 5.8 en 5.4 se puede expresar v; de la siguiente forma:

v, = kq[S][Er] — k {[S][ES] Ecuacién 5.9

Adoptando la hipétesis del estado estacionario, segin la cual la concentracién del

complejo ES es pequefia y constante a lo largo de la reaccion (d[ES]/dt =0), se tiene que:

d|ES
[dEt ] =V — V41— V= (kl[S][ET] — kl [S][ES]) — k_l[ES] _ kZ [ES] =0

Ecuacion 5.10

Reordenando queda:

ky[S] [Er] — ky [S][ES] = k_y [ES] + k, [ES] Ecuacién 5.11

Despejando [ES] resulta:

[ES] = (ky[S][Er]) / (ky [S] + k—y +k;)  Ecuacién5.12

Operando:

— [S] [ET] .
[ES] = ST + ko) TR Ecuacion 5.13

Finalmente se obtiene:

[ES] = BIET]  peyacion 5.14
[S1+Km
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Donde K es la constante de Michaelis-Menten:

[(key + k) / k)] =Ky Ecuacion 5.15

Como [ES] es constante, y k» es el paso lento de la reacciéon enzimética, la
velocidad de formacion de los productos es constante, y dependera tan solo de [ES],

luego la velocidad macroscépica del proceso es:

v = v, =k, [ES]= cte Ecuacion 5.16

Por lo tanto, en el estado estacionario, la velocidad de formacién del producto es:

[SI[ET]
2 [s]+ Ky

Ecuacion 5.17

Para cualquier reaccion enzimatica, [E7], k2 y Km son constantes. Considerando

dos casos extremos:

e A concentraciones de sustrato pequernias ([S] << Kum) v = (k2 [E1]/Km) [S]. Como los
términos entre paréntesis son constantes, pueden englobarse en una nueva
constante, kobs, de forma que la expresion queda reducida a: v = ko [S], con lo

cual la reaccién es un proceso cinético de primer orden.

e A concentraciones de sustrato elevadas ([S] >> Kum), v = k2 [Er]. La velocidad de
reaccion es independiente de la concentracion del sustrato y por tanto, la
reacciéon es un proceso cinético de orden cero. Ademads, tanto k> como [Er] son
constantes pudiéndose definir un nuevo parametro, la velocidad mdxima de Ila
reaccion (Vuux), siendo Vuae = k2 [Er], que es la velocidad que se alcanzaria
cuando todo el enzima disponible se encuentra unida al sustrato (saturacion

enzimatica).
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Introduciendo el parametro Vmax en la ecuaciéon general de la velocidad, se

obtiene la expresién mas conocida de la ecuacion de Michaelis-Menten:

s]

= Kot max Ecuacion 5.18
M

La representacién grafica de la ecuacion de Michaelis-Menten (v frente a [S]) es
una curva hiperbélica (Figura 5.3a). Vux corresponde al valor maximo al que tiende la
curva experimental y Ky corresponde a la concentraciéon de sustrato a la cual la

velocidad de la reaccion es la mitad de la Vi .

b)

v()

Vnax 1/ Vg

1/ v,

Vmax

a) C) K M / Vma-’f

-

(5] 1/[5]

Figura 5.3.- a) Representacion grifica de la ecuacion de Michaelis-Menten. b) Linealizacion de la
ecuacion de Michaelis-Menten por el método propuesto por Lineweaver-Burk.

Kum es un parametro cinético importante por varias razones:
1) Larazén V,u./Kum ~ sensibilidad analitica en el tramo inicial.
2) El valor de Ky da una idea de la afinidad del enzima por el sustrato:
1. amenor Ky — mayor afinidad

2. amayor Ky — menor afinidad
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Este hecho tiene facil explicacion si se tiene en cuenta la ecuacion 5.3, donde el
complejo ES se forma y disocia en las reacciones [(1)] y [(2) y (-1)] respectivamente. Asf,
si Km es grande, (k_; + k;) >> k; (ver ecuacion 5.15) predomina la disociacion del
complejo ES (poca afinidad hacia el sustrato). En el otro extremo, se tiene que para
valores pequefios de Ky, (k_; + k;) << k; predomina la formacién del complejo ES

(gran afinidad hacia el sustrato).

Hay enzimas que no obedecen la ecuacién de Michaelis-Menten, siguiendo asi,
una cinética no Michaeliana. Esto ocurre con las enzimas alostéricos, cuya gréfica v,
frente a [S] no es una hipérbola, sino una sigmoide. En la cinética sigmoidea, pequenas
variaciones en la [S] en una zona critica (cercana a la Ku) se traducen en grandes
variaciones en la velocidad de reaccién. Esta cinética, es caracteristica de procesos
donde mas de una molécula de sustrato reacciona con una molécula de enzima. Si cada
centro activo de la enzima es similar e independiente de la respuesta previa de un
centro activo cercano, aparece un comportamiento hiperbélico, si por el contrario,
existe un aumento en la afinidad por parte del centro activo vecino debido a la
presencia de una molécula de sustrato previo, aparece dicho comportamiento

sigmoideo, conocido como “efecto cooperativo”.

5.2.1.- Célculo de los parametros cinéticos enzimaticos

El calculo de los pardmetros cinéticos se realiz6 utilizando los datos de
intensidad de corriente (i) de los microbiosensores en el estado estacionario. Partiendo
de una disolucién de PBS pH= 7.4, se afladieron distintos volimenes de una disolucién
de analito (glucosa y lactato) de concentraciéon conocida y se construy6 la curva de

calibrado i vs. [S].
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Antes de calcular las constantes cinéticas y las caracteristicas analiticas de la
curva de calibrado, es necesario verificar que la reacciéon enzimatica que tiene lugar
sobre la superficie del transductor obedece a una cinética del tipo Michaelis-Menten.
Para ello, se calcula el parametro “h” de la ecuacion linealizada de Hill, que proporciona
una medida del grado de desviacién de una cinética de Michaelis-Menten. Dicha

ecuacion es:
log [(“ﬂ%) — 1] = logKy — hlog[S] Ecuacion 5.19

Para reacciones enzimaticas con una cinética de Michaelis-Menten el valor de “h”
es proximo a 1, presentando asi, una cinética hiperbolica. Valores de “h” préximos a 2

aparecen cuando existe una cinética sigmoidea.

Una vez calculado el parametro “h”, se procedié al calculo de los parametros
cinéticos. Para determinar graficamente los valores de Ky y Vuax es mas sencillo
utilizar la representacion doble reciproca o Lineweaver-Burk (1/v frente a 1/[S]), ya que
muestra dependencia lineal (Figura 5.3b). Dicha recta posee las siguientes

caracteristicas:

1. Lapendiente es Ky / Vinax
2. Laabscisa en el origen (1/v =0) es -1/Kum

3. Laordenada en el origen (1/[S] =0) es 1/ Vi

Desde el punto de vista analitico, a medida que se obtiene un biosensor con una
Kyv maés elevada, la sensibilidad de dicho dispositivo disminuye, pero aumenta el
rango de linealidad de trabajo. Sin embargo, un biosensor con un valor menor de K
daria lugar a un biosensor mucho mas sensible al analito, pero con un menor rango

lineal.

75



De esta forma, controlando los pardmetros cinéticos se ajusta la respuesta del

biosensor a las necesidades especificas del campo de aplicacion.

5.2.2.- Déficit de oxigeno

El mecanismo enzimético para la Gox, que es similar para otras muchas oxidasas-
reductasas, se puede escribirse de acuerdo a las ecuaciones 5.20 y 5.21 (Dixon et al.,

2002; McMahom et al., 2005):

glucosa + Gox/FAD — Gox/FADH, + gluconolactona Ecuacién 5.20

Gox/FADH; + O, — Gox/FAD + H,O» Ecuacion 5.21

Donde FAD y FADH: son la forma oxidada y reducida respectivamente del grupo

prostético, flavin adenin dinucleétido (FAD).

El llamado déficit de oxigeno, pone de manifiesto la dependencia de la actividad
enzimatica frente a la concentraciéon del cosustrato natural (O2). La funcién de dicho
cosustrato es regenerar el grupo prostético de la enzima tras reaccionar con la glucosa.
Sin embargo, en ausencia o a baja concentracion de O: la enzima no puede volver a su
estado inicial. De esta forma, la generaciéon de H>O. que es detectado y que es un
indice del avance de la reaccién y en definitiva de la concentracién de glucosa, se ve
limitada por la capacidad de regeneracion de la enzima, y deja de ser proporcional a la

concentracion de glucosa (limitacion estequiométrica).

Cuando la concentracion del sustrato y del cosustrato (ej: glucosa y O2) no es
constante con el tiempo es necesario un modelo cinético con dos sustratos (Leypoldt y
Gough, 1984). Sin embargo, cuando la concentracion de uno de ellos es constante, se
simplifica a un modelo cinético de un sustrato (ecuacion 5.22) de acuerdo al

mecanismo propuesto por Michaelis-Menten (McMahom et al., 2005).
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Ecuacién 5.22

_ Ku(G)\ ™"
]gluc - ]max <1 +W>

Donde la corriente o mdas correctamente la densidad de corriente (J), corriente
normalizada con respecto al drea del electrodo, es una medida de la velocidad global
de la reaccion enzimética y [ es el valor de | (Jgue) cuando la enzima se encuentra
saturada con el sustrato, glucosa (G). De esta forma distintos valores de [,
determinados en las mismas condiciones, reflejan diferencias en la actividad
enzimatica y distintos valores para la constante de Michelis-Menten (Ky) o maés
correctamente, de la constante aparente de Michaelis-Menten [Km(G)].
Alternativamente, si la concentracioén de sustrato (glucosa) es fija y la concentracién del

cosustrato (O2) es variable se puede modificar la ecuacién general y escribirla acorde a:

Ecuacion 5.23

KM(02)>‘1

]gluc = J'max <1 + [0,]

Esta nueva ecuacién puede ser usada para evaluar la dependencia de J4uc con
respecto a la concentracion de Oz (Dixon et al., 2002), donde |'u.x es la respuesta
maxima para una concentracion fija de glucosa, y Km(O2) es la constate aparente de
Michaelis-Menten para el O. La opcién de usar una tinica ecuacién con dos sustratos
como han empleado otros autores (Leypoldt y Gough, 1984) y de la cual se puede derivar
la verdadera Ku, no ha sido empleada en la presente tesis, debido a que la constante
aparente de Michaelis-Menten [Km(gluc) o Km(O2)] definida separadamente es
analiticamente mas sencilla y atil para definir el rango lineal (RL) para ambos sustratos
individualmente [RL ~ 1/2Ky] y para saber la influencia de los parametros cinéticos en

la sensibilidad analitica (S), S ~ Jma/Km ( McMahom et al., 2005).
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5.3.- Fabricacion de los microbiosensores

Previa elaboracion de los microbiosensores es necesario fabricar un transductor

con las dimensiones y caracteristicas adecuadas para trabajar en el SNC.

5.3.1.- Fabricacion de los microelectrodos de fibra de carbono

La fabricaciéon de los microelectrodos de fibra de carbono (CFEs) constituye ya
de por si un trabajo laborioso y meticuloso, debido a que es necesario elaborar
microelectrodos con una gran reproducibilidad y tamafio adecuado. Las fibras de
carbono de 8 pm de diametro se montan y fijan mediante una pintura conductora de
plata sobre un cable eléctrico de 0.25 mm de diametro. Posteriormente, son secadas en
estufa a 60 °C durante media hora e introducidas en un capilar de borosilicato
previamente estirado (estirador de pipetas Kopf 750). Una vez la fibra salga por el
orificio anterior, ésta es cortada a un tamafio de 250 pm de longitud. El dispositivo es
tijado por ambos extremos con una resina epoxi no conductora y secado en estufa
durante una hora. Finalmente, se suelda un pin chapado en oro al extremo del cable

con el fin de ofrecer un buen contacto eléctrico. Posteriormente, los electrodos pueden
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ser sometidos a un proceso de limpieza sumergiendo la punta en distintas

disoluciones: acetona, agua, acido sulftrico, agua, y secado en estufa una hora.

5.3.2.- Modificacion de los microelectrodos de fibra de carbono

Una vez construidos los CFEs, el siguiente paso es la modificacion del
transductor con el material biol6gico de reconocimiento, en nuestro caso con Gox o Lox.
Con el fin de optimizar la respuesta de los microbiosensores se han empleado en el
disefio distintos compuestos (surfactantes, compuestos electrocataliticos, polimeros,
etc.) que han permitido: (1) disminuir el potencial de deteccién del H,O»; (2) reducir el
déficit de oxigeno; (3) incrementar la carga enzimadtica y la sensibilidad, asi como
reducir el limite de deteccién; (4) evitar los fendmenos de interferencia; (5) mejorar la

biocompatibilidad de la superficie del microbiosensor.

A continuacién, se resumen las etapas de modificacién de los microbiosensores
amperométricos acorde a los items anteriormente enumerados (ver figura 5.4 para
detalles de la configuracion). Sin embargo, hay que tener en cuenta que dicho proceso
ha sido modificado a lo largo del desarrollo de la presente tesis con el fin de optimizar

los resultados (ver detalles en los articulos adjuntos).
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Figura 5.4.- Esquema de un biosensor amperométrico enzimidtico de glucosa construido a partir de un
microelectrodo de fibra de carbono de 8 um de diametro: PB (Azul de Prusia), Gox (glucosa oxidasa). La
tltima capa de PoPD (poli-o-fenilendiamida), asi como, el PEI y Nafion no han sido dibujados para
facilitar la visualizacion del esquema.

5.3.2.1.- Disminucion del potencial de deteccion del H>O>

Para disminuir el potencial de detecciéon de H>O: se ha electrodepositado una
capa de PB. Generalmente se ha empleado una etapa de electrodeposicién mediante
CV, otra de activacioén ciclando en la disolucién de electrolito soporte, y finalmente un
proceso de estabilizacién térmica (1h a 80-100°C) para eliminar el agua de solvataciéon
de la estructura cristalina. Por otra parte las condiciones de electrodeposiciéon: método
de electrodeposicion, limites en los potenciales de ciclado, velocidad de barrido, pH de

la disolucién de trabajo, adiciéon de surfactante como mediador de la electrodeposicion,
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tratamiento térmico, han sido estudiadas en detalle y constituyen buena parte del

grueso de la presente tesis.

Con el fin de estudiar en detalle la optimizacion y la electrodeposiciéon del PB,
sobre todo en presencia de distintitos surfactantes, se han empleado tarjetas
serigrafiadas de carbono (DRP-110) suministradas por la empresa espafiola Dropsens.
La eleccién de dichos electrodos ha sido para simplificar y ahorrar tiempo en la tediosa
fabricaciéon de un ntmero ingente de microelectrodos, asi como para asegurar la

reproducibilidad y el facil manejo de los electrodos durante el estudio.

5.3.2.2.- Reduccién del déficit de oxigeno

Las limitaciones estequimétricas derivadas de las fluctuaciones del cosustrato es
un problema importante en el &mbito de aplicacién por tres razones primordiales: (1) la
concentracion de Oz en el espacio extracelular en el cerebro es de aproximadamente 50
PM (cinco veces menor que en una disolucién aireada) (Nair et al., 1987; Murr et al.,
1994, Zauner et al., 1995); (2) este nivel puede fluctuar de manera significativa en
condiciones fisiolégicas y/o dependiendo de las condiciones experimentales (estrés,
efecto de algunos anestésicos, hipoxia inducida, accién farmacolégica) (Dixon et al.,
2002; Bolger y Lowry, 2005; Bazzu et al., 2009); (3) la elevada concentracién de algunos
metabolitos (glucosa ~0.5-1 mM (McNay et al., 2001; O’Neill et al., 2008), lactato ~ 0.4
mM (Goodman et al., 1996; Demestre et al., 1997, Shram et al., 1998) frente a la

concentracion del Oz en el espacio extracelular.

Con el fin de superar dicha problemédtica y minimizar sus efectos se han aplicado
distintas estrategias, entre las que se incluyen: (1) el uso de distintas configuraciones
(Dixon et al., 2002, McMahom et al., 2006; McMahom et al., 2007) y transductores con

diferentes geometrias y tamafios que optimicen la llegada de O: a la superficie del
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biosensor (McMahom y O'Neill, 2005); (2) la inclusion de una barrera de difusion que
permita el libre paso del Oz y dificulte la llegada del sustrato, aumentando asi la
relacion O,/sustrato en la superficie del biosensor; (3) la optimizaciéon de la carga
enzimdtica (McMahom et al., 2007), para mejorar la sensibilidad y el rango lineal del
biosensor; (4) el uso de polimeros que presenten una gran solubilidad para el Oz y que
acttien de reservorio interno (Wang y Lu, 1998, Wang et al., 2000a; Wang et al., 2001;

Wang et al., 2002).

Si bien en la presente memoria se han empleado las aproximaciones (2) y (3),
también se ha estudiado el uso de diversas fuentes o reservorios de O,. Para ello se han
empleado distintos fluorocarbonos (Nafion, H700), debido a que dichos polimeros

poseen una notable solubilidad para el O».

Durante los tltimos afios, los fluorocarbonos han sido empleados en electrodos de
pasta de carbono para desarrollar biosensores que pudiesen trabajar en ausencia o a
bajas concentraciones de O (Wang vy Lu, 1998). Ademas, debido a su notable
solubilidad para el O: han sido empleados como sustitutos sanguineos y
transportadores de O en animales y humanos (Wang et al., 2000a). Algunos de estos
flurocarbonos son polimeros de bajo peso molecular, derivados del
clorotrifluoroetileno, -(CF2CFCl),-, donde n varia entre 2 y 8. Compuestos como: (1)
H200, H700, H1000 (nombres comerciales) (Wang et al, 2000a), (2) Kel-F
(policlorotrifluoroetileno, PCTFE) (Wang y Lu, 1998; Wang et al., 2000a; Wang et al., 2001;
Wang et al., 2002) y (3) Nafion (derivado sulfonado del tetrafluoretileno) (IWang y Lu,
1998) han sido usados con éxito. Por otro lado, los polidimetilsiloxanos (PDMS) han
sido incorporados en biosensores de glucosa, manteniendo la reaccién enzimatica en

ausencia de O2 durante mas de 15 horas (Wang et al., 2002).
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Pese a que dicho enfoque ha sido empleado con éxito en macrobiosensores,
especialmente en electrodos de pasta de carbono, los estudios en microbiosensores y en
en aplicaciones fisiolégicas han sido nulos o al menos muy limitados (no existe
constancia de referencias bibliograficas). Por ello, se han seleccionado dos de ellos: (1)
Nafion y (2) H700 para estudiar sus propiedades y la capacidad para mitigar los efectos

de trabajar a bajas concentraciones de Os.

El proceso de modificacién ha consistido en la inmersion del transductor en una
disolucién alcoholica de Nafion al 5% o H700. Dicho proceso se realiza sumergiendo
rapidamente 15 veces el CFE/PB y dejandolo secar a temperatura ambiente durante 30

minutos.

Resultados parciales de dicho estudio se han presentado durante la redaccién de
la presente memoria en el 14 International Conference on In Vivo Methods organizado
por la Internationl Society for Monitoring Molecules in Neuroscience que tuvo lugar en
Londres entre el 16 y 20 de septiembre de 2012. A su vez, se esta redactando una
publicacién a falta de realizar los estudios en modelos animales (ver Anexo II: otras

publicaciones).

5.3.2.3.- Incremento de la carga enzimatica

Con el fin de incrementar la cantidad de enzima retenida en la superficie del
microbiosensor se realizan 15 inmersiones rdpidas en PEI (2.5% w/v) y se seca a
temperatura ambiente. Posteriormente, se realizan 30 inmersiones rapidas en la
disolucién enzimatica (Gox (300 U/mL) o Lox (100 U/mL)) y 5 minutos después se
sumergen 5 veces en una disolucion de glutaraldehido en PBS [glutaraldehido (0.1%

w/v)/BSA (1% w/v)], dejando entrecruzar durante 1-2 horas a temperatura ambiente
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al aire. Posteriormente, los microbiosensores son guardados en la nevera en seco hasta

el dia siguiente.

El protocolo descrito anteriormente corresponde al método optimizado, sin
embargo, durante el proceso de optimizacién también se ha empleado PEl al 1y al 5 %
w/v, se ha modificado el protocolo de inmersion alternandolo enzima y PEI, y se ha
estudiado como afecta el tiempo de secado (hidrataciéon del PEI) en la carga enzimatica

final.

5.3.2.4.- Mejora de la selectividad frente a los interferentes

Pese a que las interferencias son reducidas bastante debido al bajo potencial de
trabajo, se ha empleado una capa protectora (PoPD) que impide el acceso del AA y
otros interferentes al interior de microbiosensor. El protocolo empleado consisti6 en la
electrodeposicion de una capa de PoPD mediante CPA durante aproximadamente 15-
20 minutos. La disolucién (PBS) para la electrodeposiciéon ha sido desoxigenada
previamente (20 minutos bajo burbujeo de N). Posteriormente, se disolvié el
monodmero (0PD) a una concentraciéon de 300 mM sonicando durante 15 minutos y se
afladi6 BSA a una concentracion de 5mg/mL para disminuir la desactivacion

enzimatica debido al alto grado de compactacién del polimero.

Cuando la disolucién de mondémero estd lista se introducen los electrodos
(biosensor, auxiliar y referencia) en la disoluciéon y se aplica un potencial de ~ 0.7 V
durante 15-20 minutos. El PoPD (en su forma no conductora) presenta una alta
resistencia eléctrica, propiedad que hace que el crecimiento de la membrana polimérica
esté autolimitado. De esta manera, a medida que aumenta el grosor de dicha capa,
disminuye la intensidad de corriente (disminuye la electropolimerizacién) y aumenta

el grado de compactacion del entramado polimérico (impidiendo asi, la llegada de més
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moléculas de monémero). Pasado un tiempo determinado (funcién de la concentraciéon
de monémero, potencial aplicado, método de electro-deposicion elegido, etc.), la

corriente se estabiliza, indicando la finalizacién del proceso de electropolimerizacion.

5.3.2.5.- Optimizacion de las propiedades de biocompatibilidad

Los biosensores usados en neuroquimica, especialmente en métodos in vivo,
tienen que solventar los problemas inherentes que aparecen en sistemas bioldgicos y
que surgen debido a la interaccién electrodo-matriz, siendo los mas significativos: (1)
respuesta a sustancias endoégenas electroactivas, interferentes; (2) degradaciéon de la
superficie del sensor como consecuencia de que el organismo reconoce al mismo como
un elemento externo (respuesta inflamatoria debida a problemas de inmunidad o de reaccion a

un cuerpo extraro).

Las interacciones adversas entre la superficie del dispositivo implantado
(biosensor) y el medio biolégico de implantacion (SNC) no afectan solo al biosensor,
sino también al entorno de estudio (Wilson y Gifford, 2005). De esta forma se ha tener en
cuenta un enfoque mas amplio a la hora de definir operacionalmente la
biocompatibilidad (Williams, 1989). Para los biosensores, esto se traduce en tres
consideraciones: (1) influencia de la respuesta inflamatoria inicial (debida a lesiones
durante la insercién), y adsorcién de biomoléculas en la superficie del electrodo, (2)
modificacion de las condiciones fisiol6gicas locales debido al implante del mismo, las
cuales pueden modificar la concentraciéon y difusion del analito de interés y (3)

degradacion de biosensor (Reichert y Sharkawy, 1999).

Las alteraciones mas evidentes sobre el entorno son fisioldgicas y anatémicas
debido al tamafio del dispositivo de medida (rotura de vasos sanguineos, pérdida de la

integridad de la barrera hematoencefilica, cambios en la microcirculacion local, edema, consumo
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extra de glucosa, produccion de citoquinas, eventual proliferacion de células gliales, etc.) que se
pueden extender hasta 1 mm de la zona de implantacién (Benveniste et al., 1987; O’Neill
et al, 1991; Zhou et al., 2001; Khan y Michael, 2003). Todo ello ha dado lugar a una

reduccion de las dimensiones del dispositivo a implantar.

Por otro lado, un disefio adecuado de la superficie del biosensor puede reducir su
degradacion paulatina, debido a la accién inflamatoria que ocurre a su alrededor. En
contanto con la sangre (por hemorragia o al introducir el biosensor en un catéter) la
principal fuente de complicacion surge debido a la contaminacién por depésito de la
superficie del electrodo por proteinas y compuestos de coagulaciéon que finalmente
conducen a la formacién de trombos, causando un importante riesgo para la salud. Es
por ello, que la implantacién subcutdnea de biosensores ha sido elegida como una
alternativa que reduce las complicaciones (interaccién electrodo-proteinas) y riesgos

para la salud (Wang, 2008).

Una excelente descripcion de la respuesta inflamatoria a los dispositivos
implantados es recogida por Anderson (Anderson, 1993). La respuesta aguda se inicia
inmediatamente después de que el biosensor se ha implantado. Durante la respuesta
inicial, las proteinas plasmaticas y células inflamatorias migran al sitio del cuerpo
extrafio (biosensor). Las proteinas son adsorbidas inicialmente, y posteriormente las
células fagocitarias (neutréfilos, monocitos, y macréfagos) rodean el biosensor con el
fin de destruirlo mediante la liberacién de especias reactivas de oxigeno (H»O, O%,
NO, OH)) y lisoenzimas. Sin embargo, debido a las dimensiones del biosensor esta
tarea es practicamente imposible. El momento exacto, la accién y la intensidad del
proceso dependen de la naturaleza del cuerpo extrafio (tamafio, forma, y propiedades
fisicas y quimicas de su superficie). Dicha respuesta aguda dura unos 3 dias, después

de la cual comienza una respuesta inflamatoria en la cual el cuerpo extran6 es cubierto
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por una cépsula fibrosa que lo aisla del entorno, y por ende, disminuye el flujo de

reactantes a la superficie del biosensor (Mas et al., 1995a).

Con el fin de mejorar la biocompatibilidad de los biosensores se ha estudiado
proteger su superficie externa con: (1) revestimientos poliméricos (acetato de celulosa,
poliuretano, derivados del polietilenglicol, o6xidos de polietileno, Nafion,
electropolimerizaciéon de o-PD y compuestos analogos que presentan una baja
adsorcion de proteinas (Moussy et al., 1993; Quinn et al., 1997; Chapman et al 2001); (2) co-
inmovilizacién de sustancias anticoagulantes como la heparina (Wang et al., 20000); (3)
modificacion de la superficie externa con sustancias que liberen NO, un eficaz
inhibidor de la adhesién plaquetaria y bacterianas (Shin et al., 2004; Gifford et al., 2005;

Oh et al., 2005; Frost y Meyerhoff, 2006).

En la presente memoria la metodologia empleada ha sido aprovechar las buenas

propiedades de biocompatibilidad que presentan el PoPD.

5.3.3.- Microelectrodos centinela

Con el fin de comprobar el efecto de los interferentes y el origen de las respuestas
fisiolégicas registradas se han construido microelectrodos centinelas. Su disefio ha sido
el mismo que rige la construccién de los microbiosensores, excluyendo la adicién de la
enzima que actia como receptor biolégico. De esta forma, se puede evaluar la
contribucién del entorno de trabajo a la respuesta total del sistema de medida

(contribucion no farddica, interferentes, etc.).

5.3.4.- Microelectrodos sensibles a oxigeno

Los CFEs también han sido empleados para construir microelectrodos sensibles a

oxigeno. Su fabricacién, mucho mas sencilla, ha consistido en el recubrimiento de la
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fibra de carbono con PoPD. Posteriormente se han polarizado a -0.65 V para medir el

O, tanto en condiciones in vitro como in vivo.

5.4.- Voltamperometria

Las técnicas potenciostiticas o voltamperométricas estudian los procesos de
transferencia de carga entre el electrodo de trabajo y el analito que se encuentra en
disolucion aplicando un potencial controlado. Abarcan un grupo de métodos
electroanaliticos en los que la informacién sobre el analito se deduce de la medida de la
intensidad de corriente en funcién del potencial aplicado, en condiciones que
favorezcan la polarizacién total de un electrodo indicador, o de trabajo. Para una
lectura mds detallada tanto para el apartado 5.4 como el apartado 5.5 se recomienda:

(Wang, 2000c).

5.4.1.- Procesos faradicos y no faradicos

El objetivo de las técnicas con potencial controlado es obtener una corriente
relacionada con la concentracion del analito de interés. Por esta razdn, se mide la
transferencia electrénica durante el proceso redox que sufre dicho analito en la

superficie del electrodo de trabajo:

O + ne” ©R Ecuacion 5.24

Donde O es la forma oxidada del par redox, R es la forma reducida del par

redox y n es el nameros de electrones que son puestos en juego.

La corriente resultante del cambio de estado de oxidaciéon del analito genera
una corriente eléctrica que por seguir las leyes de Faraday se denomina corriente
farddica (la oxidacion o reduccion de 1 mol de sustancia produce un cambio de 96.487

culombios). Sin embargo, cuando se aplica un potencial a un electrodo pueden
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generarse otras corrientes de naturaleza diferente, no farddicas, debidas principalmente
a que en la interfaz electrodo-disolucién se genera una doble capa eléctrica donde

aparecen fendmenos de adsorciéon y desorcién asociados al trasporte de carga.

Por otra parte, las concentraciones de reactantes y productos existentes vendran

especificados por la ecuacion de Nernst:

E = E° + BT 1n (C—O) Ecuacion 5.25
nF CR

Donde E es el potencial aplicado, E° es el potencial estindar, R es la constante
de los gases ideales, T es la temperatura en grados Kelvin, F es la constate de Faraday,
Co es la concentraciéon de la especie oxidada, Cr es la concentraciéon de la especie

reducida.

La corriente (i.) registrada durante un experimento voltamperométrico
representa la velocidad (v:) de reaccién a la cual el analito es oxidado/reducido en la

interfase electrododo-disolucién y viene expresada como:

i
v, =—= Ecuacion 5.26
nF

Generalmente dicha velocidad es normalizada con respecto a la superficie (A)

del electrodo de trabajo (mol s cm2) quedando:

I, = b L Ecuacioén 5.27

La corriente o velocidad de reaccién esta controlada por: (1) transferencia de masa
del analito y sus productos de reaccion hacia y desde la superficie del electrodo, (2)
velocidad de transferencia electrénica sobre la superficie del electrodo. A continuacion se

define brevemente cada uno de ellos.
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5.4.2.- Fenémenos de transporte

Para que la sustancia electroactiva se oxide o reduzca en la superficie del
electrodo es necesario que el analito, que se encuentra en el seno de la disolucién,
alcance de alguna manera dicha superficie. El transporte del analito en el seno de la
disolucién se efectia mediante tres mecanismos distintos de transporte de masa, los
cuales influyen de manera distinta en la velocidad con que los reactivos y productos
son transportados desde y hacia la superficie del electrodo. Tales procesos son: difusion,

migracion y conveccion.

En sistemas fisiologicos, como el espacio extracelular del SNC, la contribucién
del término convectivo se puede despreciar. Por otra parte, el liquido cefalorraquideo
actia como electrolito inerte o soporte ya que estd compuesto por una gran cantidad de
especies ionicas electroquimicamente inertes (Na*, K+, Ca2*, HCO ;). Estos electrolitos
no reactivos hacen que la corriente capacitiva no se vea alterada por la variacion de la
concentracion del analito, de tal forma que la contribucién migratoria también puede

ser despreciada.

5.4.3.- Transferencia electronica

El proceso de transferencia electrénica (ecuacién 5.24) consiste en la transferencia
de n electrones entre la banda de conduccién del electrodo de trabajo y un orbital
molecular de las especie oxidada o reducida (orbitales HOMO y LUMO
respectivamente). La expresiéon de la velocidad de reaccién directa (reduccion) vg

presenta una cinética de primer orden:

vg =ky Co Ecuacion 5.28
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Mientras que la reaccion inversa (oxidaciéon), también de primer orden, v; es:

v; =k; Cg Ecuacion 5.29

Donde k, y ki son las constantes de velocidad directa e inversa respectivamente.

Estas constantes dependen de las condiciones experimentales de acuerdo a:

kg = kexp [— %T_Eo)] Ecuacion 5.30
k; = k°exp W] Ecuacion 5.31

Donde k? es la constante de velocidad estindar y a es el coeficiente de transferencia
electrénico. El valor de k? (cm/s) indica la velocidad de reaccion entre la superficie del
electrodo y el reactivo. El valor de a (comprendido entre 0 y 1) informa sobre la
simetria de la curva de energia libre (respecto a reactivos y productos). Para sistemas
simétricos a sera muy proximo a 0.5, de esta forma «a es una medida de la fraccién de

energia puesta en el sistema para reducir la energia de activaciéon

5.4.4.- Técnicas voltamperométricas

Hoy en dia existen un gran ntimero de técnicas que difieren en la forma en que el
potencial es aplicado, y en definitiva, en la forma que la corriente es medida. Durante
el desarrollo de la presente tesis se han empleado, rutinariamente, dos de estos
métodos: (1) Voltamperometria a potencial constante (CPA) o Amperometria y (2)
Voltamperometria ciclica (CV). Estos métodos han sido empleados tanto en la
modificacion y caracterizacion in vitro de los microbiosensores como en su aplicacion in

V100.
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5.4.4.1.- Voltamperometria a potencial constante

El potencial de trabajo se fija a un potencial donde ocurre la oxidacién/reduccién
del analito de interés en régimen difusivo (sin agitacion mecdinica y en presencia de una
gran concentracion de electrolito inerte). Bajo estas condiciones, la corriente registrada
alcanza un valor méximo (corriente limite ir), proporcional a la concentracién del

analito.

Al aplicar un potencial constante inicialmente aparece una contribucion no
farddica que cae a cero rdpidamente. Una vez pasado estos momentos iniciales la
corriente generada es funcién ultima de la concentracion de analito. Admitiendo que la
ir es de origen difusivo y que poca cantidad de analito es consumida durante el
proceso de medida (concentraciéon del analito constante), se puede asumir que se
alcanza el estado estacionario (steady-state). Este hecho y la excelente resoluciéon
temporal hacen que esta técnica sea ideal para el estudio de sistemas “in vivo”.
Normalmente, esta técnica permite la deteccién de moléculas o iones a concentraciones

proximas a 10° M.

Bajo las condiciones de estado estacionario la i1 es directamente proporcional al

coeficiente de difusién y concentracion del sustrato:

i, = G Ecuacién 5.32

Donde C es la concentracion de analito, D es el coeficiente de difusion, r es el radio del

electrodo y G es un factor geométrico

5.4.4.2.- Voltamperometria ciclica
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En CV, el potencial aplicado varia linealmente (Figura 5a) con el tiempo desde un
valor inicial (E;) hasta un valor final (Es). Cuando se ha alcanzado este valor, el sentido
de barrido se invierte y el potencial vuelve generalmente a su valor original. El
intervalo de potenciales elegido para un experimento dado, es aquel en el que tiene
lugar la oxidacién o reduccién del analito de interés. Las condiciones de trabajo al igual
que en amperometria son las necesarias para que la llegada del analito a la superficie
del electrodo esté controlada por difusiéon. La dependencia entre la velocidad de
barrido y amplitud del pico explica el papel de la adsorcion, difusion y reacciones quimicas

acopladas dentro del proceso en estudio.

Er a)
5 z
53} —
Ei
0 Tiempo (s)

Figura 5.5.- a) Variacion del potencial aplicado durante CV b) Voltamperograma ciclico obtenido al
ciclar un electrodo en presencia de un par redox.

La figura 5.5b muestra la respuesta para un sistema reversible, en la cual se
indican distintos parametros caracteristicos: potencial del pico catédico (E,.), potencial
del pico anédico (E.), intensidad del pico catédico (ip) e intensidad del pico anédico
(ipa). Al comenzar la CV no se observa intensidad de corriente apreciable (A), ya que no
hay especies oxidables en esa zona de potencial. Cuando el potencial alcanza valores
préoximos a Epq se desarrolla una intensidad anddica debida a la oxidaciéon de R en la

superficie del electrodo. La intensidad del pico (i,.) es debida a dos componentes: (1) la
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intensidad inicial necesaria para ajustar la concentracién superficial de reactivo a su
concentracion de equilibrio dada por la ecuaciéon de Nernst y (2) la intensidad controlada
por difusion. La primera, disminuye rapidamente a medida que la capa de difusién se
extiende hacia el exterior de la superficie del electrodo. Por lo tanto, la altura de pico
viene determinada en tltima instancia por el proceso difusivo. Como este es incapaz
de suministrar reactivo suficiente, llegado un momento ocurre la caida de corriente
posterior a i, alcanzando asi la region (C). La intensidad catdédica (i,c) resultante de la
reduccion de O que se ha acumulado cerca de la superficie del electrodo durante el
barrido directo y el potencial catédico (E,c), pueden explicarse del mismo modo para el
barrido inverso. De esta forma, la corriente catddica genera un pico y después
disminuye a medida que se consume la especie R acumulada en la superficie del

electrodo. Para un sistema reversible se tiene que I /Iy, ~ 1.

Por otro lado, la separacion entre dichos picos es funcién del ntmero de
electrones que entran en juego en la reacciéon de 6xido/reduccion, de acuerdo a la

siguiente ecuacion:

Epq — Epc = 59/n (mV) Ecuacién 5.33

La ecuacién matematica que cuantifica la intensidad de pico (asumiendo difusiéon

plana), es la ecuaciéon de Randles-Sevcik, que a 25 °C se escribe como:
i, = 2.69- 10°n3/2 AC DY/2p1/2 Ecuacién 5.34

Donde v es la velocidad de barrido. Como se puede observar, la intensidad del pico de
corriente es proporcional a la concentraciéon de la especie electroactiva, a la raiz

cuadrada de la velocidad de barrido y del coeficiente de difusion de analito.
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5.5.- Otras técnicas instrumentales

Durante el desarrollo de la presente memoria se han empleado diversas técnicas
instrumentales para caracterizar las modificaciones realizadas sobre el transductor.
Algunas de estas técnicas han sido usadas en el laboratorio de Neuroquimica y
Neuroimagen (CPA, CV, espectroscopia visible-ultravioleta), mientras que otras han
sido realizadas usando las infraestructuras del Departamento de Quimica Inorganica
(espectroscopia de infrarrojo) y del Departamento de Quimica-Fisica (espectroscopia
de impedancia) de la ULL. A su vez, técnicas mas especificas fueron sido realizadas en

el Servicio de Microscopia Electrénica (SEGAI).

A continuacion, se describen brevemente las técnicas més relevantes y menos
conocidas: microscopia electrénica de barrido y espectroscopia de impedancia,
prestando especial atencion a esta tltima puesto que es una herramienta muy ttil en la

caracterizacion y estudio de superficies.

5.5.1.- Microscopia electronica de barrido

La microscopia electrénica de barrido (SEM) proporciona informacién sobre la
morfologia y topografia de la superficie de los s6lidos, aunque también puede ser
empleada para estudiar la composicion del material analizado. Tiene la ventaja de
tratarse de una técnica no destructiva que sirve de complemento en el andlisis de la
muestra a través de otras técnicas como la difracciéon de rayos X (XRD) o la microscopia

de fuerzas atémica (AFM).
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El funcionamiento del SEM se basa en el bombardeo de una superficie mediante
electrones a gran velocidad generados por un filamento de wolframio sometido a un
alto voltaje y a una temperatura elevada. Dicho haz de electrones se colima utilizando
diferentes lentes y bobinas magnéticas hasta hacerlo incidir en la muestra que se
encuentra bajo vacio. Finalmente, los electrones que interaccionan con la muestra se
recogen en diferentes sensores dependiendo del andlisis a realizar. De todas las formas
de radiacion resultantes de la interaccion del haz incidente y la muestra, hay dos
realmente fundamentales en microscopia de barrido: los electrones secundarios y los
electrones retrodispersados. Los primeros son electrones de baja energia (decenas de
eV) que resultan de la emisién por parte de los dtomos constituyentes de la muestra
(los mas cercanos a la superficie) debido a la colision con el haz incidente. Los
electrones retrodispersados, por otra parte, son electrones del haz incidente que han
interaccionado (colisionado) con los 4tomos de la muestra y han sido reflejados. La
intensidad de ambas emisiones varia en funcién del dngulo que forma el haz incidente
con la superficie del material, es decir, depende de la topografia de la muestra.
Finalmente, de la sefial producida por los electrones secundarios se obtiene una

imagen tridimensional de la muestra.

5.5.2.- Espectroscopia de impedancia

La espectroscopia de impedancia (EIS) es una técnica electroquimica empleada
para medir la respuesta eléctrica de los materiales en funcién de la frecuencia de la
sefial de excitacion, generalmente sinousoidal. La impedancia de un material no es mas
que la resistencia (R) de dicho material al paso de una corriente eléctrica (I) cuando se
trabaja en corriente alterna (CA). En un circuito en corriente continua (CC) la resistencia

(R) viene dada por la ley de Ohm:
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E
R = 7 Ecuacion 5.35

Donde E se mide en voltios, I se mide en amperios y R se mide en ohmios.

En el caso de una sefial alterna la expresion equivalente seria la siguiente:
E .
Z= 7 Ecuacion 5.36

Siendo Z la impedancia del circuito, también en ohmios.

La principal diferencia entre la resistencia de un circuito en CC y la impedancia
de un circuito en CA, es que esta tltima depende de la frecuencia (en Hz) de la sefial de
excitacion. Es una técnica relativamente nueva, pero muy tutil, que permite caracterizar
muchas de las propiedades eléctricas y los procesos fisico-quimicos de los materiales y
su interfase. A través de este tipo de analisis electroquimico se puede obtener
informacion sobre la cinética, los mecanismos de formacién y modificacion de
superficies. Esta técnica tiene numerosas aplicaciones que van desde el estudio del
transporte de masa, velocidades medias de difusiéon, corrosion y propiedades eléctricas
hasta el estudio de defectos microestructurales. Se puede usar para el estudio de
sistemas tan variados como sensores quimicos, biosensores, inmunosensores,
componentes de pilas de combustiéon, o para investigar el comportamiento de las

membranas en células vivas o tejidos.

Para poder estudiar el comportamiento de una célula electroquimica (en nuestro
caso constituida por un electrodo de referencia, un auxiliar y un electrodo de trabajo),
se representa el sistema en estudio mediante un modelo o circuito equivalente (circuito

de Randles). El circuito se describe como sigue: la resistencia R estd en serie con un
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elemento Zy y en paralelo con un condensador Ca. A su vez, este conjunto esta en

serie con una segunda resistencia Rs, tal como se muestra en la figura 5.6a.

a) C(l] b)

Control
difusivo

Control cinético

Figura 5.6.- a) Circuito de Randles, equivalente a una celda electroquimica convencional. b) Diagrama
de Nyquist.

Los elementos Rs y Z, representan las propiedades de la disolucion del
electrolito y la difusiéon de la especie redox en la disoluciéon respectivamente. Estos
pardmetros no se ven afectados por las transformaciones quimicas que ocurren en la
superficie del electrodo. Por otro lado, los elementos Ca y R, dependen de las
caracteristicas de la interfase electrodo/electrolito, proporcionando informacién sobre
la existencia de cambios en las propiedades de la superficie del electrodo al inmovilizar

o acoplar materiales sobre la interfase estudiada.

La representacion mdas empleada en EIS es el diagrama de Nyquist, donde se
representa en el plano complejo las componentes imaginarias (Zi.) frente a las
componentes reales (Z.) de la impedancia obtenida a varias frecuencias. En la figura
5.6b se muestra esta representacion para el circuito de Randles. Dicho diagrama
presenta una zona semicircular a altas frecuencias, caracteristica de un proceso
limitado por transferencia electrénica, mientras que a bajas frecuencias aparece un

tramo lineal de pendiente uno, asociado a un proceso puramente difusivo.
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5.6.- Calibrado in vitro

Todos los calibrados se han realizado en un vaso de precipitado con 25 mL de
PBS a temperatura ambiente, utilizando como electrodo de referencia un electrodo de
calomelano saturado (SCE) comercial (Crison Instruments S.A.) y como auxiliar un
alambre de platino o de acero inoxidable. El potencial de deteccién en los estudios
amperométricos ha sido 0.0 V frente a SCE para los microelectrodos de fibra de
carbono y de -0.05 V frente al electrodo de pseudoreferencia interno de plata para las

tarjetas serigrafiadas.

Las calibraciones de glucosa y de lactato han sido realizadas en PBS, previa
estabilizaciéon de la corriente de fondo. Posteriormente, se han afiadido distintos
volimenes de disolucién patréon (glucosa o lactato) y se ha agitado la disolucion
durante 10 segundos. Finalmente, se ha dejado que la corriente alcance el estado

estacionario.

Las calibraciones con H»;O: se han realizado de forma andloga mediante
agitacion constante utilizando el medio electrolitico empleado durante Ia
electrodeposicion del PB. La disoluciéon patrén de H,O> (10 mM) ha sido preparada en

agua bidestilada antes de las calibraciones.

Los estudios relacionados con el déficit de oxigeno han sido realizados con
disoluciones previamente desoxigenadas con N> durante 20 minutos. En los estudios
donde la concentracién de O2 ha sido modificada durante la medida, se ha fijado la
concentracion de glucosa (0.5, 1, 2, 5 mM) y se han modificado los niveles de O>
mediante el suministro de aire o N2 puro, todo ello en una celda de trabajo aislada.

Para correlacionar la respuesta del biosensor con la concentraciéon de O se ha
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monitorizado la concentraciéon del mismo mediante el uso de un electrodo sensible a

Oz segtin se describe en el apartado 5.3.4.

5.7.- Animales y método quirargico

Los animales utilizados en la realizacién de la presente memoria han sido ratas
Sprargue-Dawley macho, con un peso aproximado de 350 gramos. Para los
experimentos in vivo los animales han sido anestesiados mediante inyeccion

intraperitoneal de uretano (1.25 g/Kg).

Una vez anestesiado, el animal se posiciona en un estereotdxico y es mantenido a
36.5-37 °C. La fijacién de la cabeza ha sido realizada por acoplamiento de los incisivos
en la cavidad anterior, quedando 3.3 mm por debajo del eje horizontal (Paxinos y
Watson, 1986). La fijacién terminé mediante la introduccién de las barras laterales en el

canal auditivo, de forma que la cabeza del animal qued¢ totalmente inmovilizada.

La operacién quirdrgica comienza con una incisién cutdnea longitudinal en
sentido anteroposterior en la linea media de la piel iniciada desde la linea ocular hasta
la base posterior del craneo. A continuacién se cortan los tejidos blandos de la
superficie del craneo hasta dejar perfectamente visibles las suturas craneales y su unién
en los puntos Bregma y Lambda (puntos de corte entre suturas craneales). Una vez
preparada la superficie se procede a su perforacién mediante el uso de un taladro
eléctrico que permite realizar un hueco de unos 10 mm de didmetro, siempre teniendo
cuidado en no dafar las membranas meningeas ni los vasos sanguineos circundantes.
Una vez terminado el orificio y limpio de restos y material 6seo se procede a la retirada
con una aguja estéril y unas pinzas quirtrgicas de una porcién de duramadre en la
zona de insercién para facilitar la introduccién del microbiosensor. La zona de trabajo

se ha localizado siguiendo el atlas estereotdxico de Paxinos y Watson (Paxinos y Watson,
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1986), seleccionando el cortex prefrontal como zona de estudio: A/P +2.7 de Bregma,

M/L +1.2 yD/V -0.5 de Dura.

5.8.- Registro in vivo

Para poder medir analitos en el SNC de la rata es necesario contar con una celda

electroquimica completa en la zona de estudio. Para ello es necesario disponer de:

(1) un electrodo de trabajo (microbiosensor).

(2) un electrodo de referencia (alambre de plata clorurada, Ag/AgCl). Dicho
electrodo se fabrico utilizando hilo de plata de 0.2 mm de diametro cubierto con teflon
y despojado de dicha cubierta por ambos extremos. A uno de los extremos se sold6 un
conector chapado en oro y se conecté al potenciostato. El otro extremo se modificé
mediante un tratamiento de cloracién en una cubeta de HCl 1M aplicando un potencial
de +0.8 V hasta que adquiere una tonalidad oscura (AgCl).

(3) un electrodo auxiliar (acero inoxidable o alambre de platino).

5.8.1.- Implantacién del sistema electroquimico

Los electrodos de referencia y auxiliar son colocados en la superficie del craneo
(cerca de la zona de trabajo). Para facilitar una buena conducciéon eléctrica con el
liquido extracelular ambos electrodos son envueltos en una tira de gelatina purificada
y esterilizada, Espongostin®, e impregnados con PBS. Esta zona es humedecida
continuamente con PBS para mantener una buena conduccién. De esta forma, se
mantiene el contacto eléctrico con el microbiosensor implantado en el cértex prefrontal
y el resto de componentes de la celda electroquimica. Alternativamente, también se ha
optado por el recubrimiento del sistema con agar, siendo este Gltimo una opcién mas

comoda y segura, debido a que mantiene la zona himeda durante més tiempo.

5.8.2.- Estudio farmacolégico
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Los estudios farmacolégicos se han disefiado con el objeto de caracterizar y
comprender la respuesta de los microbiosensores y no para investigar los procesos
fisiol6gicos que acontecen en detalle. En estos estudios se han empleado distintas
aproximaciones: (1) inyeccién local e (2) inyeccién intraperitoneal, (3) administraciéon

de gases, etc.

Para realizar las inyecciones locales se ha disefiado un sistema de inyeccion que
proporciona un volumen controlado en el entorno de acciéon del microbiosensor. Este
dispositivo consiste en un soporte de aluminio modificado. El microbioensor se
introduce en dicho soporte que acttia como canula guia. Por el lateral de la canula se
colocé una aguja de acero unida al exterior del soporte con cemento dental y por cuyo
interior se hace pasar un tubo de polimicro de 76 um de didmetro interno que termina

en el entorno de la punta del microbiosensor (200 pm de la fibra de carbono).

5.8.3.- Estimulacion eléctrica

La estimulacion eléctrica local ha sido empleada con el objetivo de estudiar el
consumo y liberacién de glucosa y lactato durante los procesos de activacién neuronal.
Dicha estimulacion ha sido generada por un estimulador bipolar Grass, modelo S-8800
conectado un electrodo bipolar. Este electrodo consiste en 2 fibras de carbono de 30
micras de diametro o dos alambres de tungsteno de aproximadamente 150 pum
(afilados por corrosién electroquimica hasta presentar unas pocas micras de didmetro
en la punta) y separados una distancia de 500 um. El estimulador ha sido colocado en
las proximidades del microbiosensor, aproximadamente a 100 pm. La corriente
aplicada ha sido de 400 a 1500 pA y se ha modificado tanto la duracién (0.1-5 s) como

la frecuencia (5-60 Hz) de la misma.

5.9.- Instrumentacién electroquimica y tratamiento de datos
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Todas las medidas in vitro e in vivo, asi como las modificaciones y la
caracterizacion electroquimica de las distintas etapas de construccién han sido
realizadas con un potenciostato Quadstad 164 (EDAQ). Los datos han sido
almacenados y tratados mediante una unidad e-corder 401 de la misma casa comercial
usando el software: Echem v 2.0 o Chart v 5.0, en funcién de las necesidades de cada
momento. Las tarjetas serigrafiadas fueron modificadas y caracterizadas con un

potenciostato DRP-STAT200 y el software DropView (Dropsens).

Los datos experimentales han sido tratados con los softwares especificos de cada
casa comercial, permitiendo obtener los pardmetros electroquimicos necesarios para el
analisis posterior: carga acumulada, potenciales de oxidacién y reduccién, altura de los

picos catédicos y anddicos, intensidad de corriente, etc.

Por otro lado, las representaciones graficas y el cédlculo de los pardmetros
cinéticos, analiticos y enzimédticos han sido calculados con el programa GraphPad

Prism v 5.0.
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RESULTADOQOS Y DISCUSIONES

6.-Resultados y discusiones
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6.1.- Desarrollo de un microelectrodo de fibra de carbono modificado con PB como
transductor selectivo para biosensores de 1% generacion, aplicaciones en el

ambito neuroquimico

Extraido de:

Salazar P, Martin M, Roche R, O'Neill RD, Gonzdlez Mora JL. Prussian Blue-
modified microelectrodes for selective transduction in enzyme-based amperometric

microbiosensors for in vivo neurochemical monitoring. Electrochimica Acta 55
(2010) 6476-6484.

Indice de impacto: 4.039 (5 tltimos afios)

En la presente publicaciéon hemos desarrollado y demostrado la idoneidad de un
microelectrodo de fibra de carbono modificado previamente con PB para detectar
H>O:. Las principales ventajas del disefio han sido sus pequefias dimensiones (® ~ 10
um) y el bajo potencial de detecciéon del H.O» (0 V frente a SCE). La electrodeposicion
ha sido realizada mediante CV en un rango de potencial entre -0.2 y +0.4 V frente

Ag/AgCla: (v= 0.1 V/s). Durante el ciclado del microelectrodo se observa un
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crecimiento paulatino en la intensidad del pico anédico y catédico, correspondiente a
la transicion PW/PB, demostrandose asi la satisfactoria electrodeposicion del PB sobre
la fibra de carbono. Posteriormente, dichos electrodos fueron activados ciclandolos 50
veces en la disolucién electrolitica soporte y sometidos a tratamiento térmico (80 °C, 1
h). Los depositos fueron caracterizados mediantes espectroscopia IR y Vis-UV. Los
datos del IR mostraron un pico agudo en 2067cm-! relacionado con el estiramiento del
enlace de Fe-CN, donde los grupos CN estan unidos a un Fe?* con caracter ioénico. Por
otro lado, mediante espectroscopia Vis-UV se observé la banda de absorcién a 672 nm
asociada a la transferencia de carga entre el Fe3* y Fe?*, y que igualmente ha sido

utilizada como prueba irrefutable de la formacién del depésito de PB.

Con el fin de optimizar las condiciones de deposicion se estudi6, por CV y CPA,
la respuesta del transductor modificado frente a la adicién de H>O», asi como el efecto
que ejercen distintos electrolitos soportes en el mecanismo de oxidacién del par
PW/PB, y por ende, en la sensibilidad para el H>O,. La respuesta (CV) frente a la
adicion de H»O: fue evidente, observandose el caracteristico comportamiento
electrocatalitico al incrementarse la concentracion de H>O: (reduccién del pico anédico
e incremento del pico catdédico). Por otro lado, se encontré6 un incremento en la
sensibilidad frente al H>O> (CPA) a medida que disminuye el radio hidratado del
cation empleado como electrolito soporte, dicho hallazgo se encontré también bien
documentado en la bibliografia. Dicho fenémeno tiene su explicacion en la
transferencia i6nica subyacente durante la reaccion de reduccién/oxidaciéon del PB.
Durante la interconversiéon del par PW/PB es necesario un flujo catiénico, de o desde
la disolucién soporte, para compensar el balance de cargas asociados al cambio del

estado de oxidacién del 4tomo de hierro. Es por ello que, en presencia de iones con
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pequeno volumen hidratado (Cs*, K*) la sensibilidad para el H>O> es mayor, puesto

que se favorece dicho flujo catiénico en el interior de la estructura cristalina.

En el presente trabajo se ha optimizado el potencial de trabajo, asi como las
posibles interferencias con el O2, otro compuesto que puede ser detectado mediante el
empleo de electrodos modificados con PB. Los resultados mostraron que el potencial
6ptimo para detectar H.O en presencia de O2 se encuentran en el rango de +0.1 a -0.2
V frente SCE, y que en igualdad de condiciones el PB es dos 6érdenes de magnitud méas
sensible al H2O,. Dichos resultados estdn de acuerdo con los datos presentados por
otros grupos y con que la forma PW, presente a potenciales < +0.1 V, es la que cataliza
la reduccién del H>O». Finalmente, se obtuvo una sensibilidad y un limite de deteccién

de 1.00 + 0.04 A M cm-2 y 110" M respectivamente.

Con el fin de optimizar la estabilidad y selectividad se procedié a realizar el
recubrimiento del microelectrodo (CFE/PB) con distintos polimeros: Nafion, PoPD y
una configuracién hibrida (Naf/PoPD). El resultado mas evidente ha sido la pérdida
de casi el 50% de sensibilidad para la configuracién (CFE/PB/PoPD), atribuida a
fenémenos difusivos. Las otras dos configuraciones presentaron una disminucién de la
sensibilidad (70-80%), que puede ser debida tanto a procesos difusivos como a una
menor electrodeposicion de PB sobre el transductor modificado previamente con
Nafion (CFE/Naf/PB/PoPD). Finalmente, la configuracién 6ptima fue seleccionada en
base a la selectividad de las distintas configuraciones frente a distintos interferentes
(DA, DOPAC, AA, AU). Sin duda alguna, la configuraciéon con PoPD present6 en
ambos casos mejores propiedades antiinterferentes. La configuracion CFE/PB/NAF
present6 baja selectividad frente a la DA. Dicho fenémeno puede entenderse a que la
DA a pH fisioldgico tiene carga neta positiva, siendo capaz de difundir a través de la

matriz polimérica.
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Con el fin de demostrar la utilidad del presente dispositivo se construyé el
primer prototipo de microbiosensor sensible a glucosa y se realizaron los primeros
experimentos in vivo de validacion. Para la construccién de dicho microbiosensor se
parti6 de un microelectrodo (CFE/PB) al que se le afiadi6 Gox, mediante
entrecruzamiento con glutaraldehido. Finalmente, se afiadi6 una capa externa de PoPD
para mejorar la biocompatibilidad del dispositivo y evitar la respuesta frente a
interferentes enddgenos. Este microbiosensor se adecu6 hasta un rango lineal préximo
a 6mM, presentando una sensibilidad de 121 + 1 pA/mM (R’= 0.998) y un limite de

deteccion de 54 pM.
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6.2.- Microbiosensores sensibles a glucosa, basados en microelectrodos de carbono

modificados con PB: Aplicaciones in vivo en el sistema nervioso central

Extraido de:

Salazar P, Martin M, Roche R, Gonzadlez Mora JL, O'Neill RD. Microbiosensors
for glucose based on Prussian Blue modified carbon fiber electrodes for in vivo

monitoring in the central nervous system. Biosensors & Bioelectronics 26
(2010) 748-753.

Indice de impacto: 5.637 (5 tltimos afios)

Si bien, en el primer trabajo se desarrollé y demostré, por primera vez, la
idoneidad de un microelectrodo de fibra de carbono modificado con PB y Gox para
construir un biosensor sensible a glucosa, en el presente articulo, se ha optimizado la
deposicién de la Gox, con el fin de obtener diferentes configuraciones y evaluar su
utilidad y viabilidad en aplicaciones in vivo. La electrodeposiciéon de PB ha sido

realizada mediante CV en un rango de potencial de -0.2 a + 0.4 V frente Ag/ AgClsa: (v=
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0.1 V/s). Posteriormente, los electrodos modificados con PB (CFE/PB) fueron
activados ciclando 50 veces en el medio electrolitico soporte y sometidos a tratamiento

térmico (100 °C, 2 h).

Una vez modificados los microelectrodos (CFE/PB), el siguiente paso consisti6
en la inmovilizacién enzimatica. La Gox se disolvié en PBS a la concentracion deseada
(300 U/ml) y se emplearon diferentes protocolos para inmovilizar la enzima (ver
detalles en apartado 3.3.1. del presente articulo y resultados en tabla 1). Uno de los
parametros estudiados fue el ntimero de inmersiones en la configuracion bésica
(CFE/PB/Gox,), siendo a el nimero de inmersiones aplicadas. Finalmente, con el
objetivo de disminuir el tiempo de modificacion, fueron seleccionadas 5 inmersiones.
Posteriormente, se intent6 aumentar la carga enzimatica mediante el uso de un
polimero catiénico (PEI), mostrando un incremento significativo en la sensibilidad y en
la carga enzimética de los dispositivos. En todas las configuraciones la retencién

definitiva de la enzima se hizo mediante entrecruzamiento con glutaraldehido.

El protocolo definitivo seleccionado fue: (1) inmersioén rédpida en 5% de PEIl y
secado durante 1 h; (2) una inmersién durante 5 minutos en Gox (300 U / ml) y secado
otros 5 minutos. Posteriormente, se procedi6 a realizar otras 30 inmersiones rapidas en
la soluciéon de Gox y dejar secar otros 5 minutos. Finalmente, se realizaron 15
inmersiones rapidas en una disolucién de glutaraldehido y se dejo secar durante 1 hora
a 37 °C. Con esta configuracién se mejoré la sensibilidad y se redujo el limite de

deteccion (ambos en 2 6rdenes de magnitud) con respecto a la configuraciéon basica.

En base a la publicaciéon anterior, se electrodeposité una capa de PoPD sobre el
biosensor y se hizo un estudio con varios interferentes (AA, AU). El primer resultado
significativo, comentado anteriormente fue la pérdida de casi el 50% de sensibilidad

debido a una menor difusién de glucosa hacia la superficie del biosensor. No obstante,
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el limite de deteccién se modifico ligeramente. El rango de linealidad encontrado para
dicha configuraciéon fue de 0.08-2 mM de glucosa, rango suficiente para realizar

medidas en el SNC, cuya concentracion se encuentra en torno a 0.5-1 mM.

El estudio de interferencias estuvo en la misma linea que la publicacion anterior,
no observandose cambios apreciables en la respuesta del microbiosensor en presencia

de AA y AU, validando asi la presente configuracion.

Dado que el pH juega un papel importante en la respuesta del microbiosensor, ya
que tanto la bioactividad de Gox como la estabilidad de la pelicula PB son pH-
dependientes, se procedi6 al estudio de la respuesta del microbiosensor a distintos pH.
De esta forma, se procedid a estudiar la respuesta del biosensor optimizado
(CFE/PB/PEl5%/Goxopt/PoPD) en un rango de pH de 6.5 a 8.5. Finalmente, los
resultados no mostraron cambios significativos en la respuesta frente a glucosa,
confirmando asi la excelente estabilidad del dispositivo y que la Gox y el PB estan bien
estabilizados en la superficie del microelectrodo de carbono. Las ventajas del presente
disefio son: (1) el PEI y el glutaraldehido, son capaces de reducir los posibles cambios
conformacionales de la enzima, puesto que la estructura terciaria y cuaternaria de la
enzima no se pueden modificar; (2) la pelicula PoPD puede, y ha sido demostrado por

el grupo de Karyakin, aumentar la estabilidad del PB.

A fin de demostrar la utilidad de este disefio, se evalu6 su respuesta in vivo frente
a cambios en los niveles de glucosa extracelular. Para ello, se examiné el efecto que
producia en su respuesta la inyeccion local de glucosa (2mM en PBS, 100 mM de NaCl)
y la despolarizaciéon con KCl (150 mM en PBS, 100 mM de NaCl). La inyeccién
localizada se realiz6 mediante el uso de una microcdnula colocada en las cercanias del

microbiosensor (50-100 um) liberando un pequefio volumen de glucosa o KCl (0.1-5

uL).
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La inyeccion de glucosa confirmé la respuesta del microbiosensor en el SNC,
observandose un incremento de la sefial durante la inyeccion de glucosa, que
posteriormente disminuye y alcanza la linea base inicial al cabo de unos segundos. Esta
disminucién posterior puede ser atribuida tanto a un fenémeno de dilucién como a
captaciéon celular de la misma. Por otro lado, la inyecciéon de KCl produjo un
incremento de los niveles de glucosa. Dicho comportamiento podria ser explicado por
una activacion neuronal y su inmediata respuesta: liberaciéon de glucosa hacia el
intersticio desde los vasos sanguineos circundantes que suplirian los costes energéticos
de dicha activacién. A su vez, la inyeccion de 5 pL de KCI mostré el comportamiento
tipico del spreading depresion (SD), donde se observa un proceso de maximo consumo, 1
minuto después de finalizar la inyeccién, que poco a poco recupera los niveles basales

iniciales, estableciéndose nuevamente un balance entre el suministro y consumo.

6.3.- Aplicaciones fisioldgicas de microbiosensores sensibles a glucosa basados en

microelectrodos de carbonos modificados con PB
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Extraido de:

Salazar P, O'Neill RD, Martin M, Roche R, Gonzilez Mora JL. Amperometric
glucose microbiosensor based on a Prussian Blue modified carbon fiber electrode for
physiological applications. Sensors and Actuators B-Chemical 152 (2011) 137-
143.

Indice de impacto: 3.751 (5 tltimos afios)

En este tercer trabajo los principales pasos de construccién del microbiosensor
sensible a glucosa han sido examinados en detalle mediante CV y EIS. A su vez, se ha
hecho un estudio detallado de la selectividad del microbiosensor optimizado frente a
un gran nuimero de posibles interferentes fisiolégicos. Finalmente, la respuesta del
microbiosensor fue analizada durante modificaciéon farmacolégica, inyecciéon
intraperitoneal y local, asi como mediante estimulacion eléctrica local, demostrandose

la utilidad del presente disefio en experimentos fisiolégicos.
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En esta ocasion el proceso de modificacion se cambi6 ligeramente con respecto a
las publicaciones anteriores. La disolucion electrolitica empleada durante la
electrodeposicion del PB fue mas acida (0.1 M KCl y HC1 0.1 M) con el fin de mejorar la
estabilidad del PB. A su vez, el protocolo de deposicion enzimédtica también fue
modificado con el objeto de optimizar la configuracién anterior. El protocolo seguido
ha sido: (1) 15 inmersiones rdpidas en una disolucién Nafion y un periodo de secado
de 30 minutos; (2) 15 inmersiones rdpidas en una disolucién de PEI y un periodo de
secado (30 min); (3) inmersién en Gox (300 U/ml) durante 5 minutos y un periodo de
secado (5 min); (4) 30 inmersiones rapidas en la solucién de Gox y secado durante 5
minutos; (5) 15 inmersiones répidas en la solucién entrecruzamiento (BSA/GLUT).
Posteriormente, todos los biosensores se curaron durante 1 hora a 37 °C y finalmente se
electrodeposité una capa de PoPD/BSA sobre cada biosensor.

Mediante el empleo de la CV se ha estudiado como cambia la respuesta del CFE
durante las diferentes etapas de construccion, confirmandose asi las modificaciones
que va sufriendo la superficie del microelectrodo. Para ello se ha usado un barrido de
potencial desde -0.2 a +0.4 V (0.1 V/s). Congruentemente, el barrido del CFE sin
modificar presenté una respuesta minima, puesto que la disolucién de trabajo no
contenia ningtn par redox. Sin embargo, después de la electrodeposicién de PB si que
aparece la curva caracteristica para el par redox PW/PB, confirmédndose asi la
existencia de dicho compuesto sobre la superficie del electrodo. Posteriormente, los
cambios en el CV de los electrodos se pueden explicar debido a dos procesos
claramente diferenciados: electrostaticos y difusivos, dado que durante la inter-
conversion PW/PB es necesario el transporte de K* o cualquier otro cation a través de
su estructura. Es por ello que, los polimeros con carga neta negativa facilitan la
reversibilidad de dicha conversién (Nafion), mientras que, los polimeros catiénicos

(PEI) ofrecen cierta resistencia al transporte de estos cationes a través de su estructura.
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Por ultimo, la electrodeposiciéon de PoPD sobre la superficie del microbiosensor mostré
una reduccién importante del CV, que justifica la disminucién de sensibilidad

encontrada en las anteriores publicaciones tras la electrodeposicion de la misma.

Por otro lado, la EIS es un método eficaz para estudiar las propiedades
interfaciales durante la modificacién de superficies conductoras. En este caso, se uso el
par redox ferro/ferricianuro (ambos cargados negativamente). El espectro de
impedancia para el CFE mostré un proceso limitado por transferencia de carga en el
rango de frecuencias estudiado. Sin embargo, la configuracion CFE/PB mostré
también la componente difusiva (tramo lineal) y redujo considerablemente la
resistencia eléctrica de la superficie sensora (disminuciéon del didmetro del tramo
circular) del proceso de oxido/reduccién del par redox empleado. Estos datos indican
que el PB mejora las propiedades conductoras favoreciendo los procesos de
transferencia de electrones. Asi mismo, las sucesivas modificaciones presentaron
pequetios cambios en el tamafio de la regién semicircular, que pueden ser atribuidas a
la facilidad o dificultad con la que ocurren los procesos de transferencia de carga entre
la superficie del electrodo y el par ferro/ferricianuro. Por dltimo, la electrodeposiciéon
de PoPD produjo un incremento significativo de la resistencia (gran incremento del
diametro de la region semicircular), que puede deberse a su naturaleza no conductora

en las condiciones de sintesis.

Para verificar las propiedades antiinterferentes del presente disefio, se evalué6 la
respuesta del microbiosensor frente a un gran ntamero de potenciales interferentes (15
en total). Los valores de selectividad obtenidos para todas las interferencias fueron <
0,15% excepto para AA (1,6%) que esta presente en el cerebro extracelular liquido a una

concentracion superior (0.4 mM).
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Finalmente, se procedi6 a la evaluacién in vivo del disefio propuesto. Para ello se
recurrié nuevamente a la inyeccion local de KCI y glucosa, mostrando un
comportamiento similar al descrito en las publicaciones anteriores. Adicionalmente, se
realizé la administracién farmacolégica de insulina (administracién intraperitoneal).
Previamente al experimento, a los animales de experimentacion se les retir6 la comida
(ayuno de 12 h) para disminuir sus niveles de glucégeno. Una vez que el
microbiosensor fue insertado se esperé aproximadamente 1 h para alcanzar los niveles
basales y posteriormente se procedié a la administracion de insulina (20 U/kg). Entre
15-20 minutos después de la inyecciéon se observé un descenso de los niveles de
glucosa extracelular que redujo aproximadamente un 70-80% los niveles basales.
Posteriormente, los niveles de glucosa fueron incrementados mediante la inyecciéon de
glucosa intraperitonealmente (1 g/Kg). La respuesta del biosensor luego de la
inyeccion de glucosa aumenté rapidamente 10 minutos después de la inyeccion,
alcanzando casi el 80% del nivel basal a los 30 minutos siguientes. Sin embargo, no se
alcanzaron los niveles basales preinsulina, probablemente debido a la influencia

duradera de esta hormona en el organismo.

Adicionalmente, se realiz6é estimulacion eléctrica local, mediante un estimulador
bipolar que se posicioné en las proximidades del microbiosensor. La estimulacién
consisti6 en una secuencia de pulsos cuadrados que se aplicaron tanto al
microbiosensor de glucosa como a un electrodo centinela (sin Gox). Bajo las
condiciones de estudio se observé que la estimulacién producia inmediatamente una
sefial tipica SD (comentado anteriormente). No obstante, posterior a la estimulacion
eléctrica, se observd, una rapida caida de los niveles de glucosa (que se podria atribuir

a un consumo por las neuronas excitadas) y luego, se observo, un incremento de la
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glucosa extracelular (probablemente debido a un aporte vascular). Por otro lado, la
estimulacion con los microelectrodos empleados como centinela no presentaron dicha
respuesta, hecho que confirma que la respuesta observada anteriormente es debida

exclusivamente a cambios de glucosa en el intersticio.
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6.4.- Electrodeposicién de PB sobre electrodos de carbono mediada por surfactantes:
mejoras en la estabilidad, en las propiedades electroquimicas y aplicacién en

microbiosensores sensibles a lactato

Extraido de:

Salazar P, Martin M, O'Neill RD, Roche R, Gonzilez Mora JL. Surfactant-
promoted Prussian Blue-modified carbon electrodes: Enhancement of electro-
deposition step, stabilization, electrochemical properties and application to lactate
microbiosensors for the neurosciences. Colloids and Surfaces B 92 (2012) 180-
189.

Indice de impacto: 3.354 (5 tltimos afios)

En las dltimas décadas el PB, el compuesto maés representativo de la familia de
los hexacianometalatos, ha recibido mucha atencién, debido principalmente, a las
propiedades electrocataliticas de su forma reducida (PW) en la reducciéon de H>Oo.
Generalmente, su electrodeposiciéon se ha realizado mediante CV en condiciones

acidas. Sin embargo, la adicion de surfactantes como el bromuro de cetiltrimetilamonio
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(CTAB), ha producido una mejora considerable en el crecimiento del depésito, en su

estabilidad y en la eficiencia de transferencia de carga.

En la presente publicaciéon se compara el efecto de diferentes tensioactivos
catiénicos como: CTAB, cloruro de bencetonio (BZTC) y cloruro de cetilpiridinio
(CPC). En la primera etapa del estudio se han empleado electrodos serigrafiados
(SPCE) debido a su alta reproducibilidad, bajo costo y configuracién conveniente en
comparacién con los electrodos de fibra de carbono (CFE) que se necesitan para la

implantacién in vivo.

La electrodeposicion de PB sobre SPCEs se realizo colocando una gota de
disolucién precursora modificada previamente con surfactante (1 mM) y se procedi6 al
ciclado entre -02 y +1 V (0.1 V/s). Analogamente, se prepararon electrodos
modificados con PB en ausencia de surfactante para comparar el efecto de los mismos.
Una vez preparados, las propiedades electroquimicas de los distintos disefios fueron
investigadas, prestando especial atencién a parametros tales como: cantidad de PB
depositado, espesor de la pelicula, transferencia de carga, permeabilidad,

reversibilidad, estabilidad y sensibilidad a la deteccién de H2O,.

Todos los electrodos modificados en presencia de surfactantes presentaron una
mejora significativa en sus propiedades electroquimicas en comparacién con los SPCE
modificados en ausencia de ellos. Asi, la cantidad depositada de PB en presencia de
surfactantes alcanzé un valor de ~ 2.05 x 10°® moles cm®, mientras que en su ausencia
tuvo un valor de 7.25 x 10® mol cm™. En consecuencia, las peliculas modificadas en
presencia de surfactantes alcanzaron un espesor de ~ 33 nm, mientras que en su
ausencia fue tan solo de ~ 12 nm. Dichos resultados indicaron que la electrodeposiciéon

de PB es mas eficiente en presencia de surfactantes catiénicos.
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Estudios andlogos realizados mediante SEM mostraron una electrodeposicion
mas eficiente en presencia de surfactante. Para ello, se electrodeposité el PB sobre
platino, con el fin de tener una mejor superficie de partida. En este caso, se aplicaron
aproximadamente 100 ciclos de deposicion, con el fin de obtener una buena imagen en
SEM, ya que se comprobé que con pocos ciclos la pelicula de PB era demasiado fina
para ser observada en detalle. Mientras que en ausencia de surfactantes, se observaron
huecos (pin-holes) sobre el platino, mostrando zonas donde no se habia producido la
electrodeposicion del PB, el depédsito, en presencia de surfactantes, mostré un
espectacular crecimiento cristalino, presentando un crecimiento columnar de
estructuras cdbicas. Finalmente, dichas imagenes corroboraron los datos anteriores,

donde se observaba una mayor electrodeposiciéon de PB en presencia de surfactante.

La permeabilidad del depésito de PB para el K*, fue 8.24 x 10" cm® s™, mientras
que para el PB depositado en presencia de surfactantes fue casi un orden de magnitud,
mayor, mostrando la configuracion PB-CTAB las mejores propiedades difusivas 8,53 x
10 ecm® s™. Por otra parte, el coeficiente de difusién para iones mas voluminosos como
el Na* fue mejorado significativamente, comprobéandose una mejor reversibilidad para
dicho ion y atenudndose la insercién irreversible que se produce al ciclar los electrodos
en presencia de Na". De esta forma, los sensores de PB modificados con surfactantes
recuperaron ~ 86% de la corriente inicial después de haber sido ciclados en presencia
de iones Na*, mientras que la configuracién basica logro alcanzar tinicamente un valor

de 40%.

El depésito obtenido en ausencia de surfactante presentd una constante de
transmisiéon electrénica (k) de 1.2 st estando en concordancia con los datos
encontrados en la bibliografia. Por otro lado, el valor del coeficiente de transferencia (o)

present6 un valor de 0.59, indicando que el proceso de transferencia electrénica no es
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del todo simétrica. Curiosamente, los depodsitos obtenidos en presencia de surfactante
presentaron menores valores para el parametro ks y mayores para el parametro a,
mostrando que los fendmenos de transferencia electrénica son mds lentos y con un
grado mayor de irreversibilidad, pudiendo estar relacionada esta observacién con el

grosor de la pelicula.

Consecuentemente, se ha hecho un estudio de la sensibilidad hacia el H.O de las
distintas configuraciones, siendo este uno de los parametros mas importantes a tener
en cuenta para evaluar la optimizacion del disefio. Los resultados obtenidos estuvieron
en consonancia con otros resultados encontrados. Los sensores modificados en
presencia de surfactantes presentaron una mayor sensibilidad frente al H.O» (0.63 A
M™ cm®), asi como un mayor rango lineal de trabajo. Dichos resultados pueden
atribuirse tanto a la mejora en la difusiéon idénica a través de su estructura
tridimensional, como al incremento de la cantidad del depésito, lo que aumentaria el

namero de centros redox disponibles para reducir al H>O».

Finalmente, se procedi6 a la construccion de un microbiosensor sensible a lactato.
Para ello, se deposité PB aplicando 3 ciclos de deposicién en presencia de BZT (1 mM)
La inmovilizacion enzimatica se realiz6 de acuerdo al siguiente protocolo: 15 y 30
inmersiones rapidas en PEI y Lox, respectivamente, con un periodo de secado de 10
minutos entre ellas; por Gltimo se sumergieron 15 veces en glutaraldehido y se curaron
durante 4 horas a 37 °C. Posteriormente, se procedio6 a la electrodeposicion via CPA de
PoPD. Finalmente, los microbiosensores se limpiaron con agua bidestilada y se

almacenaron en la nevera.

La respuesta del microbiosensor fue evaluada in vitro. De estos resultados se

desprende, al igual que en los microbiosensores sensibles a glucosa previamente
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disefiados, la idoneidad y las excelentes propiedades del disefio, si bien, el proceso de
inmovilizacién debe ser adecuado para obtener un mayor rango lineal de trabajo. El
disefio actual no mostr6 respuesta alguna frente a la adicion de AA a distintas
concentraciones, corroborando la buena elecciéon del PoPD como capa antiinterferente.
Finalmente, la sensibilidad de los microelectrodos fue estudiada durante un periodo
corto (bh de medidas continuas en PBS) y en un periodo largo (15 dias). Ambos
estudios no mostraron pérdida significativa de sensibilidad, demostrando la excelente

retencién enzimaética y la estabilidad de PB a pH fisioldgico.
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6.5.- Optimizaciéon y caracterizacion de electrodos serigrafiados de carbono
modificados con PB en presencia de surfactantes: deteccion de H>O: a bajos

potenciales

Extraido de:

Salazar P, Martin M, O'Neill RD, Roche R, Gonzilez Mora JL. Improvement
and characterization of surfactant-modified Prussian Blue screen-printed carbon
electrodes for selective H,O, detection at low applied potentials. Journal of
Electroanalytical Chemistry (2012) 674 48-56

Indice de impacto: 2.739 (5 tltimos afios)

El PB ha resultado ser un compuesto muy Ttil en la fabricacion de biosensores,
amperométricos, ya que actia como una “peroxidasa artificial”. Sin embargo, su
estabilidad operativa en medios basicos y neutros, 6ptimos para la mayoria de las
enzimas empleadas en la construcciéon de biosensores, sigue siendo un problema. La

razén de este comportamiento se atribuye a la fuerte interaccion entre los iones férricos
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e iones hidréxido para formar Fe(OH)s a pH superior a 6.4. Para resolver este
problema, se han empleado distintas aproximaciones: (1) modificacién quimica del
depdsito, (2) protecciéon con polimeros, (3) uso de surfactantes en la disoluciéon de

electrodeposicion.

Este altimo enfoque representa un método rapido y sencillo que permite mejorar:
(1) la cantidad de PB electrodepositado, (2) sus propiedades electrocataliticas, (3) su

sensibilidad frente al H2O>, (4) su estabilidad en medios neutros y bésicos.

En la presente publicacion se ha optimizado la electrodeposiciéon de PB en
presencia de BZTC. Para ello, se ha optimizado la concentracién de surfactante
empleado, asi como sus condiciones de electrodeposicion. Los principales pardmetros
estudiados en dicha optimizacién han sido: (1) reversibilidad, (2) cantidad de depésito
generado, (3) coeficiente de difusion para el K, (4) estabilidad, (5) sensibilidad frente al

H,0,.

La electrodeposicion de PB sobre SPCEs se realizo colocando una gota de
disolucion precursora con diferentes concentraciones de surfactante (0-5 mM),
procediendo posteriormente al ciclado (CV) entre -0.2 y +1 V (0.1 V/s). Del andlisis de
estos resultados se desprende que la concentraciéon de surfactante 6ptima es 2mM,
probablemente, siendo esta su concentracién miscelar critica en las condiciones de
trabajo. En estas condiciones, la cantidad depositada de PB alcanz6 un valor de ~ 6.3 x
10® moles cm™, mientras que en su ausencia tuvo un valor de 9.71 x 10 mol ecm™. En
consecuencia, las peliculas obtenidas en condiciones 6ptimas alcanzaron un espesor de

~ 122 nm, mientras que en su ausencia fue tan solo de ~ 16 nm.

El analisis estructural (SEM) revelé una clara diferencia morfolégica en los

depositos, dependiendo ésta de la concentraciéon de surfactante empleada. Mientras

124



que el depésito de PB sintetizado en ausencia de BZTC mostré un espesor muy fino
(apreciable s6lo a mayores aumentos), en condiciones 6ptimas el depodsito de PB
mostré un excelente recubrimiento. En contraste, a una concentracién elevada de
surfactante (6 mM) la electrodeposicion de PB fue practicamente inhibida,

posiblemente debido a la formacién de micelas en estas condiciones.

Los datos obtenidos mediante EIS mostraron nuevamente que en presencia de
surfactante la resistencia de transferencia de carga es menor. De estos resultados se
desprende que las propiedades conductoras del depdsito mejoran considerablemente,

siendo nuevamente la concentracion de 2 mM la que mejor resultados presenta.

Con el fin de comparar la actividad electrocatalitica de distintas configuraciones
(0 y 2 mM de BZTC) se analizé su respuesta frente al H>O». El andlisis de la
dependencia del pico catédica frente a la velocidad de barrido y la raiz cuadrada de
velocidad de barrido sugiere un comportamiento puramente difusivo. Por otro lado,
mediante cronoamperometria, se obtuvo el coeficiente de difusion para el H»O,
presentando ambas configuraciones un valor ~ 5.5x 10° cm® s™, valores consistentes
con los encontrados en la bibliografia. Mediante cronoamperometria también se
determiné la constante catalitica (Ku:) para dichas configuraciones, encontrandose
nuevamente que la configuracién obtenida en presencia de BZTC (2mM) es la que

presenta mejores resultados.

Se volvié a estudiar la estabilidad de los sensores en presencia de iones Na®,
obteniendo resultados similares a los anteriormente publicados. Estos datos revelan
que, el dafio causado por la insercién irreversible de iones Na’, una caracteristica
indeseable para los sensores disefiados para aplicaciones biolégicas, es atenuado en las

condiciones 6ptimas de electrodeposicion encontradas.
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Con el fin de estudiar la estabilidad de PB frente al pH, se han examinado
distintas configuraciones mediante CV. Los sensores fueron ciclados 100 veces en
disoluciones ajustadas en un amplio rango de pH. La actividad residual se calcul6
utilizando la intensidad del pico andédico antes y después del ciclado. Los resultados
mostraron una baja estabilidad del depdsito de PB en ausencia de surfactante, incluso
en medios acidos, con un descenso significativo de la sefial (~ 70%) a pH 7,4. Por el
contrario, la configuracién optimizada, BZTC(2mM)/PB, mostr6é una mejor estabilidad,
conservando el 100% de la sefial por debajo de pH 6, y perdiendo sélo el 10% de la
sefial inicial al final de los 100 ciclos a pH 7 4.

La etapa de calibracion mostré que la configuraciéon optimizada presenta una
mayor sensibilidad (1.07 + 0.03 A M* cm?, n = 5), mejorando significativamente los
valores encontrados en la literatura para electrodos serigrafiados. El estudio de
interferencias se realizé6 empleando el AA como prototipo de interferente endégeno. A
su vez, se optimizé el potencial aplicado para minimizar dicha contribucién. Del
analisis de resultados se concluy6 que el rango 6ptimo de potencial se encuentra entre -

0.05y -0.15V, donde la relacién de selectividad es menor del 1%.

Finalmente, la estabilidad a largo plazo de los sensores modificados con PB fue
estudiada. Para ello, se comprobé la sensibilidad frente al H.O> de distintos sensores
almacenados en seco, en la oscuridad y a temperatura ambiente. Del presente estudio
se concluy6é que: al menos durante el periodo estudiado (4 meses) los sensores

retuvieron aproximadamente el 90% de su sensibilidad inicial.
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6.6.- Desarrollo de un microbiosensor basado en fibras de carbono modificado con

PB para medir lactato en el espacio extracelular del tejido cerebral

Extraido de:

Salazar P, Martin M, O’Neill RD, Roche R, Gonzdlez Mora [L. Biosensors
based on Prussian Blue modified carbon fibers electrodes for monitoring lactate
in the extracellular space of brain tissue. International Journal of
Electrochemical Sciences 7 (2012) 5910-5926.

Indice de impacto: 3.729 (2011)

En esta altima publicacién se ha presentado un microbiosensor sensible a lactato,
analogo a los microbiosensores de glucosa ya presentados en trabajos anteriores.
Nuevamente se ha optimizado el procedimiento de fabricaciéon y se ha validado su
respuesta frente a algunos de los interferentes mas comunes en el SNC. Finalmente, se
presentaron algunos resultados in wvivo, incluyendo: estimulacién farmacolégica,
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tisiologica y electrofisiologicas, que demostraron que el presente disefio es adecuado

para explorar el papel del lactato en el SNC.

La electrodeposicion del PB se ha realizado de forma andloga a las anteriores
publicaciones. La caracterizacion electrocréomica de PB (CV, EIS, FTIR y Vis-UV) ha
coincidido con los datos presentados anteriormente. Adicionalmente, en esta
publicacién, se ha estudiado cémo afecta la estabilizacién térmica en dichas
propiedades. Los datos obtenidos mediante CV muestran una progresiva disminucién
de los picos de oxidacion/reducciéon y una importante pérdida de actividad
electroquimica a 200 °C. Los espectros FTIR y absorbancia (Vis-UV) reproducen la
caracteristica banda a 2067 cm™ (vibracién del enlace Fe-CN) y la banda de absorcién a
672 nm (transferencia de carga entre Fe’* a Fe? "), respectivamente. Por otro lado, en el
espectro FTIR se observé una banda ancha en las altas frecuencias (~ 3000 cm™) debida
a las tensiones del enlace OH del agua. Esta tltima banda fue reducida mediante el
tratamiento térmico, si bien la banda a 2067 cm™ también disminuy6 y desapareci6 a
200 °C. El espectro Vis-UV mostr6 un comportamiento similar al discutido
anteriormente, aunque a 200 °C mostré una banda entre 300 y 400 nm, que corresponde
a la region de longitud de onda de Fe>Os3, indicando que el tratamiento térmico a altas
temperaturas produce la oxidaciéon del PB a ¢xidos de hierro. En vista de estos

resultados, la temperatura de 100 ° C fue seleccionada como temperatura 6ptima.

Siguiendo los protocolos ya descritos anteriormente se procedio a la construccion
del microbiosensor sensible a lactato, fijando por defecto el nimero de inmersiones
rapidas en la disolucién enzimatica en 30. El primer parametro investigado fue la
concentracion enzimatica, construyéndose varios microbiosensores con diferentes
concentraciones de Lox (25, 50 y 100 U ml™"). Las curvas de calibracién de estos

biosensores muestran que la concentracién de 100 U ml™* presenta los mejores
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resultados con una Vmax 15 veces mayor que la concentracién mas baja, siendo dicha

concentracion, el valor seleccionado para el resto de la investigacion.

El siguiente paso en la optimizacion fue estudiar cémo afecta el PEI
(polielectrolito catiénico) en la carga de enzimadtica. En este contexto, se determiné la
concentracion 6ptima de PEI y en como afectaba el contenido de agua en la carga
enzimética. En respuesta a la primera pregunta, se construyeron varias configuraciones
usando distintas disoluciones de PEI en agua (1, 25 y 5% w/v). Los resultados
mostraron que tanto la concentracién de 2.5 como la de 5 % w/v duplicaban la carga
enzimdtica respecto a la obtenida con la concentraciéon de 1% w/v. Finalmente la
concentracion de 2.5% w/v PEI fue seleccionada para posteriores estudios. Hasta este
momento, se habia trabajado con un periodo de secado de 5 minutos entre las
disoluciones de PEI y las de Lox. Con el fin de estudiar como afectaba este parametro
en la carga enzimdtica, se elaboraron diferentes electrodos, empleando distintos
tiempos de secado. Los resultados sugieren que al aumentar el tiempo de secado se
consigue una mayor carga enzimaética, presentando la configuracién con 15 minutos de
secado una carga enzimdtica aproximadamente 3 veces mayor que para la
configuraciéon en donde se ha sumergido el microelectrodo seguidamente en la
disolucién enzimatica (t= 0). En base a estos resultados, el tiempo de secado se

aumento a 15 minutos en los estudios posteriores.

El daltimo paso en la construccién del microbiosensor fue la electrodeposicion de
una PoPD en su superficie para mejorar la selectividad y la compatibilidad biol6gica
del dispositivo. Los primeros resultados mostraron una pérdida significativa de
sensibilidad (~ 60%) que se puede atribuir a varios factores tales como: la desactivaciéon
enzimaética, la formacion de una barrera difusiva en superficie, etc. Dicha configuracién

present6 una sensibilidad de ~ 42 nA mM™ cm?, un rango lineal préximo a 0,6 mM, y
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un limite de deteccion de ~ 6 uM (S/N = 3). Teniendo en cuenta que la concentracién
en el SNC de lactato es de ~ 0,4 mM y que, durante la activacion neuronal, los cambios
registrados pueden alcanzar ~ 200% de su concentracién basal (~ 0,7 mM), esta
configuracién presenta una excelente sensibilidad, pero el rango lineal esta bastante

ajustado para su uso en aplicaciones fisiolégicas.

Finalmente, se aument6 el rango lineal de la configuracién anterior mediante la
adicion de una capa externa de Nafion. El protocolo consisti6 en realizar tres
inmersiones en una disolucién alcohodlica de Nafion (5%). Un ntimero mayor de
inmersiones produjo la pérdida total de sensibilidad del microelectrodo,
principalmente, debido a las repulsiones electrostaticas entre los aniones lactato y los
grupos sulfonatos del dicho polimero. En esta configuracion la sensibilidad fue inferior
~ 12 nA mM* ecm™, sin embargo, se logré obtener un limite de deteccion (~20 puM)

aceptable y un rango lineal méas apropiado para los estudios fisiolégicos (~ 1.2 mM).

Otros dos pardmetros importantes a tener en cuenta en el disefio de sensores
electroquimicos para aplicaciones in vivo son: estabilidad frente a la floculacién de
proteinas en su superficie y respuesta frente a distintos interferentes endégenos. Para
responder a la primera cuestion, se sumergieron diferentes biosensores con y sin PoPD
durante 18 horas en una disoluciéon de BSA y se comprobé su sensibilidad frente al
lactato antes y después. En vista de los resultados se concluyé que ambas
configuraciones eran 6ptimas para su uso en el SNC. Por otro lado, en el estudio con
distintos interferentes, la configuracioén sin PoPD, no mostré respuesta para la mayoria
de interferentes (resultado del bajo potencial aplicado para detectar H>O»). Sin
embargo, la adicion de AA a la concentracién basal (0.2 mM) si produjo una respuesta
clara, lo que puso de manifiesto la necesidad de afiadir PoPD a la configuracion

definitiva. Finalmente, el microbiosensor de lactato optimizado, con un capa externa
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POPD/Naf, superé el test de interferencias, concluyendo asi el proceso de

optimizacion y fabricacién del microbiosensor.

Una vez finalizada la etapa de optimizacion, el siguiente paso fue estudiar la
respuesta del microbiosensor en experimentos in vivo en el SNC. Para ello, se trabajo
con ratas Sprague Dawley macho anestesiadas. Bajo estas condiciones, y con los
microelectrodos de lactato previamente calibrados, se obtuvo una concentracién basal
de 0.36 £ 0.02 mM (media + DE, n = 5), valor acorde al encontrado en la bibliografia.
Los estudios farmacologicos y la estimulacion eléctrica local mostraron cambios
evidentes en la concentracion de lactato en el intersticio, coincidiendo con otros datos
publicados en la literatura. Finalmente, se procedi6 al estudio simultaneo de los niveles
de lactato y O bajo estimulacion electrofisioldgica. Los resultados muestran un
consumo de lactato inicial y un aporte posterior a la estimulacion, mientras que el O2
descendi6 ligeramente después de la estimulacion. Teniendo en cuenta estos
resultados, todo parece indicar que el lactato podria ser sintetizado y/o exportado al
compartimento extracelular no solo en condiciones andxicas severas, sino también,
podria ser usado como sustrato energético durante los procesos de activacién neuronal

en condiciones fisioldgicas normales.
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CONCLUSIONES

7.-Conclusiones

En la presente memoria de tesis doctoral se han desarrollado microbiosensores
orientados a cuantificar las concentraciones de glucosa y lactato en el espacio
extracelular del sistema nervioso central de animales de experimentacién. A su vez,
durante el desarrollo de dichos microbiosensores, se ha realizado un estudio
metodolégico de las modificaciones previas con Azul de Prusia y de los protocolos de

inmovilizacién enzimaéatica.
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A modo de resumen podemos citar las siguientes conclusiones:

1)  Se ha desarrollado y demostrado la idoneidad de microelectrodos de fibra de
carbono de pequefias dimensiones (® ~ 10 pm) modificados previamente con Azul de
Prusia para detectar H.O» a bajo potencial, lo cual permite disminuir los artefactos y la

excitacion neuronal derivada de aplicar elevados potenciales de trabajo.

2)  Se ha estudiado y optimizado las condiciones de electrodeposicién del Azul de
Prusia. Los resultados mostraron que el potencial 6ptimo para detectar H.O:> se
encuentran en el rango de +0.1 a -0.2 V frente SCE, obteniéndose una sensibilidad y un
limite de deteccién de 1.00 + 0.04 A M cm=2 y 1 10 nM respectivamente. También se
han utilizado distintos polimeros para mejorar la estabilidad y selectividad del
microsensor para H>O», encontrando idéneo para tales fines el empleo de la poli-o-

fenilendiamina.

3)  Se ha demostrado el efecto beneficioso del empleo de distintos surfactantes como
el bromuro de cetiltrimetilamonio (CTAB), el cloruro de bencetonio (BZTC) y el cloruro
de cetilpiridinio (CPC) durante la electrodeposicion de Azul de Prusia sobre tarjetas
serigrafiadas. Produciendo una mejora considerable en el crecimiento del depdsito, asi
como en la estabilidad, permeabilidad y eficiencia de transferencia de carga.
Finalmente, la sensibilidad frente al H>O> ha mejorado significativamente los valores

encontrados en la literatura para configuraciones analogas.

4) Se han desarrollado protocolos de modificacién y optimizacién para la
construcciéon de microbiosensores amperométricos enzimaticos de primera generacion
para medir glucosa y lactato. El estudio concienzudo de cada una de las variables de
construcciéon (materiales de partida, protocolos de modificaciéon, etc.) ha permitido
desarrollar microbiosensores con la sensibilidad, selectividad, tiempo de respuesta,

rango lineal y limite de deteccion adecuados para trabajar en el SNC.

5)  Se ha demostrado la utilidad de los microbiosensores de glucosa y lactato

elaborados mediante evaluacion de la respuesta in wvivo en animales de

134



experimentacion. Obteniéndose concentraciones basales para glucosa y lactato de 1.2 y
0.4 mM respectivamente, valores ampliamente recogidos en la bibliografia. Ademas, se
comprobd la respuesta de dichos microbioensores frente a cambios en los niveles
basales de glucosa y lactato mediante estimulaciéon eléctrica local, inyeccién

farmacolégica local e intraperitoneal, administracion de gases, etc.

6)  Se ha resuelto el problema de la limitaciéon estequiométrica derivada de las bajas
concentraciones de oxigeno en el SNC (déficit de oxigeno) mediante el empleo de
polimeros fluorocarbonados (Nafion, H700). De esta forma, se han obtenido
microbiosensores de glucosa con mayor sensibilidad y un rango de trabajo 6ptimo para

estudios fisiolégicos (ver anexo 1I: otras publicaciones).

7)  Se han realizado medidas simultaneas de la respuesta hemodinamica (flujo local
sanguineo) y de los niveles de glucosa extracelular frente a estimulacion eléctrica local.
El presente disefio permitié optimizar el espacio de trabajo en la ventana craneal y el
estudio simultdneo de ambas variables. Los resultados mostraron una correlacién
positiva (R* ~ 0.94) entre el flujo y la concentracién extracelular de glucosa en el
intersticio, pese a que se registr6 un ligero desacoplamiento entre ambas variables (ver

anexo II: otras publicaciones).

8)  En base a los resultados obtenidos concluimos que los microbiosensores de
glucosa y lactato desarrollados y descritos en la presente memoria son adecuados para

su uso en estudios neurometabolicos en el SNC de animales de experimentacion.
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TRABAJOS FUTUROS

8.- Trabajos futuros

Durante el desarrollo de la presente tesis, y especialmente durante esta dltima
etapa he podido ampliar mis conocimientos en el 4rea de los biosensores trabajando
con nuevas enzimas (glutamato oxidasa, peroxidasas) y materiales (nanotubos de carbono,
nanoparticulas, nanoparticulas magnéticas, anticuerpos). A su vez, he podido interactuar

con otros grupos de investigacion nacionales e internacionales. En el panorama actual
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tenemos que promover la conexién con otros grupos de biosensores, especialmente

cuando en Canarias no existen grupos de investigaciéon importantes en dicha area.

El ambito de la Biotecnologia y la Biomédica ofrecen una gran diversidad de
aplicaciones en el ambito de los biosensores como herramienta de diagnéstico, de
control de procesos y calidad, asi como en estudios de modelos animales. Una vez
terminada esta etapa, solo espero poder continuar en la investigacién, desarrollo y
aplicacion de biosensores, ya sea en el sector publico o en el privado, entendiendo
necesaria la estrecha colaboracién entre ambos sectores para hacer sostenible la

investigacion y el desarrollo tecnolégico en Canarias.
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ANEXOS

9.-Anexo I: Publicaciones

138



Electrochimica Acta 55 (2010) 6476-6484

Contents lists available at ScienceDirect

Electrochimica Acta

journal homepage: www.elsevier.com/locate/electacta

Prussian Blue-modified microelectrodes for selective transduction in
enzyme-based amperometric microbiosensors for in vivo neurochemical

monitoring

P. Salazar®*, M. Martin?, R. Roche?, R.D. O’Neill®, ].L. Gonzalez-Mora?

a Neurochemistry and Neuroimaging Group, Faculty of Medicine, University of La Laguna, La Laguna, Tenerife, Spain
b UCD School of Chemistry and Chemical Biology, University College Dublin, Belfield, Dublin 4, Ireland

ARTICLE INFO

Article history:

Received 12 March 2010

Received in revised form 8 June 2010
Accepted 12 June 2010

Available online 19 June 2010

Keywords:

Carbon fiber electrodes
Hydrogen peroxide
Prussian Blue
Poly(o-phenylenediamine)
Biosensor

1. Introduction

1.1. Prussian Blue

ABSTRACT

Prussian Blue-modified carbon fiber microelectrodes (CFE/PBs) are proposed as an alternative to the
more conventional metal transducers used for H,0,-detecting biosensors in brain extracellular fluid
(ECF). The main advantages of this approach are the very small dimensions (~10 wm diameter) and the
low applied potentials needed (0.0 V versus SCE). Electrocatalytic and physiochemical properties of PB
deposits were studied using cyclic voltammetric (CV), amperometric and spectroscopic methods (FTIR
and VIS). Optimized CFE/PB microsensors displayed a H,0, current density of 1.00+0.04AM~! cm—2
with a detection limit of 108 M. Furthermore, to improve stability and selectivity properties, several
polymeric films were investigated: Nafion, poly(o-phenylenediamine) (PoPD), and a hybrid configuration
of these two polymers. Finally, the PoPD film was selected due to its excellent anti-interference prop-
erties. The use of this permselective film also enhanced the stability of PB against solubilization at high
pH, albeit at the expense of slightly lower H,0; sensitivity (0.48 + 0.02 AM~! cm~2) and higher detection
limit (~10-7 M). However, the use of the PoPD film significantly enhanced the selectivity against the main
endogenous brain interference species (ascorbic acid, uric acid, dopamine and 3,4-dihydroxyphenylacetic
acid), expressed as the ratio of the sensitivity slopes (Su, 0, /Sinterference ), Which was close to 600 for all inter-
ference molecules studied. A prototype of a CFE/PB-based glucose microbiosensor design is presented,
together with preliminary studies of its characteristics in vitro and its functionality in brain ECF in vivo.
© 2010 Elsevier Ltd. All rights reserved.

Nowadays its electrochemical behavior is well-understood with
cyclic voltammograms of PB-modified electrode showing two pairs
of almost reversible and symmetrical peaks [10]. The first peak pair
corresponds to the interconversion of PW and PB forms, and the

Prussian Blue (PB), Fe4[Fe(CN)g]s, belongs to a transition metal
hexacyanometallate family [1] and is the oldest coordination com-
pound known and used [2]. Electrochemical properties of PB films
are known since 1978 when Neff [3] reported the successful depo-
sition of a thin layer on a platinum foil. A large number of studies
followed, and different methods for the preparation of PB-modified
electrodes have been described [4-7]. In 1984, Itaya et al. [8]
showed that the reduced form of PB (Prussian White, PW) displayed
catalytic activity for the reduction of O, and H,0,. The zeolite struc-
ture of PB, with a cubic unit cell of 1.02 nm and channel diameters
of about 0.32 nm [9], allows the diffusion of low molecular weight
molecules (such as O, and H,0,) through the crystal structure.

* Corresponding author at: School of Medicine, University of La Laguna, Depart-
ment of Physiology, Campus Ciencias de La Salud, 38071 La Laguna, Tenerife, Spain.
Tel.: +34 922 319363.

E-mail address: psalazar@ull.es (P. Salazar).

0013-4686/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2010.06.036

second pair from PB to Prussian Green (PG) and its reversal. The
electron transfer reactions in the presence of potassium chloride
as supporting electrolyte may be formulated as follows:

(PB) Fe(Ill)4[Fe(I1)(CN)g |5 +4e~ + 4K+

— (PW)KyFe(Il)4[Fe(I1)(CN)s I3 (1)

(PB) Fe(Ill)4[Fe(11)(CN)g]3 + 3C1~
— (PG)Fe(Ill)4[Fe(I1)(CN)g]5Cl5 + 3e~ 2)

corresponding to peaks at 0.1V and 0.9V versus SCE, respectively
[11-13].

Electrochemical properties such as formal electrode potential,
sensitivity, stability and electron transfer rate constants of the
PB/PW and PB/PG conversions depend on deposition method, pH,
nature and concentration of the supporting electrolyte, etc.[14,15].
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As can be seen in Egs. (1) and (2), these reduction and oxidation
reactions are supported by free diffusion of cationic and anionic
species, respectively. In the present work we focus on the first
peak (conversion from PB to PW). Due to this mechanism, only
cations with small hydrated radii, such as K*, NH4*, Rb* and Cs™,
can support this electrochemical activity by diffusing across the
PB structure during iron center oxidation/reduction. On the other
hand, Na*, Li*, Mg2*, Ca?* can be described as blocking cations of
the PB film, due to their larger hydrated radii inhibiting the free
diffusion referred to above [1,16,17].

The principal handicap of PB is related to its high solubility at
neutral and basic pH, although in acid conditions it shows good
sensitivity and stability [18,19]. Different pH stability studies indi-
cate that PB films can be made more stable in basic media by
changing the deposition procedure, thus modifying slightly PB
three-dimensional structure and avoiding OH~ diffusion across
the crystal [20,21]. However, a more practical approach has been
the use of protective polymer films deposited over PB to enhance
both its operational stability and selectivity against electroactive
species. Several polymers have been used, such as Nafion, polypyr-
role, polyaniline and poly(o-phenylenediamine) [10,17,22]. These
films partially block access of interference through different mech-
anisms (e.g., size and/or charge exclusion). Recently, Lukachova et
al. have described a PoPD-coated, PB-modified macrodisk electrode
with moderate hydrogen peroxide sensitivity of 0.3AM~1cm—2,
high selectivity ratio (~600) against ascorbic acid (main endoge-
nous interference in physiological media), and high stability under
continuous flow of 0.1 mM H,0-, (almost total retained sensitivity
after 20 h) [22].

1.2. Prussian Blue-modified biosensors

Although the birth of biosensors occurred in the early 1960s
[23], when Clark and Lyons coupled an enzyme (glucose oxidase,
Gox) to an amperometric electrode for detecting O, and PB elec-
trochemical properties have been known since the late 1970s, the
first work on biosensors involving the use of a PB-modified elec-
trode was not reported until 1994 [24-26]. In these first reports,
the authors proposed the use of PB-modified electrodes as an
alternative to the traditional Pt transducer used to detect H,05.
During the last decade, a great number of studies involving PB have
appeared using different biosensor configurations (carbon paste,
screen-printing, glassy carbon, etc. substrates) and different oxi-
dase enzymes (glucose oxidase, lactate oxidase, glutamate oxidase,
etc.) [27-29].

On the other hand, in the neuroscience field traditional first-
generation biosensors based on noble metal transducers [30], and
second-generation biosensors based on artificial redox mediators,
have been generally used [31]. Thus, the main purpose of the
present work is to present CFE/PBs as an alternative for implantable
microbiosensor designs.CFE/PBs were characterized, optimized,
coated with permselective polymers, and a range of endogenous
interferences in brain ECF (ascorbic acid, uric acid, dopamine, and
3,4-dihydroxyphenylacetic acid) tested. In addition, a prototype of
a CFE/PB-based glucose microbiosensor is presented, together with
preliminary studies of its characteristics in vitro and its responsive-
ness in brain ECF in vivo.

2. Experimental
2.1. Reagents and solutions
The enzyme glucose oxidase (Gox) from Aspergillus niger (EC

1.1.3.4, type VII-S, lyophilized powder), glutaraldehyde (Glut, 25%
solution) were obtained from Sigma Chemical Co., and stored

at—21 °C until used. All chemicals, including o-phenylenediamine
(0-PD), polyethyleneimine (PEI), NaCl, KCl, CaCl,, MgCl,, FeCls,
K3[Fe(CN)g], HCI (35%, w/w), Hy0, (30%, w/v), Nafion (5wt.% in
a mixture of lower aliphatic alcohols and water), bovine serum
albumin (BSA, fraction V), glucose and phosphate buffer saline
(PBS, pH 7.4 containing 0.1 M NaCl) were obtained from Sigma and
used as supplied. Endogenous interference species were obtained
from Aldrich (ascorbic acid, AA, and 3,4-dihydroxyphenylacetic
acid, DOPAC) and Sigma (dopamine, DA, and uric acid, UA). All
solutions were prepared in doubly distilled water (18.2 M2 cm,
Millipore-Q). The stock calibration solution of H,O, (10 mM) was
prepared in water just before its use. Stock solutions of glucose (1
and 0.25 M) were prepared in water, left for 24 h at room tempera-
ture to allow equilibration of the anomers, and then stored at 4°C.
300 mM of o-PD monomer solution was prepared using 48.6 mg
of 0-PD and 7.5 mg of BSA in 1.5 ml of N;-saturated PBS, and soni-
cated for 15 min. Carbon fibers (7 wm diameter) were obtained from
Goodfellow, glass capillaries from Word Precision Instruments Inc.,
250 pm internal diameter Teflon-coated copper wire from RS, and
silver epoxy paint was supplied by Sigma. An in-house microinjec-
tion cannula was constructed using fused silica capillary (75 pm
inner diameter) supplied by Composite Metal Service, Hallow, UK.

2.2. Instrumentation and software

Experiments were computer controlled, using data acquisition
software EChem™ for cyclic voltammetry and Chart™ for con-
stant potential amperometry. The data acquisition system used was
e-Corder 401 (EDAQ) and a low-noise and high-sensitivity poten-
tiostat, Picostat (EDAQ). To electro-deposit and activate PB film,
an in-house Ag/AgCl/saturated KCI reference and platinum wire
auxiliary electrode were used. Transmittance spectra of PB films
were recorded in the range 300-1000 nm with respect to air in a
Transpec® photodiode array spectrophotometer. FTIR spectra were
recorded with respect to air, using a Varian 670-IR spectropho-
tometer in the range 4000-400cm~!.

The electrochemical characterization experiments, H;O, and
glucose calibrations were done in a 25 mL glass cell at 21 °C, using
a standard three-electrode setup with a commercial saturated
calomel electrode, SCE (CRISON Instrument S.A.), as the reference
and platinum wire as the auxiliary electrode. The applied poten-
tial for amperometric studies was 0.0V versus SCE, unless stated
otherwise. H,0, and glucose calibrations were performed in qui-
escent air-saturated PBS (following stabilization of the background
current for 20-30 min) by adding aliquots of H, O or glucose stock
solution. After each addition, the solutions were stirred for 10 s and
then left to reach the quiescent steady-state current.

2.3. Preparation of the working electrodes

2.3.1. Fabrication of carbon fiber electrodes

CFEs were constructed using the following steps. Carbon fibers
(diameter 7 pm, 20-50mm in length) were attached to Teflon-
coated copper wire (diameter 250 wm), using high purity silver
paint, and dried for 1 h at 80 °C. The borosilicate glass capillary was
pulled to atip using a vertical microelectrode puller (Needle/Pipette
puller, Model 750, David Kopf Instruments). After drying, the car-
bon fiber was carefully inserted into the pulled glass capillary tube
under a microscope, leaving 2-4 mm of the carbon fiber protrud-
ing at the pulled end. Subsequently, the carbon fiber was cut to
the desired length (approximately 250 or 500 wm), using a micro-
surgical scalpel. At the stem end of the capillary tube, the copper
wire was fixed by casting with non-conducting epoxy glue; the
carbon fiber was also sealed into the capillary mouth, using the
non-conductive epoxy glue. Finally, CFEs were dried again for 1h,
and were optically and electrochemically inspected before use.
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2.3.2. PBdeposition onto carbon fiber electrodes

CFEs were modified by means of electro-deposition and acti-
vation of a PB film. The PB layer was electro-deposited using cyclic
voltammetric (CV) methodology, applying 3 cyclic scans within the
limits of —0.2 to 0.4V at scan rate of 0.1V/s in a fresh de-aerated
solution containing 1.5 mM K3[Fe(CN)g] and 1.5 mM FeCls in 0.1 M
KCI and 3 mM HCI. These CFE/PBs were cleaned in doubly distilled
water and activated by applying another 50 cycles in de-aerated
electrolyte solution (0.1 M KCl and 3 mM HCl), using the same pro-
tocol. Before being used, the CFE/PBs were cleaned again in doubly
distilled water for several seconds. Finally, the PB film was tem-
pered at 100°C for 2 h.

2.3.3. PoPD deposition onto carbon fiber electrodes

To enhance PB stability at neutral pH and selectivity against
principal endogenous brain interference species, several perms-
elective polymer coatings were employed: PoPD-BSA electro-
deposited; cast Nafion coatings; and a mixed method with Nafion
modification before the electro-deposition of the PoPD-BSA film
(discussed below). Electrosynthesis of PoPD was carried out with
a standard three-electrode setup; an in-house Ag/AgCl/saturated
KCI was used as the reference electrode and platinum wire as the
auxiliary electrode. The electropolymerization was performed in
PBS containing 300 mM o-PD, using two approaches: by CV (scan
rate: 0.05V/s, limits: 0-0.8 V) and by applying a constant potential
(+0.75V) for 20-25 min. BSA was included in the monomer solu-
tion because globular proteins trapped in the PoPD polymer matrix
can improve its permselectivity under some conditions, as well as
acting as a model for trapped enzyme molecules in biosensor appli-
cations [32-34]. For clarity in the nomenclature, however, the term
BSA will be omitted in all sensor configurations.

2.34. Invivo experiments

Experiments were carried out with male rats of ~300g
(Sprague-Dawley) in accordance with the European Communities
Council Directive of November 24, 1986 (86/609/EEC) regarding
the care and use of animals for experimental procedures, and ade-
quate measures were taken to minimize pain and discomfort. The
rats were anesthetized with urethane (1.5 g/kg), immobilized in a
stereotaxic frame, and body temperature maintained at 37 °Cwith a
heating blanket. The skull was surgically exposed and a small hole
drilled for microbiosensor implantations. The biosensor, Ag/AgCl
reference electrode and platinum auxiliary electrode were placed
in the cortex, and the skull kept wet with saline-soaked pads. The
reference potential provided by the Ag/AgCl wire in brain tissue was
very similar to that of the SCE. Local microinjection was performed
using a microcannula based on a fused silica capillary tube with
75 pminner diameter located 400 wm from the recording electrode

tip.

3. Results and discussion
3.1. Prussian Blue electro-deposition

A PB layer was electro-deposited onto CFEs, by applying three
cyclic scans (CV) within the limits of —0.2 to 0.4V versus SCE
at scan rate of 0.1V/s, in a fresh de-aerated solution containing
1.5 mMK3[Fe(CN)g] and 1.5 mM FeCl3 in 0.1 M KCl and 3 mM HCL.
With these parameters a thin film of 3-4 wm thickness was mea-
sured using the Leica microscope (New York Microscope Company
Inc.) and the Andor iXonEM DU-897 back-illuminated EMCCD cam-
era (ANDOR™ technology). Fig. 1a shows CV electro-deposition
with four scans. A clear increase in the peak currents occurred due
to the deposition of PB onto the CFE. The formal electrode potential
was centered at about 0.1V and AEp ~52mV showing a mono-
electronic process per unit of Fe, which is in good agreement with
datareported previously [11-13]. Such voltammograms reflect the
regular structure of PB with homogeneous distribution of electron-
and ion-transfer rates throughout the film [13].

During the activation step, conversion between insoluble (free
of potassium) and soluble forms of PB (KFe[Fe(CN)g]) occurs, as
discussed previously [35] During this conversion a disruption of
the structure occurs and one quarter of the high-spin Fe3* is lost;
instead a potassium ion occupies interstitial sites in the structure
of soluble PB film [16]. Here, the term solubility refers to the ease
with which Fe3* is exchanged by potassium, and is not related with
the solubility in water. Fig. 1b shows conversion between soluble
and insoluble forms [21]. During conversion, the two peaks become
slightly narrower and sharper, and after ~20 cycles the voltam-
mogram is stabilized, while the formal potential does not change
appreciably during activation cycles.

Once PB had been electrosynthesized, it was characterized
by means of CV, FTIR and VIS techniques. Fig. 2a shows CV of
KFe[Fe(CN)g]; two characteristic peaks due to conversion of PW/PB
and PB/PG appear well defined with formal potentials of ~0.10V
and ~0.85V, close to values reported previously [11-13]. AE, of the
first peak pair (PW/PB) was close to 59 mV, showing a clear mono-
electronic and reversible behavior, and can be attributed to the
reversible redox interconversion between the two forms, reduced
and oxidized species of PB; see Eq. (1).

Absorbance spectrum (Fig. 2b) of an as-deposited PB film
showed the characteristic broad absorption peak at 672 nm due
to charge transfer between Fe3* and Fe2* ions; this value is in good
accord with data reported by other authors [36-38]. FTIR spectrum
(Fig. 2¢) was measured in the range of 4000-400 cm~. The trans-
mittance spectrum in the high frequency region is characterized
by a very broad band which can be attributed to stretching modes
of bonded (2973 cm~1) and free (3435 cm~') OH~ groups of water
[7,38]. This band shows that water molecules can be found in PB

Fig. 1. (a) Electro-deposition of PB film onto a carbon fiber electrode (CFE): four scans of increasing amplitude; scan range, —0.2 to 0.4V versus Ag/AgCl/saturated KCl; scan
rate, 0.1Vs~! in a fresh de-aerated solution containing 1.5 mM K3 [Fe(CN)s] and 1.5 mM FeCls in 0.1 M KCl and 3 mM HCI. (b) Activation of the PB film by applying another 50
cycles in de-aerated electrolyte solution (0.1 M KCl and 3 mM HCI) under the same conditions.
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Fig. 2. (a) Cyclic voltammogram in de-aerated electrolyte solution of a PB-modified
CFE showing the reduction and oxidation peaks of Prussian Blue at 0.1 and 0.85 V ver-
sus SCE, respectively. (b) Absorbance spectrum of electrosynthesized as-deposited
PB film (c) FTIR spectra of PB electrosynthesized as-deposited.

coordinated in the shell of high spin iron or occupying interstitial
positions as uncoordinated water. The characteristic Fe~CN band,
observed asavery sharp peakat 2067 cm~!, is related to the stretch-
ing vibration of Fe-CN, where the CN groups are bonded to an Fe2*
ion. This peak has been used by several authors as a fingerprint of
PB film formation [39].

3.2. Optimization of PB film: sensitivity

The most important applications of PB have involved modifi-
cation of surface transducers (Pt, Pt/Ir, ITO, etc.) to detect H,0,
at low potential (~0.0V versus SCE). Its immediate application
in the biosensor field allows the detection of H,0, as the inter-
mediate of enzymatic reactions of oxidase enzymes (e.g., glucose

Fig. 3. (a) Cyclic voltammograms in de-aerated electrolyte solution of modified
CFE/PBinabsence and in the presence of several concentrations of H, 0, (0-400 wM).
(b) Effect of hydrated radii of monovalent and divalent cations on the H, 0, sensitiv-
ity of a PB film. (c) Currents for CFE/PB in background in air-saturated solution, [O;]
~240 uM (dot), background in air-saturated solution with 10 wM of H,0, (square)
and with 240 uM of H, 0 (triangle).

oxidase, lactate oxidase, glutamate oxidase). Because of this low
applied potential, artifacts due to endogenous interferences and
bio-polymerization reactions can be avoided. Fig. 3a shows the
cyclic voltammograms of a modified CFE/PBs microelectrode in
the absence and presence of several concentrations of H;0,
(0-400 pM). Voltammograms in the absence of H,0; display a well
defined cathodic and anodic peak centered about 0.1V versus SCE,
with an Iox/leq ratio of ~1. Increasing the concentration of H,0,
systematically enhanced the cathodic current, whereas the anodic
current displayed a parallel decrease. This observation indicates a
catalytic reduction reaction, which can be ascribed to the reduction
of H,0, to water as previously reported [3,8].
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During the oxidation/reduction reaction (PB <~ PW; see Eq. (1)),
the transfer of electrons must be compensated for by the entrap-
ment in the film or liberation to the bulk solution of cationic
species. Due to this mechanism and specially due to structural con-
ditions of the PB film, only monovalent cations with low hydrated
radii, such us, K* and NH4* (both with hydrated radii equal to
0.125 nm) can support this electrochemical activity and can diffuse
across the zeolite PB structure (cubit cell of 1.02 nm and channel
radius of 0.16 nm). On the other hand, monovalent and divalent
cations with higher hydrated radii, such as Na*, Ca?*and Mg2*
(with hydrated radii of 0.135, 0.156 and 0.161 nm, respectively),
have difficulty penetrating the film [6,8]. Therefore, electrolyte
support plays an important role and affects sensitivity and con-
ductivity properties of PB films. Fig. 3b shows how PB films in
the presence of monovalent cations with lower hydrated radii dis-
play better H,0, sensitivity than monovalent and divalent cations
with higher hydrated radii. Nevertheless, K* and NH4* with simi-
lar radii exhibit different H,O, sensitivities. This observation can
be explained by taking hydration enthalpies into account. Garcia-
Jarrefio et al., showed that cations enter and leave the PB film
without water of hydration, so that energy is needed to dehydrate
cations at the film/solution interface which can act as an energy
barrier to the cation insertion or expulsion [17]. This factor is con-
sistent with PB displaying better electrocatalytic properties in the
presence of K* (AHpyq=—-336K] mol-1) as supporting electrolyte
than NH4" (AHpyq =-365 k] mol~1).

In the early 1980s, Itaya claimed that the reduced form of
PB showed catalytic effects for the reduction of O, and H,0,
[8,11,12]. It can be seen in Fig. 3c that PB, electro-deposited
and conditioned under the present conditions, is highly selective
toward H,0, reduction in the presence of O,. Here we present
current-potential curves of H,O, reduction at CFE/PBs at 10 and
240 wM H;0, against background electrolyte in air-saturated solu-
tion ([0, ] ~ 240 wM). At potentials between 0.00 and 0.05 V against
SCE the current reduction of Hy0, was at least two orders of mag-
nitude higher (67:0.6 nA) than the O, reduction current generated
in air-saturated solution.

3.3. Optimization of PB film with poly(o-phenylenediamine):
stability and selectivity

Since the discovery of the electrocatalytic properties of PB to
reduce H,0,, the principal inconvenience has been its instabil-
ity in neutral and basic medium [5,13]. While in acid media PB
films display high stability, in neutral and basic pH PB is disrupted
after few seconds or minutes. The source of this instability has
been attributed to hydroxyl ion interactions forming Fe(OH); at pH
higher than 6.4, and hence solubilizing PB. On the other hand, even
at optimum pH, another source of OH~must be taken into account,
viz H,0, electro-reduction [40].

Different strategies have been used to increase PB stability
in neutral and basic medium: (1) varying the deposition proce-
dure [22,41]; and (2) coating PB with permselective membranes
such as Nafion, polyaniline, or poly(o-phenylenediamine) (PoPD)
[22,42]. Here we employed a thin film of PoPD on the top sur-
face of CFE/PBs to prevent its solubilization. Two main methods
(CV and amperometry) have been proposed to electro-deposit
PoPD [43-46]. Both of these approaches have been shown to be
effective in generating permselective PoPD films. However, PoPD
electrosynthesized amperometrically exhibits better reproducibil-
ity and permselective properties [47]. In our case PoPD films were
electro-deposited in a PBS solution of monomer (300 mM, pH 7.4).
Fig. 4a and b shows the two methods employed for PoPD electro-
deposition; both techniques show typical self-sealing behavior
(during growth of the PoPD film, the electrode surface is sealed
and the oxidation of new monomer on the surface is inhibited).

The CV method (Fig. 4a) reveals the irreversible nature of o-PD
electro-oxidation, with a dramatic decrease in current after first
scan which continued to diminish in subsequent scans. Electropoly-
merization for 15-20 min at a fixed high potential (+0.75V versus.
Ag/AgCl/saturated KCI) and neutral pH has been proposed as opti-
mal conditions to obtain better interference rejecting films in the
amperometric methodology [33,46]. Due to the self-sealing nature
of PoPD electro-deposition, longer amperometric polymerization
times are not necessary and do not improve selectivity [34]. Fig. 4b
shows PoPD electro-deposition at constant potential, where a rapid
decrease in current was observed, consistent with self-sealing
behavior. Data have been fitted using a one- and two-phase expo-
nential decay equation with a high coefficient of determination
(RZ ~0.956 and ~0.996, respectively). Nevertheless, the two-phase
exponential decay model was significantly better (p <0.001) in fit-
ting the electropolymerization phenomena, with fast and slow
half-life values of 0.3 and 2.6 min, respectively.

Fig. 5a shows CV scans for CFE/PBs in PBS (pH 7.4) with 0.1 M
of NaCl. Two clear effects are evident associated with the support-
ing electrolyte solution employed: an increase in AE, (~200mV),
showing a decrease in its reversibility and a shift in formal potential
of about-150mV. Nevertheless, the Ipx/Ireq ratio was ~1, simi-
lar to behavior described by other authors previously [48]. The
solid line represents the first CV scan at 0.1 Vs~! between—0.4 and
+0.4V versus SCE, and the dotted line is the 250th scan. A clear
decrease of ~80% in Ipx and Igeq Was observed, presumably due
to OH~ groups present at pH 7.4. After PoPD electro-deposition,
CFE/PB/PoPDs showed a clear decrease in Ipx and Igeq for scan 1
(Fig. 5b). This effect can be ascribed due to additional diffusion resis-
tance across the PoPD film. Nevertheless, this covering provided a
significant improvement in stability, and no significant changes in
peak currents were observed during the 250 scan cycles.

The dependence of the peak currents on scan rate was also stud-
ied for CFE/PB/PoPD. Fig. 5c and d show the results obtained when
the scan rate was changed from 0.05 to 0.50Vs~! in PBS (pH 7.4)
containing 0.1 M NaCl. Both Ipx and Ig.q were linearly proportional
(R%2=0.996) to the square root of scan rate, suggesting that the dif-
fusion of ions through the electrode coatings is rate determining,
as commented above.

Electrosynthesized PoPD has been widely employed in biosen-
sor configurations due to its excellent permselective properties
[49,50]. PoPD blocks and/or minimizes the access of interference
species by different mechanisms (size and/or charge exclusion)
[51]. This film also excludes surface-active macromolecules, hence
protecting the surface and giving higher stability in vivo [52-54]. In
addition, the self-controlling mechanism of non-conducting poly-
mer formation, reproducibly provides a thin and uniform film
thickness (~10-30 nm) for PoPD [55-57].

To investigate CFE/PB/PoPD permselective properties, several
endogenous electroactive species found in brain ECF (such as AA,
UA, DA and DOPAC) were tested. To understand better the intrinsic
mechanism and the advantages of the use of this permselective
film, in preference to other more conventional membranes like
Nafion, the behavior of several sensor configurations was also stud-
ied. Three different anti-interference films were fabricated and
characterized: CFE/PB/PoPD (the main design), CFE/PB/Naf (5%) and
CFE/Naf (0.5%)/PB/PoPD.

The first configuration involved coating the PB surface with
PoPD (15 min at +0.75 V) and in the second configuration Nafion at
5 wt.% (15 fast immersions and then left to dry for 1 h at room tem-
perature) was applied over the PB layer. Last method consisted of
applying 15 fast immersions in Nafion (0.5 wt.%) to the CFE surface,
and then the Nafion was annealed for 10 min at 200 °C. After that,
the PB and PoPD films were deposited in the same way as described
for the first configuration. Electrode sensitivity was determined by
calculating the slope of the calibration curve using linear regres-
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Fig. 4. (a) Cyclic voltammograms obtained during electropolymerization of 300 mM o-phenylenediamine at a CFE in phosphate buffer (pH: 7.4, NaCl 0.1 M scan rate:
0.05V/s). (b) Current-time change during fixed-potential electropolymerization of 300 mM o-phenylenediamine at a CFE in PBS (time: 20 min, potential: +0.75V versus

Ag/AgCl/saturated KCl.

sion analysis of the different species in a range concentration of
0-40 M (DA and DOPAC), 0-400 .M (AA and UA) and 0-100 puM
for H,0,. These data were then normalized with respect to the
electrode surface area. Results obtained using these different con-
figurations are shown in Fig. 6, where sensitivity (S) is expressed as
current density, and Fig. 7 where selectivity (sensitivity ratios) to
Hy0; (expressed as: Sy,0, [Sinterference) are plotted using different
protective configurations (a: CFE/PB/PoPD, b: CFE/PB/Naf (5%), and
c: CFE/Naf (0.5%)/PB/PoPD.

A clear decrease of 50% in H, 0 sensitivity occurred when PoPD
was electropolymerized onto the PB surface, presenting the final
configuration H,0, sensitivity of 0.48+0.02AM~1cm=2 (n=4).
This effect appears to be due to a new diffusive film on the

PB layer, i.e., the free diffusion of analyte across PoPD film was
impeded. Greater decreases in H, O, sensitivity were found for the
other two approaches: ~75% CFE/Naf (0.5%)/PB/PoPD and ~85%
for CFE/PB/Naf (5%). H, 0, sensitivity ratios between CFE/PB/PoPD
(sensitivity 480nAwM~1cm~2) and to the other two configura-
tions, CFE/Naf (0.5%)/PB/PoPD (sensitivity 256 nA wM~! cm~2) and
CFE/PB/Naf (5%) (sensitivity 167 nA M~ cm—2) were ~2 and ~3
respectively; this last value is in good agreement with values
reported previously by Hamdi et al. [58].

Evolution of selectivities (H,0, against AA) was also studied,
and all films improved the selectivity properties of the sensor,
although CFE/PB/PoPD gave the best results with a selectivity ratio
~536 compared to 7,237 and 72 for CFE/PB, CFE/Naf (0.5%)/PB/PoPD

Fig.5. 1stand 250th scans in cyclic voltammograms of an uncovered (a) and covered with PoPD (b) PB-modified microelectrode in phosphate buffer (pH: 7.4, NaCl 0.1 M). (c)
Cyclic voltammograms of PB microelectrode covered with PoPD at different scan rates in phosphate buffer (pH 7.4, NaCl 0.1 M). From inner to outer curve: 0.05-0.50Vs~!,
(d) Linear dependence of anodic and cathodic peak currents on the square root of the potential scan rate.
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Fig. 6. Sensitivities of different PB microsensor configurations to HO, and some
of the main endogenous brain interference species (DA, DOPAC, UA, AA). Work-
ing potential: 0.0V versus SCE in phosphate buffer solution (pH 7.4, 0.1 M Nacl).
(a) CFE/PB/PoPD, (b) CFE/Naf (0.5%)/PB/PoPD, (c) CFE/PB/Naf (5%). Error bars are
expressed as the standard deviation, n=4.

and CFE/PB/Naf (5%) respectively. A similar selectivity ratio against
AA has been reported by Lukachova et al. for non-implantable
PB/PoPD-modified glassy carbon macro-disk electrodes [22], show-
ing not only its anti-interference properties, but also the long-term
stability obtained using this approach. On the other hand, the selec-
tivity ratio (against AA), between PoPD and Naf configurations
(536:72), is close to the value reported by Hamdi et al. [58].

Sensitivities for H;0, and endogenous interference molecules
(AA, AU, DA, and DOPAC) of the three different configurations are
represented in Fig. 6a-c. In all cases sensitivity for H,0, was several
orders of magnitude higher than for interference species. Neverthe-
less, CFE/PB/Naf (5%) showed higher sensitivities for electroactive
species than for both PoPD configurations, as commented above,
and its sensitivity for H,O0, was slightly lower.

Selectivity ratios were expressed as the ratio between sensitiv-
ity for HyO, and sensitivity for interference compounds. For the
configuration CFE/PB/PoPD, all selectivity ratios are close to 600
(Fig.7a), while for the configuration using hybrid permselective lay-
ers, CFE/Naf (0.5%)/PB/PoPD, the selectivity ratios are close to 300
(Fig. 7b) because the sensitivities for the endogenous interference

Fig. 7. Selectivities ratios of different PB microsensor configurations expressed as
SH,0, [Sinterference fOr some of the main endogenous interference species (DA, DOPAC,
UA, AA). Working potential: 0.0V versus SCE in phosphate buffer solution (pH 7.4,
0.1 M Nacl); (a) CFE/PB/PoPD, (b) CFE/Naf (0.5%)/PB/PoPD, (c) CFE/PB/Naf (5%). Error
bars are expressed as the standard deviation, n=4.

analytes studied were not very different for these two approaches.
The difference in the selectivity ratios can be partly attributed to
the sensitivity for H,O, being lower in this last configuration com-
pared to the PoPD layer only. The configuration with Nafion as the
external permselective film, CFE/PB/Naf (5%), displayed selectivi-
ties significantly lower than those of the others configurations, with
selectivity ratios close to 80 (Fig. 7c).

Another important insight into the anti-interference mecha-
nism of the different protective films can be obtained from Fig. 7.
Here we can see that selectivity against anionic interferences (AA,
UA and DOPAC) was higher than for the cationic interference
(DA) in CFE/PB/Naf (5%) configuration. As expected, and in good
agreement with previous literature [58], Nafion-coated surfaces
showed good rejection properties of anionic compounds, yet had
poor permselectivity against cationic species like dopamine and
other catecholamines such as serotonin, epinephrine, and nore-
pinephrine. This is due to the fact that Nafion is a negatively charged
polymer, which repels anionic compounds while attracting the
positively charged DA. In addition, this negatively charged poly-
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Fig. 8. Calibration curve for glucose microbiosensor based on Prussian Blue-
modified carbon fiber electrode (diameter: 7 wm and length: 250 wm) working at
0mV versus SCE. Apparent Michaelis—-Menten constant K'=12 + 1 mM, maximum
response Vp, =1629 £ 36 pA and sensitivity in the linear range, S=121+ 1 pA/mM.
Data are represented as mean = SEM (n =3 biosensors).

mer suffers other drawbacks, such as non-uniform thickness and
poor reproducibility. The PoPD layer displayed lower permeability
to both interference species types (cations and anions) thanks to
different mechanisms (size and/or charge exclusion).

Another important parameter, the H,O, detection limit, was
evaluated for all configurations. Detection limits were calculated
on the basis of a signal to noise ratio of 3 in a background
solution. While CFE/PB presented a detection limit in the range
of 10~8 M, configurations covered with PoPD (CFE/PB/PoPD and
CFE/Naf (0.5%)/PB/PoPD) layers presented a higher detection limit
of approximately (1-4) x 10~7 M, which is more than adequate for
most biosensor applications.

3.4. Invitro and in vivo response of glucose microbiosensor based
on PB-modified CFE

In order to check that the proposed method can be used to
develop microbiosensors with low dimensions (~10 pm diameter,
and 250 pm length), glucose oxidase (Gox), an archetype of oxidase
enzymes, was immobilized on the surface of the sensor. CFE/PBs
were immersed for several seconds in PEI (5% (w/v) in water) and,
after a drying period of 30 min, they were dip coated for 5 min in an
enzyme solution (300 U/mL in PBS, pH 7.4) to adsorb the Gox, and
finally cross-linked with glutaraldehyde (0.1%, w/v) and BSA (1%,
w/v) (one fast immersion). After a 5 min curing period, additional
rapid immersions in enzyme and cross-linking solutions were done.
This last step was repeated another 4 times, waiting 5 min between
each cycle. Finally, microbiosensors were cured at 37 °C for 1 h and
stored at 4 °C for use the next day.

Calibration plots (see Fig. 8) for glucose (n=3 microbiosensors)
were generated by plotting averaged steady-state currents against
substrate concentration and fitting the data, using non-linear
regression to obtain the apparent Michaelis-Menten constant,
K' =12 4+1 mM, maximum response, Vi, = 1629 + 36 pA, and the Hill
parameter, h=1.21 £ 0.06, the latter parameter showing a reason-
able hyperbolic behavior in the microbiosensor response. Linear
regression was used in the linear range to determine biosensor
sensitivity, S=1214 1 pA/mM with a coefficient of determination,
R?=0.998. Detection limit was 54 wM (calculated as 3x SD of the
background current) and linear range up to 6 mM glucose.

During the present work, preliminary in vivo response studies of
glucose microbiosensors based on PB-modified CFE were also car-
ried out. For in vivo experiments, PoPD film was electro-deposited
on the top of the microbiosensor to avoid interference response
to electroactive compounds, as commented above, observing a
significant loss of sensitivity of ~50% due to diffusional phenom-

Fig. 9. (a) Variations of glucose microbiosensor response (expressed as basal level
of glucose (%) after subtracting the background current) in prefrontal cortex due
to different volume injections (a: 2 L, b: 1.5 L, c: 1L, d: 0.4 pL, e: 0.8 wL) of
150 mM KCI in PBS (pH 7.4 100 mM NaCl) at 10 uLmin~'. (b) Current variations
of glucose microbiosensor in prefrontal cortex due an injection of 2 pL of the KCl
solution, with a tepy ~5.5s. (c) Linear correlation between glucose current change
and injected volume, the dotted line representing the 95% confidence interval.

ena across the polymeric film. To measure the glucose response
in ECF, the microbiosensor was implanted in prefrontal cortex
according to Paxinos and Watson, coordinates: A/P+2.7 mm from
Bregma, M/L+1.2mm and D/V-0.5 mm from the Dura [60]. Glu-
cose responses were evaluated by quantifying the microbiosensor
current following depolarization of the surrounding tissue with
150 mM KCl in PBS (pH 7.4 and 0.1 M NaCl) administered in the
extracellular medium with a microcannula located ~400 pm from
the microbiosensor tip. Previous work [61] has shown that, under
these conditions, an increment of extracellular glucose concentra-
tion occurs due to a response of neural activation.

Fig. 9a shows the current variations (expressed as basal level
of glucose (%) after subtracting the background current) of a glu-
cose microbiosensor due to different volume injections (a: 2 pL,
b: 1.5 L, c: 1L, d: 0.4 pL, e: 0.8 wL) of 150 mM KCl. A calibra-
tion curve determined before implantation allowed us to estimate
the glucose basal level at ~0.5 mM, which is in good agreement
with previous data reported in literature for rat striatum [50].
Reproducibility of the in vivo response was studied by injecting
an aliquot of 1.5 pL three times (Fig. 9a and b). The increase (nor-
malized respect to basal level) was calculated, and represented a
value of 164% + 2% (mean 4 SEM) and a coefficient of variation (CV)
of ~2%. Microbiosensor responses after each injection were ana-
lyzed; Fig. 9b shows the increase of glucose in ECF after an injection
of 150 mM KCl. A delay of ~5 s between injection and a clear current
change was observed, which can be attributed to diffusion phenom-
ena of the KCl in the ECF from microcannula located at ~400 pm.
The total response registered was ~186% which corresponds to a
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glucose concentration of ~0.95 mM. Microbiosensor time response
based on in vivo experiments was estimated as the 90% of current
change after each injection and it presented a value of tggy ~5-6,
showing in this way the fast response of microbiosensor and val-
idating it use in physiological measurements; on the other hand,
after KCI depolarization, extracellular glucose returned to its basal
levels after 2-3 min. The relationship between injected volume and
total change is shown in Fig. 9c, where a clear linear correlation,
with 12 =0.997 observed.

4. Conclusions

We have demonstrated that PB-modified CFEs can be used
as a selective transducer to detect H,0,. Due to its electrocat-
alytic behavior, H,O, can be detected at a very low potential
(0.0V versus SCE) avoiding principal problems of biofouling and
interference reactions. To implement such electrocatalytic films
and solve solubility problems, a PoPD film was employed which
improved stability and selectivity properties. Sensitivity, selectiv-
ity and detection limits obtained in this work are in good agreement
with values reported by other groups with significantly higher elec-
trode dimensions. Finally, preliminary biosensor calibrations and
glucose changes in brain ECF during local microinjection showed
good results and validated the methodology presented in this work
to develop implantable microbiosensors. Nevertheless, in future
studies, PB electro-deposition, selectivity against a wide range
of endogenous interferences, and enzyme immobilization will be
systematically examined in order to optimize a microbiosensor
configuration for use in physiological studies in vivo.
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Carbon fiber electrodes (CFEs) were used to develop microbiosensors for glucose as an alternative to
the classical Pt and Pt-Ir transducers. Their low dimensions (~250 pm CFE length and ~10 wm diame-
ter) are important factors for measurements in physiological environments. An electrocatalytic Prussian
Blue (PB) film facilitated detection of enzyme-generated hydrogen peroxide at a low applied potential
(~0.0V against SCE), contrasting the high potential used in many previous designs (~0.7 V). The elec-
trosynthesized polymer, poly-o-phenylenediamine (PoPD), was used to improve biosensor stability and
selectivity against endogenous interference species, such as ascorbic and uric acids. Optimization of the
fabrication procedure is described, including activation of CFE/PB, enzyme immobilization and stabiliza-
tion, anti-interference films, optimizing applied potential, and pH effects. Analytical properties were also
characterized such as sensitivity, LOD, linear range, and enzyme loading. Finally, an optimized biosen-
sor displaying a linear sensitivity of 9.3 + 0.1 pAmM~"' cm~2 (n=3), a 2% RSD and free of interference, is
proposed as a suitable candidate for in vivo glucose monitoring in the CNS.
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1. Introduction

First generation biosensors are based on the detection of any
electroactive metabolite that is generated (e.g., H, O, ) or consumed
(e.g., Oy) during the enzyme reaction. The principal problem of
these approaches for oxidase-based biosensors is the high over-
potential needed to detect either O, or HyO, on Pt (Clark and
Lyons, 1962; Clark, 1979) and other native electrode materials
(Schuvailo et al., 2005). At high potentials, interference and poly-
merization reactions can occur at the biosensor surface. Biosensors
in biological media are subject to interference by endogenous
electroactive reducing agents, especially ascorbic acid (AA) and
uric acid (UA) (D’Orazio, 2003; Osborne and Hashimoto, 2004;
Garjonyte and Malinaus, 1999). These problems have been solved
by several approaches: (a) the use of polymer films with anti-
interference properties, such as poly-o-phenylenediamine (PoPD)
(Lowry and O’Neill, 1994; Dai et al., 2006); (b) the use of artifi-
cial redox mediators (Castillo et al., 2003; Gregg and Heller, 1990;
Habermiiller et al., 2000; Mitala and Michael, 2006); (c) the use
of electrocatalytic films to detect H,O, at lower applied poten-

* Corresponding author.
E-mail address: psalazar@ull.es (P. Salazar).

0956-5663/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bios.2010.06.045

tials (see Fig. 1) (Karyakin et al., 1995; Karyakin and Karyakina,
1999).

The neurophysiological motivation for this work is based on glu-
cose being the principal source of energy in the brain. Fellows and
Boutelle (1993) showed that physiological stimulation of neural
activity is associated with an increase in glucose concentration in
the extracellular compartment, which has a much longer duration
than the associated change in regional cerebral blood flow (rCBF).
On the other hand, recent studies suggest that increased energy
requirements of activated neurons are met by neuronal utilization
of lactate (Pellerin et al., 2007). Thanks to the development and use
of microbiosensors to determine principal energy metabolites and
neurotransmitters (Dale et al.,, 2005; Lowry et al., 1998), we can
now further explore the relationship between neural activation,
rCBF and brain metabolites.

Biosensors offer a variety of advantages over classical tech-
niques for neurochemical monitoring: high spatial and temporal
resolution; good selectivity; ease of implementation; amenable
to miniaturization; rapid response time; etc. Recently, O’'Neill et
al. (2008) reviewed the development of wire-based amperometric
polymer-enzyme composite biosensors, focusing on the relation-
ship between key design features and analytical parameters. Using
a carbon fiber substrate, we now propose a novel glucose biosensor,
developed following this systematic approach, with significantly
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Glucose

02
Gox
glucolactone H,0, PW
€ ELECTRODE
OH PB

Fig. 1. Detection scheme for glucose biosensor based on a Prussian Blue (PB) modi-
fied electrode. Glucose is converted to gluconolactone, catalyzed by glucose oxidase
(Gox) immobilized on the electrode surface. Secondary to this reaction is the pro-
duction of hydrogen peroxide that can be reduced amperometrically at low applied
overpotentials, electrocatalyzed by the PB.

smaller dimensions and a low working potential, which provide
significant advantages for in vivo monitoring.

2. Materials and methods
2.1. Reagents and solutions

The enzyme glucose oxidase (Gox) from Aspergillus niger (EC
1.1.3.4, Type VII-S, lyophilized powder), glutaraldehyde (Glut, 25%
solution) were obtained from Sigma Chemical Co., and stored at
—21°C until used. Other chemicals, including o-phenylenediamine
(oPD), glucose, ascorbicacid (AA), uricacid (UA), polyethyleneimine
(PEI), KCl, FeCls, K3[Fe(CN)g], HCl (35%, w/w), H,05 (30%, w/v),
Nafion (5%, w/w, in a mixture of lower aliphatic alcohols and water),
bovine serum albumin (BSA, fraction V) and phosphate buffer saline
solution containing 0.1 M NaCl (PBS), were obtained from Sigma
and used as supplied. PBS stock solutions (pH 7.4) were prepared
in doubly distilled water (18.2 MS2 cm, Millipore-Q), and stored at
4°C. Enzyme solutions were prepared in PBS, which also served as
the background electrolyte for all in vitro experiments. Stock 1M
and 250 mM solutions of glucose were prepared in water, left for
24 h at room temperature to allow equilibration of the anomers,
and stored at 4 °C. The PEI solutions used were prepared by dissolv-
ing PEI at 1% (w/v) and 5% (w/v) ratios in H,O. The cross-linking
solution was prepared in PBS with 1% (w/v) BSA and 0.1% (w/v)
glutaraldehyde. Monomer solution of 300 mM oPD was prepared
using 48.6 mg oPD and 7.5 mg BSA in 1.5 mL of Ny-saturated PBS
and sonicating for 15 min. A 300 U/mL solution of Gox was prepared
by dissolving 3.7 mg in 2 mL of PBS. Carbon fibers (8 um diameter)
were obtained from Goodfellow, glass capillaries from Word Pre-
cision Instruments Inc., 250 wm internal diameter Teflon-coated
copper wire from RS, and silver epoxy paint was supplied by Sigma.

a)

250 pm

40

20

749
2.2. Instrumentation and software

Experiments were computer controlled with data acquisition
software EChem™ for cyclic voltammetry and Chart™ for constant
potential amperometry (ADInstruments Pty Ltd., Australia). The
dataacquisition system used was e-Corder 401 and a low-noise and
high-sensitivity potentiostat, Picostat (eDAQ Pty Ltd., Australia).
The linear and non-linear regression analyses were performed
using the graphical software package Prism (ver. 5.00 GraphPad
Software, San Diego, CA, USA). To electro-deposit and activate the
PB (see Section 2.5), an in-house Ag/AgCl/saturated KCl reference
electrode and platinum wire auxiliary electrode were used.

2.3. Amperometric experiments

All experiments were done in a 25 mL glass cell at 21 °C, using
a standard three-electrode set-up with a commercial saturated
calomel electrode (SCE) (CRISON Instrument S.A. Barcelona, Spain)
as the reference and platinum wire as the auxiliary electrode. The
applied potential chosen for most amperometric studies was 0.0V
against SCE. Glucose calibrations were performed in quiescent air-
saturated PBS (following stabilization of the background current for
30 min) by adding aliquots of glucose stock solution (1 or 0.25 M) to
the electrochemical cell. After the addition of glucose aliquots, the
solutions were stirred for 10 s and then left to reach the quiescent
steady-state current.

2.4. Data analysis

Calibration plots for glucose were generated by plotting aver-
aged steady-state currents against substrate concentration and
fitting the data, using non-linear regression to obtain the appar-
ent Michaelis-Menten constants, K’ (mM), maximum biosensor
response, Vi, (pA), and the Hill parameter, h. Linear regression was
used in the linear range to determine biosensor sensitivity, signal to
noise ratio and coefficient of determination (r2). In all cases, the cur-
rents recorded in background electrolyte were subtracted from the
calibration responses. Data are reported as mean + SEM, n being the
number of biosensors or number of measurements (as specified).

2.5. Preparation of the working electrodes

2.5.1. Fabrication of carbon fiber electrodes

Carbon fiber electrodes (CFEs) were constructed using the fol-
lowing steps. A carbon fiber (diameter 8 m, 20-50 mm in length)
was attached to Teflon-coated copper wire (diameter 250 wm)

1 b)
1 PwW PB PG
0.00 025 050 075 1.0
E vs SCE (V)

Fig. 2. a) Carbon fiber electrodes (CFEs) with a diameter of 8 wm and length of 250 wm. b) Cyclic voltammogram of the PB-modified CFE in de-aerated electrolyte solution
(0.1 M KCl and 3 mM HCI) at a scan rate of 10 mV/s. PW is Prussian White, and PG is Prussian Green.
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using high purity silver paint, and dried for 1h at 80°C. A
borosilicate glass capillary was pulled to a tip using a vertical micro-
electrode puller (Needle/Pipette puller, Model 750, David Kopf
Instruments, California, USA). After drying, the carbon fiber was
carefully inserted into the pulled glass capillary tube under a micro-
scope, leaving 2-4 mm of the carbon fiber protruding at the pulled
end. Subsequently, the carbon fiber was cut to the desired length
(approximately 250 pm), using a microsurgical scalpel. At the stem
end of the capillary tube, the copper wire was fixed by casting
with non-conducting epoxy glue; the carbon fiber was also sealed
into the capillary mouth, using the same epoxy glue (Fig. 2a). Sub-
sequently, CFEs were dried again for 1h and were optically and
electrochemically inspected before use.

2.5.2. PB electro-deposition onto carbon fiber electrodes

CFEs were modified by electro-deposition and activation of a
Prussian Blue (PB) film. The PB layer was electro-deposited by a
cyclic voltammetric (CV) method, applying n cyclic scans within
the limits of —0.2 to 0.4V, at a scan rate of 50mV/s, to the CFEs
in a fresh de-aerated solution containing 1.5 mM K3[Fe(CN)g] and
1.5mM FeCls in 0.1 M KCI and 3 mM HCI. The electrode was then
cleaned in doubly distilled water, and the CFE/PB activated by
applying another m scans within the limits of —0.2 to 0.4V at a
scan rate of 100 mV/s in de-aerated electrolyte solution (0.1 M KCl
and 3 mM HCI). Before being used, the CFE/PB was cleaned again in
doubly distilled water for several seconds. Finally, the PB film was
tempered at 100°C for 2 h.

2.5.3. Microbiosensor construction based on CFE/PB

When modified Prussian Blue CFEs (CFE/PB) were ready to use,
the next step was to immobilize the enzyme glucose oxidase (Gox).
Gox was dissolved in PBS to the desired concentration (300 U/mL).
Different methodologies to immobilize the enzyme were investi-
gated to improve the analytical response (described in Section 3).
After the immobilization step, all biosensors were cured for 1h at
37°C.

2.5.4. PoPD deposition onto the microbiosensors

Finally, an interference-rejection film of PoPD-BSA was elec-
tropolymerized onto the CFE/PB/Gox surface. Electrosynthesis of
PoPD was carried out with a standard three-electrode set-up in PBS
containing 300 mM oPD and 5 mg/mL of BSA, by applying a con-
stant potential (+0.75V) for 20-25 min. BSA was included in the
monomer solution because globular proteins trapped in the PoPD
polymer matrix can improve its permselectivity under some con-
ditions (McAteer and O’Neill, 1996; Kirwan et al., 2007). For clarity
in the nomenclature, however, the term BSA will be omitted in all
sensor configurations, e.g., CFE/PB/Gox/PoPD.

After the biosensor fabrication procedure was completed, they
were cleaned in doubly distilled water and stored overnight at 4°C
in arefrigerator, and used the next day. When not in use, biosensors
were stored again at 4°C in a refrigerator.

3. Results and discussion
3.1. Prussian Blue film

Prussian Blue (PB) has been widely used in biosensor construc-
tion to suppress or attenuate interference contributions (Li and
Gu, 2006). Due to the peculiar structure of PB, its reduced form
(Prussian White, PW) has a catalytic activity for H,0, reduction in
neutral media [ec.1], indirectly allowing H,0, detection at poten-
tials close to 0.0 V against SCE, and exhibiting better properties than
other H,0,-detecting devices, such as Pt or horseradish peroxidase

(Karyakin and Karyakina, 1999).
(PW) Fe4l(4[Fe(CN)6]3 =+ 2H202 — (PB) Fe4[Fe(CN)5]3 +40H"~
+ 4Kt (1)

The zeolitic structure of PB with a cubic unit cell of 10.2A and
with channel diameters of about 3.2A allows the diffusion of
low molecular weight molecules (such as O, and H,0;) through
the crystal structure (Ricci and Palleschi, 2005). A voltammogram
of a PB-modified CFE is shown in Fig. 2b; two pairs of almost
symmetrical peaks appear with formal potential values of ~0.15
and ~0.9V, coinciding with formal potentials reported previously
by others authors (Karyakin, 2001). The first peak pair corre-
sponds to the interconversion of PW and PB, and the second pair
from PB to Prussian Green (PG). Nevertheless, only the first peak
pair will be studied; the response of this first peak pair points
to a mono-electron, quasi-reversible process corresponding to a
surface-adsorbed redox couple (Karyakin, 2001).

Due to this high activity and selectivity towards H,0, reduc-
tion, some authors have named Prussian Blue an “artificial enzyme
peroxidase” (Karyakin et al., 2000). Further improvements in the
stability and selectivity of PB-based H,0, transducers can be
obtained by electropolymerizing a non-conducting PoPD perms-
elective coating. Such improvements can increase 600-fold the
selectivity of the PB/PoPD-based transducer relative to ascorbate,
which is much better compared to the other reported systems
(Lukachova et al., 2003; Salazar et al., in press).

3.2. Applied potential selection

To study the best operating potential, the effect of applied poten-
tial on the PB-modified electrode was studied in the range from
—0.2Vto +0.2Vin PBS. The current generated by addition of 2.5 uM
H,0,, was registered and represented as sensitivity in pA/LM. As
can be seen in Fig. 3a the maximum response was obtained at 0.0V,
but no significant differences were found compared with other neg-
ative potentials; on the other hand, it was observed that sensitivity
decreased rapidly at positive potential, giving significant differ-
ences between 0.0 Vand +0.05V (p <0.007,n=3),and complete loss
of sensitivity at potentials close to +0.2 V. This observation can be
justified on the basis that only the reduced form of PB (PW) pos-
sesses these electrocatalytic properties, so only at potentials where
this form is present the electro-reduction of H,0, can occur. This
range of potentials is in agreement with the CV of the PB-modified
CFE showed in Fig. 2b. Finally, 0.0V was selected as the applied
potential for glucose sensing.

3.3. Enzyme immobilization

3.3.1. Study of immobilization techniques

Glucose oxidase was immobilized on the transducer surface via
dip-coating procedures. The principal problem of this method is the
continuous loss of enzyme during the measurement process, due
to the low strength of the non-specific interactions. To avoid this,
enzyme can be attached to the surface by means of glutaraldehyde.
The addition of another non-catalytic protein, with high numbers
of lysine residues such us BSA, can help to diminish deactivation
during the cross-linking phase and increase Gox stability (Gouda
et al., 2001). The use of pre-casting with a polyelectrolyte, such
as polyethyleneimine (PEI), has also been shown to stabilize and
increase enzyme loading (Breccia et al., 2002; Qian et al., 2004).

To study how different methodologies of immobilization can
improve the analytical properties of CFE/PB-based biosensors, sev-
eral biosensor groups were developed. As a starting point, we
used the following parameters in the electro-deposition of PB film:
n=2 and m=10 to produce ~10-pwm diameter CFE/PB electrodes.
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Fig. 3. a) Effect of the applied potential in the sensitivity of H,O, in a PB-modified electrode in the studied range from —0.2 V to +0.2V in PBS. b) Calibration raw data in PBS
for optimized glucose biosensor with a PoPD film (CFE/PB/PElsy/GoXopt/PoPD): glucose additions of 1, 1 and 2 mM (arrows); and interference additions of 100 wM UA and
400 WM AA (current artifacts). c) Calibration curves of the optimized glucose biosensor in presence and absence of 400 uM of AA. d) Optimized glucose biosensor response
to 0.5 mM addition of glucose in artificial extracellular fluid ECF adjusted at different pH values. Data are represented as mean 4+ SEM (n=3).

Enzyme loading was modified by applying different immobilization
protocols: (1) changing numbers of immersions («) in Gox solution,
and (2) the presence or absence of PEI in solutions before and during
Gox immobilization.

The first group of CFE/PB microelectrodes were dip coated for
5min to adsorb the enzyme (Gox) from the enzyme solution and
finally cross-linked with glutaraldehyde (0.1%, w/v) and BSA (1%,
w/v)(one fastimmersion). This group was denoted by CFE/PB/Goxg.
The second and third groups were constructed in the similar
way to the basic CFE/PB/Goxg design, but with additional « rapid
immersions in enzyme and cross-linking solutions, waiting 5 min
between each dip-evaporation cycle. Accordingly, this fabrication
procedure, for which a =5 or 10, provided biosensors of the form:
CFE/PB/Goxs and CFE/PB/Gox1j.

A fourth group of biosensors were constructed using the
same protocol of CFE/PB/Goxs, but adding an additional solution
(1% PEI). The biosensors were dipped briefly in this PEI solu-
tion after the enzyme solution and before cross-linking solution.
According to this fabrication procedure, the biosensors produced
were: CFE/PB/(Gox-PEl;)s. A fifth group of biosensors were con-
structed using the same protocol as CFE/PB/(Gox-PEl;)s, but
after stabilizing the PB film and before enzyme immobilization,
biosensors were dipped in a 5% PEI solution and dried for 1h.
In this case the nomenclature was: CFE/PB/PElsy4/(Gox-PEl;y)s.
The last group of biosensors were constructed using the same
protocol as for CFE/PB/PElsy/(Gox-PEl )5, but using 5% PEI for
all PEI applications. In this case the nomenclature selected was:
CFE/PB/PE]5%/(GOX—PE]5%)5.

Table 1 shows the enzyme kinetic and analytical parameters
obtained from calibration curves for different ~10-pm diameter
glucose biosensors fabricated with and without PEI and different
deposition procedures. These results show that increased num-
bers of dip-coatings increased the relative active enzyme loading
(increasing Vi) and linear range sensitivity. Increasing the amount
of PEI also increased sensitivity significantly. The value of apparent

Michaelis constant (K’) for the basic configuration (CFE/PB/Goxg,
20-30mM) was close to the value reported for free enzyme
(Swoboda and Massay, 1965), indicating that immobilization on PB
had no detrimental effect on enzyme affinity. The incorporation of
PEl increased enzyme affinity, which was the main mechanism for
enhanced linear sensitivity (~V, /K’ (O’Neill et al., 2008)), leading to
lower LOD values. Almost all biosensors showed hyperbolic behav-
ior (Hill parameter, h~ 1), except the last ‘basic’ design, where h ~ 2
(sigmoidal behavior) making it unsuitable for straightforward glu-
cose monitoring applications.

When the number of deep-coatings is increased, the biosensor
manufacturing time suffers a considerable increase. So the final fab-
rication process (developed below) was optimized with respect to
time. Several configurations of PB deposition, activation steps and
enzyme immobilization were studied (data not shown) to optimize
the balance of glucose sensitivity and fabrication time. The most
important fabrication parameters selected, following systematic
optimization, are summarized as follows:

(1) PB deposition: n=3, PB activation: m=>50 and stabilization for
2hat100°C.

(2) Enzyme immobilization: one fast immersion in 5% PEI and dried
for 1h; one immersion in Gox (300U/mL) and drying period
(5min for each step); 30 fast immersions in Gox solution, and
finally, 15 fast immersions in cross-linking solution (BSA/Glut).

This microbiosensor design will be referred to as:
CFE/PB/PEl5y4/GoXopt (see enzyme and analytical parameters
in Table 1)

3.3.2. Study of poly-o-phenylenediamine anti-interference film

At the low applied potential used in the present work, the
influence of physiological interferences on the response of the
biosensor should be very low. One useful way in diminishing this
electroactive interference further, and also improve the stability
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Table 1

Enzyme kinetic and analytical parameters of different glucose biosensor designs.
Biosensors Sensitivity (pA/mM) r2inLR. Detection Limit (M) K (mM) Vm (PA) h
CFE/PB/Goxg 10.0 £ 0.3 0.999 564 27 £3 339 + 33 0.9 £ 0.1
CFE/PB/GoXs 203 +1.3 0.984 270 19+3 643 + 68 0.9 £ 0.1
CFE/PB/GoX1¢ 385+ 1.3 0.996 103 19+2 1240 + 128 0.8 £0.1
CFE/PB/(Gox-PEl 4 )s 74.8 +£ 2.7 0.997 57 13+£2 1306 + 42 1.1+0.1
CFE/PB/PElsy/(Gox-PEl1%)s 111 +£7 0.991 47 103 £ 1.5 1661 + 55 1.2+ 0.1
CFE/PB/PElss/(Gox—PElsy )s 523 +£5 0.999 10 32406 1967 + 41 20402
CFE/PB/PElsy/GOXopt 1814 + 29 0.999 3 1.7 £ 0.2 5300 + 57 1.6 £ 0.1
CFE/PB/PEls5/G0Xopt /[POPD 747 £ 7 0.999 8 2.6 £0.1 2790 + 20 14+ 0.1

Mean + SEM (n =3 biosensors) for: linear sensitivity, coefficient of determination; and apparent Michaelis constant (K') and calibration plateau (Vp,; see Fig. 3). Detection
limit was calculated as 3 x SD of the background current. The Hill parameter is included to highlight possible deviations from straightforward Michaelis-Menten kinetics,
for which h=1. Calibration curves were obtained by applying 0.0 V against SCE in air-saturated PBS (pH 7.4).

of the PB film, is to employ permselective films (Salazar et al., in
press). These films minimize access of interference species and
exclude surface-active macromolecules (Lyne and O’Neill, 1990).
Among these electropolymerized films are PoPD and analogues,
polyphenol, and overoxidized polypyrrole (Basudam Adhikari and
Majumdar, 2004; Yuqing et al., 2004). The self-controlling film
thickness of PoPD during electropolymerization, reproducibly pro-
vides a thin and uniform film thickness (3-15nm) (Killoran and
O'Neill, 2008; Rothwell et al., 2008). The use of BSA can increase the
interference rejecting properties of the PoPD (McAteer and O’Neill,
1996; Ryan et al., 1997; Dixon et al., 2002; Kirwan et al., 2007).

PoPD films were grown potentiostatically on the
CFE/PB/PElsy/GoXopt surface at +0.75V against Ag/AgCl. After
electropolymerization, biosensors were rinsed with distilled water
and allowed to dry for approximately 1h before being used. The
PoPD film reduced the biosensor sensitivity to glucose by ~40-50%
compared with the PoPD-free CFE/PB/PElsy/Goxopt design (see
Table 1). Nevertheless, the sensitivity of CFE/PB/PEl5g/GoXopt/POPD
was 0.75nA/mM corresponding to a current density of
93+0.1pAmM-1cm=2 (n=3). This was due to a combina-
tion of significantly higher Vi, and lower K’ values compared with
the non-optimized designs; see Table 1. Biosensor responses to glu-
cose (1 mM), with and without 400 .M AA (principal physiological
interference), were recorded and normalized as a percentage with
respect to current observed without AA. No significant differences
were found in the absence (100 + 2%) and presence of 400 uM AA
(99+3%,n=5,p>0.66).

Fig. 3b and ¢ show calibration data for glucose and the
effect of two principal endogenous brain interference species,
using CFE/PB/PElsy%/Goxopt/PoPD. In Fig. 3b several additions of AA
(400 wM) and UA (100 wM) had no effect on either the background
current or on the sensitivity of biosensor when glucose concentra-
tion was increased by 1, 1 and 2 mM, respectively. No significant
difference was found in the entire glucose calibration plot (Fig. 3¢),
and specifically the linear sensitivity of the optimized biosensor
design (Fig. 3¢, inset) in the absence (737 + 7 pA/mM) and presence
(756 £ 14 pA/mM) of AA (400 wM), p > 0.23, n = 8. These results indi-
cate that the effects of electroactive interference, at low applied
potentials and using PoPD as permselective films, are negligible
and suggest that these devices might be suitable for monitoring a
complex matrix like CNS tissue.

3.3.3. pH dependence

pH plays an important role in affecting the sensitivity of glucose
biosensors, because both the bioactivity of Gox and the stability
of the PB film are pH dependent. It is clearly reported that PB is
unstable and dissolves at pH values above 7 (Feldman and Murray,
1987), suggesting an important problem when working in phys-
iological media. One way to solve these problems is by using a
polyelectrolyte, such as PEI, to reduce possible changes in enzyme
conformation by the formation of cationic-anionic complexes, and

an external polymer film (PoPD) to increase the stability of the PB
layer. The effect of pH of the detection solution on the response
of optimized glucose biosensor (CFE/PB/PElsgy/GoXopt/POPD) was
investigated using artificial extracellular fluid ECF (135 mM Nacl,
3 mM KCI, 1mM MgCl,, 1.2mM CaCl,) in a pH range from 6.5 to
8.5. Fig. 3d shows no significant changes in the glucose response
at different pH values, confirm the excellent stability of the
devices, and shows that Gox and PB are well stabilized on the CFE
surface.

3.4. Invivo recording

In order to demonstrate that glucose biosensors based on
CFE/PB respond to changes in glucose levels in brain extracellu-
lar fluid (ECF), we examined the effect of local injection of glucose
and depolarization with 150 mM KCl on responses recorded with
(CFE/PB/PElsy%/GoXopt/PoPD) in the ECF; all experiments were done
after reaching the baseline (~30 min). Fig. 4 shows changes of glu-
cose registered in prefrontal cortex after local injections of 2 mM
glucose via a micro-pipette on the surface exposed of the cortex in
the proximity of the biosensor: (a) 1 wL; (b) 0.5 pL and (c) 0.1 pL at
an injection flux of 3 wLmin~1. Clear biosensor response changes
during infusion are evident and, after the first injection, the glu-
cose levels remained augmented (upper inset). Linear correlation
appears between glucose change and volume injected (r? =0.97),
i.e., no saturation effect was observed.

Spreading depression (SD) is a striking and highly reproducible
response of the gray matter of the CNS. Normoxic SD can be
triggered by high-frequency electrical pulses and a variety of chem-
icals. Among the chemical agents noteworthy are potassium ions

660 a

t (min)

Fig. 4. Raw current changes of glucose microbiosensor recorded with the opti-
mized configuration (CFE/PB/PElsy/GoXopi/PoPD) in brain extracellular fluid after
local injections of 2mM glucose (PBS, pH 7.4 100mM NaCl) in an anesthetized
Sprague Dawley rat: (a) 1 pL; (b) 0.5 pLand (c) 0.1 pL at injection flux of 3 L min="'.
Upper inset represents the first peak where the injection period is denoted with a
black bar.
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Fig.5. Raw current changes of glucose microbiosensor recorded with the optimized
configuration (CFE/PB/PElsy/GoXopt /POPD): response in brain extracellular fluid after
several transient of spreading depression generated by injection of 150 mM KCl
in PBS in anesthetized Sprague Dawley rat. Injection flux 5uLmin~': a) volume
injected 1 pL; b) volume injected 5 L.

and glutamate. In our case a single SD episode was elicited by
applying an aliquot of 150 mM KCl in PBS to the surface of the
cortex beside the implanted biosensor. Biosensor responses asso-
ciated with different volume injections of KCI are shown in Fig. 5,
where a clear increase in current (dose dependent) was observed
after different KCl injections. This was followed by a slower restora-
tion of the basal levels, especially for the last injection where the
volume injected was 5 L and the time to reach basal levels, after
terminating local injection, was estimated to be ~2 min. After each
experiment, the sensitivity of the biosensors did not show signifi-
cant changes, demonstrating its good anti-biofouling properties.

4. Conclusions

Microbiosensors of glucose based on PB-modified CFEs have
been developed. Several advantages of this approach were: small
dimensions, low applied potentials (associated with electrocatal-
ysis by the PB deposit) and anti-interference properties (due
to low applied potential and a PoPD permselectivity film), and
these have been contrasted to conventional Pt-Ir-based biosensors
(higher dimensions and potentials) for work in physiological media.
Principal steps of fabrication have also been discussed: electro-
deposition and activation of CFE with PB, enzyme immobilization,
etc. By exploring enzyme immobilization steps, biosensors with dif-
ferent analytical properties have been developed. Optimal applied
potential studies for H,O, detection, and pH effects on biosen-
sor response have also been investigated and discussed. Finally,
an optimized biosensor configuration, CFE/PB/PEls5y/GoXopt/PoPD,
is proposed as an effective candidate to be used for in vivo studies
with a sensitivity of 9.3+ 0.1 pAmM~! cm~2 (n=3), RSD of 2% and
free of electroactive interference.
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Results of experiments in vitro and in vivo, using an amperometric glucose microbiosensor based on a
Prussian Blue (PB) modified carbon fiber electrode with very low dimensions (~10 wm diameter), are
presented. The electrocatalytic properties of the PB film enable detection of an enzymatic by-product
(H20-) at a very low applied potential: 0.0V against SCE. The main steps during glucose microbiosen-
sor construction were examined by cyclic voltammetry and electrochemical impedance spectroscopy.

Excellent selectivity of the glucose microbiosensors against a large number of physiological interference
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compounds is demonstrated. Finally, microbiosensor responses during intraperitoneal injection, local
infusion and local electrical stimulation showed sufficient sensitivity and stability to monitor multi-
phasic and reversible changes in brain ECF glucose levels during physiological experiments, illustrating
the excellent properties and utility of this biosensor design in the neurosciences.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

First generation devices have been used preferentially in amper-
ometric biosensor design over recent decades. They are based on
the measurement of one product (H,0,) or one co-factor (O,)
involved in the enzymatic reaction [1,2]. The principal problems of
this approach are: the high overpotential that needs to be applied to
the working electrode to detect either O, or H,05 (in the region of
—0.6 and +0.7 V against SCE, respectively) [3-5]; and possible fluc-
tuations in O, concentration that are not related to the enzymatic
reaction, especially in biological tissues [6-9]. Also, electroactive
interference [10-15] and bio-polymerization reactions [16-18] can
occur on the biosensor surface held at high working potentials. To
solve these problems Karyakin proposed to modify the transduc-
tion element with a thin film of Prussian Blue (PB), Fe4[Fe(CN)s13,
the most representative compound of the transition metal hexa-
cyanometallate family [19-21]. This deposit has electrocatalytic
effects on the reduction of H,0, [22], allowing its detection at
a potential close to 0.0V against SCE. By detecting H,0, at this
low potential, artifacts due to interference and fluctuations of O,
concentration are attenuated.
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Fisiology, Facultad Ciencias de La Salud, La Laguna, Tenerife, Spain.
E-mail address: psalazar@ull.es (P. Salazar).

0925-4005/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2010.11.056

After the introduction of PB in the biosensor field by Karyakin
et al. [19] in the 1990s, different material supports and depo-
sition methodologies have been reported in order to enhance
its electrocatalytic properties and stability [23-27]. Furthermore,
an ultra-small glucose biosensor based on a PB-modified trans-
ducer has been reported [28], although its application for in vivo
studies, and especially in neuroscience, has been poorly devel-
oped. In contrast, first generation microbiosensors based on noble
metal transducers with high dimensions (~100 wm diameter)
have been employed successfully during last decades for neuro-
chemical monitoring of glucose [15,29]. Consequently, our group
has been working in recent years to implement microbiosensors
based on PB-modified carbon fiber electrodes (CFEs) with low
dimensions (~10 wm diameter) for use in physiological studies
[30,31].

Based on these previous studies, now we present a more detailed
investigation of an optimized glucose microbiosensor configura-
tion (described below), paying special attention to: the evolution
of surface physicochemical properties at different stages of micro-
biosensor construction (by using electrochemical impedance and
voltammetric studies); biosensor response and linear range in
order to obtain higher sensitivity (~5 times greater than our
previous design [30]); selectivity against a large number of poten-
tial interference species (our previous work focused on ascorbic
and uric acids) [30,31]; and the response of the novel biosensor
under previous [30,31] and new in vivo experimental conditions to
demonstrate the excellent properties of this microbiosensor design
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and its potential utility for electrophysiological and pharmacolog-
ical studies in the neurosciences.

2. Materials and methods
2.1. Reagents and solutions

The enzyme glucose oxidase (Gox) from Aspergillus niger (EC
1.1.3.4, Type VII-S), purchased as a lyophilized powder, and
glutaraldehyde 25% (Glut) were obtained from Sigma Chemi-
cal Co., and stored at —21°C until use. Bovine serum albumin
(BSA, fraction V) was also obtained from Sigma. All chemicals,
including o-phenylenediamine (0-PD), glucose, polyethyleneimine
(PEI), KCI, FeCl3, K3[Fe(CN)g], HCl (35% w/w), H,O, (30% w/v),
Nafion (5wt% in a mixture of lower aliphatic alcohols and
water), phosphate buffer saline (PBS, pH 7.4 containing 0.1 M
NaCl) were obtained from Sigma and used as supplied. All
interference compounds: ascorbic acid (AA), uric acid (UA),
dopamine (DA), 3,4-dihydroxyphenylacetic acid (DOPAC), sero-
tonin (5-HT), glycine (Gly), L-tryptophan (L-Tryp), aspartate (Asp),
L-cysteine (L-cys), norepinephrine (Nep), epinephrine (Ep), L-
tyrosine (L-tyr), y-aminobutyric acid (GABA), homovanillic acid
(HVA), and 5-hydroxyindoleacetic acid (5-HIAA) were obtained
for Aldrich-Sigma and used as supplied. PBS stock solutions were
prepared in doubly distilled water (18.2 M2 cm, Millipore-Q), and
stored at 4°C when not in use. Stock 250 mM solutions of glucose
were prepared in water, left for 24 h at room temperature to allow
equilibration of the anomers, and then stored at 4 °C. The PEI solu-
tion used was prepared by dissolving PEI at 5% w/v in H,O. The
cross-linking solution was prepared in PBS with 1% w/v of BSA and
0.1% w/v of Glut. Monomer solution (300 mM o-PD) was prepared
using 48.6 mg of 0-PD and 7.5 mg of BSA in 1.5 mL of N,-saturated
PBS and sonicated for 15 min [32]. A 300 U/mL solution of Gox was
prepared by dissolving 3.7 mg in 2 mL of PBS. Interference solu-
tions were prepared in water just before use and, if necessary, pH
was adjusted to 7.4. Carbon fibers (8 wm diameter), glass capil-
laries, and 250 wm internal diameter Teflon-coated copper wire
were obtained from Word Precision Instruments Inc., and silver
epoxy paint was supplied by Sigma. N, (high grade, O, <2 ppm)
was supplied by Air Liquide.

2.2. Instrumentation and software

Experiments were computer controlled with data-acquisition
software EChem™ for CV and Chart™ for CPA. The data-acquisition
system used was e-Corder 401 (EDAQ) and a low-noise and high-
sensitivity potentiostat, Picostat (EDAQ). CV and EIS experiments
for microbiosensor characterization were conducted with an Auto-
lab PGSTAT 20 potentiostat and a FRA module from EcoChemie,
computer controlled by their general purpose electrochemical
system (GPES) and FRA software, respectively. The linear and non-
linear regression analyses were performed using the graphical
software package Prism (ver. 5.00 GraphPad Software). To electro-
deposit and activate the PB, a custom-made Ag/AgCl/saturated KCl
reference electrode and platinum wire auxiliary electrode were
used.

2.3. Amperometric experiments

2.3.1. Invitro

All in vitro experiments were done in a 25 mL glass cell at 21 °C,
using a standard three-electrode set-up with a commercial sat-
urated calomel electrode (SCE) (CRISON Instrument S.A.) as the
reference and platinum wire as the auxiliary electrode. The opti-
mized applied potential for amperometric studies was 0.0 V against
SCE [30,31]. Glucose calibrations were performed in quiescent air-

saturated PBS (following stabilization of the background current
for 30 min) by adding aliquots of glucose stock solution (0.25 M) to
the electrochemical cell. After the addition of glucose aliquots, the
solution was stirred for 10 s and then left to reach the steady-state
current. CV experiments were carried out in electrolyte support
solution (0.1 M KCI and 3 mM HCI). EIS measurements were per-
formed in the presence of a 2.5 mM Ks[Fe(CN)g]/K4[Fe(CN)g] (1:1)
mixture as a redox probe in PBS. The stabilization potential was
set to 0.1V against SCE, the signal amplitude was 5mV and the
frequency range was 40 kHz—0.5 Hz.

2.3.2. Invivo

These experiments were carried out with male rats of ~300g
(Sprague Dawley) in accordance with the European Communi-
ties Council Directive of 1986 (86/609/EEC) regarding the care
and use of animals for experimental procedures, and adequate
measures were taken to minimize pain and discomfort. After
being anesthetized with urethane (1.5 g/kg), the animal’s head was
immobilized in a stereotaxic frame and its body temperature main-
tained at 37 °C with a heating blanket. The skull was then surgically
exposed and a small hole drilled for microbiosensor implantations.
To measure prefrontal cortex glucose, the microbiosensors were
implanted according to Paxinos and Watson coordinates: A/P +2.7
from bregma, M/L +1.2 and D/V —0.5 from dura [33]. The Ag/AgCl
reference electrode and platinum auxiliary electrode were placed
over the skull near the prefrontal cortex, and the skull kept wet with
saline-soaked pads. Local infusion was performed using a polymi-
cro tube based on a fused silica capillary tube with 75 pm inner
diameter located 400 pm from the recording electrode tip. Elec-
trical stimulation was provided by an S-8800 Grass model and a
bipolar electrode made with two tungsten rods (100 wm diameter;
A-M Systems Inc.) etched with an oxyacetylene torch flame, insu-
lated with glass fused silica capillary (Composite Metal Service). The
two active tips were separated by 25 pwm, and the exposed active
surface of each tip was approximately 0.5 mm long. Stimuli were
given from 0.02 to 0.15 mA at 100 Hz for 400 ms, using 0.9 ms square
biphasic pulses.

2.4. Microbiosensor construction based on CFE/PB

Carbon fiber electrodes (CFEs: 8 wm diameter, 250-500 pm
length) where constructed and modified as described previously
[30,31]; however, the electrolyte solution employed during PB
modification was 0.1 M KCl and 0.1 M HCl, according to Karyakina
et al. [22], in order to improve PB film stability. When the PB/CFEs
were ready to use, the next step was to immobilize the perms-
elective films and the Gox using the following protocol: 15 fast
immersions in Nafion solution and a drying period of 30 min; 15
fast immersions in PEI solution and a drying period (30 min); one
immersion in Gox (300 U/mL) for 5 min and a drying period (5 min);
30 fast immersions in the Gox solution; and 15 fast immersions
in the cross-linking solution (BSA/Glut). After the immobilization
steps, all biosensors were cured for 1h at 37°C, and finally an
interference-rejection film of PoPD/BSA was electropolymerized
over the biosensor [31]. After the fabrication procedure of the
biosensors was completed, they were cleaned in doubly distilled
water, stored overnight at 4 °C in a refrigerator, and used the next
day. When not in use, biosensors were stored again at 4°C in a
refrigerator in dry conditions.

3. Results and discussion
3.1. CV analysis of the PB film

Once the PB film was electro-deposited, activated and stabilized
[30,31], it was characterized using CV and EIS. Fig. 1a shows a CV
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Fig. 1. a) CV of CFE/PB in electrolyte solution (0.1 M KCl, 0.1 M HCl) at a scan rate of
0.1Vs~'.b) CV of CFE/PB in electrolyte solution changing the scan rate from 0.01 to
0.3Vs~'. c) Linear dependence of Iox and I;4 against the square root of scan rate.

of PB, where two characteristic peak couples due to conversion of
high and low spin ions appear well defined with formal potentials
of 0.15V and 0.85V, close to values reported previously [11-13].
As shown in Fig. 1a, the reduction peak is sharper than the oxi-
dation one, similar to that previously reported, and indicating a
regular inorganic polycrystalline structure [34]. The effect of poten-
tial scan rate on the oxidation and reduction peak currents (Iox and
Iq respectively) was also studied for the couple centered at 0.15V.
Fig. 1b shows an increase in Iox, I;q and AE, when scan rate was
augmented. These higher values of AE, reveal a more irreversible
inter-conversion between PB and Prussian White (PW) forms. Plot-
ting Iox and I;4 against the square root of scan rate (Fig. 1c) a linear
relationship is observed, indicating that diffusion of electrolyte
across the film limits the reaction rate rather than a surface-bound
process.

3.2. CV analysis during biosensor construction method

The electrochemical behavior of different stages of the modified
microelectrode fabrication procedure was studied by CV in elec-
trolyte solution (0.1 M KCl and 0.1 M HCI) at 0.1 V/s in the potential
range corresponding to the first peak pair in Fig. 1 (-0.2 to 0.4V);
these results are shown in Fig. 2. No obvious redox peaks were
observed at native, unmodified CFEs. After PB electro-deposition,
however, a well-defined pair of redox peaks centered at 0.15V cor-
responding to the inter-conversion between PW and PB forms was
seen. In order to attenuate possible oxygen deficits in biosensor
applications, Nafion was added to the modified surface. This, and
other fluorocarbon-derived polymers, have been shown to act as
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Fig. 2. CV of PW/PB conversion during each step of biosensor construction in elec-
trolyte solution (0.1 M KCl, 0.1 M HCl) at a scan rate of 0.1 Vs~ against SCE.

internal O, reservoirs at low solution oxygen concentration due to
their extraordinary capacity to dissolve O, [35]. A slight increase
in Iox and decrease in AE, appeared due to a displacement of the
anodic peak, indicating more reversible behavior after Nafion addi-
tion; both effects can be attributed to the negatively charged Nafion
backbone.

The next step involved addition of polycationic PEI to exploit its
ability to inhibit enzyme inactivation and to improve its stability by
formation of cationic-anionic complexes, thus increasing the load-
ing of active enzyme [36]. During this step a significant decrease
in I,4 and reduction potential were observed, accompanied by a
broader anodic peak. These observations can be explained by con-
sidering PEI as a positively charged poly-electrolyte and this can
affect the entrapment of the counter-ion (K*) in the PB film during
the reduction step, producing a more irreversible CV (significant
increase in AEp). Following Gox immobilization, a small decrease
of the peak currents and increase in AE, were observed reflecting
some inhibition of charge transfer associated with the adsorbed
enzyme.

In order to avoid unwanted interference reactions during
biosensor applications, a poly-o-phenylenediamine (PoPD) film
was used as a permselective layer. Such films have been used in our
previous studies and showed excellent anti-interference proper-
ties [30,31]. After electropolymerization of PoPD, voltammograms
showed a large decrease in the peak currents and significantly
broader AE, characteristic of electrodes with greatly increased
resistance to charge flow.
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Fig. 3. (a and b) EIS of modified CFE during each step of biosensor construction in PBS with 2.5 mM Fe(CN)s*/3-, 0.1V against SCE, signal amplitude 5 mV and the frequency
range 40 kHz-0.5 Hz. ¢) Randles electronic equivalent circuit employed to model impedance data.
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Table 1

Selectivity coefficients for glucose against a large number of physiological interferences found in the ECF. Selectivity coefficients have been calculated according Eq. (1).
Glucose biosensor design (CFE/PB/Nafion/PEI/Gox/PoPD) used in this study showed a sensitivity of 751 + 3 pA/mM (mean + SEM) n=5.

Interference Basal concentration (M) Calibration range (M) ix =SEM (pA) S+SEM (%) n
AA 200 0-500 5.88+0.42 1.57+£0.12 4
L-Tryp 30 0-50 0.37+0.07 0.10+0.02 5
L-CyS 30 0-50 0.29+0.05 0.08 +0.01 5
L-tyr 30 0-50 0.48 +0.06 0.13+0.02 5
Gly 10 0-50 0.308 £ 0.04 0.08 +0.01 5
5-HLAA 10 0-50 0.44+0.04 0.12+0.01 5
UA 10 0-50 0.213+£0.02 0.06 +0.01 4
HVA 10 0-50 0.06 +0.02 0.02 +£0.01 5
DOPAC 10 0-50 0.29+0.08 0.08 +0.02 4
GABA 5 0-50 0.30+0.02 0.08 +0.01 5
Asp 5 0-50 <0.01 <0.001 4
DA 0.01 0-1 <0.01 <0.001 4
5-HT 0.01 0-1 <0.01 <0.001 4
Nep 0.005 0-1 <0.01 <0.001 4
Ep 0.005 0-1 <0.01 <0.001 5

3.3. Electrochemical impedance spectroscopy analysis during
construction procedure

Electrochemical impedance spectroscopy (EIS) is an effective
method to probe the interfacial properties of surface-modified elec-
trodes. A typical shape of a Faradic impedance spectrum includes
a semicircle region (at higher frequencies) and a straight line por-
tion (at lower frequencies). The semicircle portion corresponds to
the charge-transfer limited process, and the linear portion repre-
sents the diffusion-limited process. The semicircle diameter in the
impedance spectrum equates to the charge-transfer resistance, R,
at the electrode surface [37]

The experimental Faradaic impedance spectra were fitted using
a general Randles electronic equivalent circuit (Fig. 3c), which is
very often used to model interfacial phenomena [38], including
the ohmic resistance of the electrolyte solution, Rs, the Warburg
impedance, Zy, the double layer capacitance, Cy4; and the charge-
transfer resistance, R.t. The two components, Rs and Z,, represent
bulk properties of the electrolyte solution and diffusion feature of
the redox probe in solution, respectively; therefore, these param-
eters are not affected by the electrochemical reaction occurring at
the electrode surface. On the other hand, Cy and Rt depend on
the dielectric and insulating features at the electrode/electrolyte
interface, respectively.

At an unmodified CFE, the redox process of the [Fe(CN)g3—/4-]
probe showed an electron transfer resistance (Rc¢) of about 339 k2
(Fig. 3a, curve a); the CFE modified with a PB film showed a
much lower resistance (157 kS2) for the same redox probe (Fig. 3a,
curve b), indicating that the PB improved the electric conduct-
ing properties and facilitated electron transfer. The succeeding
modifications for biosensor construction were: addition of Nafion
and coating with PEI (Fig. 3b, curves c and d, respectively); these
two modifications gave R.¢ values of 37 and 5Kk€2, respectively.
This can be attributed to the fact that both are charged poly-
mers and so improve charge transfer at the electrode/electrolyte
interface. Nevertheless, Nafion showed a higher value of R, pre-
sumably due to repulsion between the negatively charged SO3~
groups of the Nafion polymer backbone and the negatively charged
Fe(CN)g3~/4~ ions. When Gox was immobilized with BSA/Glut
onto the CFE/PB/Nafion/PEI-modified electrode surface, the charge
transfer resistance increased, reaching a value of 15k (Fig. 3b,
curve e), which is consistent with the immobilization of the
globular protein (Gox) on the electrode. The last step, electropoly-
merization of POPD/BSA, increased again the resistance value to
374kS2 (Fig. 3a, curve f), and indicates a significant blocking of
charge exchange between the redox probe and the electrode sur-
face, in good agreement with conclusions reached from CV analysis
(Fig. 2).

3.4. Anti-interference properties

To quantify the anti-interference properties of these glucose
micro-biosensors, a large number of potential interference com-
pounds were checked by means of in vitro calibrations of glucose
and interference in their physiological range (see Table 1). The
selectivity coefficient for glucose against interference, S (%), was
calculated using Eq. (1)

S (%) =2 x100 1)
Igluc

where ix refers to the current measured for estimated basal concen-
tration of interference species and ig), is the current measured for
0.5 mM of glucose (Table 1). For ideally selective polymer-modified
electrodes that block interferences efficiently and yet allow glucose
access to the biosensor surface, S (%) approaches 0%. Selectivity
coefficient values obtained for all interferences were lower than
0.15% except for AA (1.6%) which is present in brain extracellular
fluid at significantly higher concentration. These results indicate
that the effects of electroactive interference, at low applied poten-
tials and using PoPD as a permselective film, are negligible and
suggest that these devices might be suitable for a complex matrix
like CNS tissue. Reproducibility expressed as the CV between dif-
ferent biosensors (intra and inter-group) was 2.7% (n=6) and 5.1%
(n=3)respectively, and stability (loss of ~10% of the initial response
after 2 weeks) showed that these biosensors are adequate for short-
and medium-term applications.

3.5. In vivo glucose microbiosensor response

During all in vivo experiments glucose levels were in the range
of 0.2-2mM, the value depending on the experimental condi-
tions, especially electrical and pharmacological stimulation. Taking
account of biosensor calibrations before and after implantation,
baseline extracellular fluid glucose concentration in prefrontal cor-
tex was 1.2+ 0.2 mM (mean £ SD, n=5) for the state of anesthesia
used here. This value is about twice that reported for the more
commonly studied striatal brain region [15,30], but closer to that
estimated for another subcortical region, the hippocampus [39].

3.5.1. Effects of glucose local infusion (LI) and glucose and insulin
intraperitoneal injections (IP)

In order to demonstrate that CFE/PB/Nafion/PEI/Gox/PoPD
biosensors respond to glucose changes in brain extracellular fluid
we began in vivo characterization by examining the effect of glu-
cose 2mM LI Fig. 4 inset shows different injections, where the
injected volume was increased from 0.1 to 2 pL. As expected, a
clear saturation effect and asymptotic behavior was observed, with
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Fig. 4. Effect of intraperitoneal injections of insulin (*) (20 U/kg) and glucose (**)
(1 g/kg) on the response of a glucose microbiosensor (CFE/PB/Nafion/PEI/Gox/PoPD)
placed in the prefrontal cortex of anesthetized rat. Data are normalized with respect
to basal levels before the injection taken as 100%. Inset: current changes in glu-
cose microbiosensor after local infusion of different volumes (a: 0.1 wL; b: 0.2 pL; c:
0.5 uL; d: 0.8 puL; e: 2 wL) of 2 mM glucose at 10 pLmin—".

the maximum current registered (comparing with previous in vitro
calibration) corresponding to a value of 2 mM glucose, the concen-
tration of the infused stock solution.

The effects of insulin and glucose IP were also studied. The
experimental rats (n=3) were isolated and access to food restricted
for 12 h prior to recording. Glucose biosensors were inserted in
the right prefrontal cortex and after a stabilization period (1 h) the
effect of insulin (20 U/kg, IP) was studied. Fig. 4 shows the mean
baseline glucose current, normalized as a percentage of basal val-
ues. At 404+ 10min after the injection, the measured current of
glucose started to decrease and reached 20+ 10% of basal values.
The maximum hormone effect was observed approximately 1h
after injection. Fig. 4 also shows the increase in biosensor response
after glucose (1 g/kg, IP), reaching almost 80% of the pre-insulin
glucose basal level. Similar results have been obtained in the stria-
tum of unanesthetized freely moving rats, using 125-pwm diameter
biosensors [29]. The biosensor response following glucose injection
increased rapidly by 10 4 5 min after injection but did not reach the
full basal levels, probably because of the lasting influence of the
injected insulin.

3.5.2. Spreading depression produced by local infusion of 150 mM
KCl and local electrical stimulation

Spreading depression (SD) is a striking and highly reproducible
response of the gray matter of the central nervous system. At the
core of SD is a rapid and nearly complete depolarization of a siz-
able population of brain cells [40]. Normoxic SD can be triggered
by high-frequency electrical pulses, mechanical stimuli and a vari-
ety of chemicals, such as potassium ions and glutamate. In our case
a single SD episode was elicited by applying an aliquot (from 1 to
3 L) of 150 mM of KCl at 10 wL min—1,

The effect on the biosensor response caused by depolarization
by different volume injections of KCl is shown in Fig. 5, where a clear
increase in glucose level was observed after different KCl infusion
(~2.55), followed by arapid decreased of glucose concentration and
a not-so-rapid restoration of the basal levels (~5 min). The increase
in glucose response was dose dependent. The rapid depolarization
of neurons and astrocytes can explain the glucose kinetics after the
K* injection: the increased signal during injection could be due a
rapid global depolarization, especially glutamatergic neurons, and
the subsequent decrease could be explained by the inhibition of
the synaptic activity [41] which recovers in a few minutes; similar
results were found in all animals employed (n=3).

SD episodes were also elicited by applying high-frequency
(100 Hz) electrical pulses of 0.15 mA for 400 ms. Both the glucose
biosensor and a blank sensor (without Gox) were stereotaxically
positioned close to each other in the prefrontal cortex of rat brain
~200 wm from a bipolar stimulating electrode described above.
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Fig. 5. Changes in CFE/PB/Nafion/PEI/Gox/PoPD biosensor response after several
transients of spreading depression generated by local infusion of different volumes
(from 1 to 3 L) of 150 mM KCl at 10 pLmin—'.
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Fig. 6. Typical recordings showing the physiological responses registered with a
glucose microbiosensor (CFE/PB/Nafion/PEI/Gox/PoPD) after electrical stimulation
at 100Hz for 400 ms (*): left inset, three consecutive responses with blank sen-
sor; right inset, glucose microbiosensor response. Similar results were found in all
corresponding in vivo experiments (n=4).

While blank sensors only displayed a brief artifact during electrical
stimulus (Fig. 6, left inset), glucose microbiosensors (Fig. 6, right
inset) showed the same artifact and a typical SD response after a
rapid and short decrease of glucose current (~8s), due to the phys-
iological consumption of glucose caused by electrical stimulation.

4. Conclusions

A new implantable glucose biosensor based on PB-modified CFE
with a very small cross-sectional area (10 wm diameter) and a
low working potential (0.0 V against SCE) has been designed and
characterized. Incorporating an electrocatalytic layer (PB), as well
as Nafion to attenuate oxygen dependence, PEI to stabilize the
enzyme, and PoPD as a permselective layer, these microbiosen-
sors displayed good glucose sensitivity (~12nA wM~! cm~2) and
excellent anti-interference properties. During microbiosensor con-
struction each step was studied in detail to provide insight into how
surface properties changed following each modification. Moreover,
exploratory pharmacological and electrical stimulations reported
here demonstrate that these devices have sufficient sensitivity and
stability to monitor multi-phasic and reversible changes in brain
ECF glucose levels in vivo.

Acknowledgement

The funds for the development of this device have been provided
by the following national public grants: ULLAPD-08/01 granted
by the Agencia Canaria de Investigacién, Innovacién y Sociedad
de la Informacién, Ministerio de Industria, Turismo y Comer-
cio (AVANZA) TSI-020100-2008-337 and Ministerio de Ciencia e

158



142 P. Salazar et al. / Sensors and Actuators B 152 (2011) 137-143

Innovacién (CICYT) TIN2008-06867-C02-01/TIN. We thank Dr JL
Rodriguez Marrero and ] Florez Montaiio for help in EIS measure-
ments.

References

[1] L.C. Clark Jr., C. Lyons, Electrode system for continuous monitoring in cardio-
vascular surgery, Ann. N. Y. Acad. Sci. 102 (1962) 29-46.

[2] SJ.Updike, G.P. Hicks, The enzyme electrode, Nature 214 (1967) 986-988.

[3] J. Liu, J. Wang, Improved design for the glucose biosensor, Food Technol.
Biotechnol. 39 (2001) 55-58.

[4] J. Wang, Glucose biosensors: 40 years of advances and challenges, Electroanal-
ysis 13 (2001) 983-988.

[5] M. Stoytcheva, R. Zlatev, Z. Velkova, B. Valdez, M. Ovalle, Analytical character-
istics of electrochemical biosensors, Portugaliae Electrochim. Acta 27 (2009)
353-362.

[6] C.P.McMahon,S.J.Killoran, R.D.O’Neill, Design variations of a polymer-enzyme
composite biosensor for glucose: enhanced analyte sensitivity without
increased oxygen dependence, J. Electroanal. Chem. 580 (2005) 193-202.

[7] C.P. McMahon, R.D. O’Neill, Polymer-enzyme composite biosensor with high
glutamate sensitivity and low oxygen dependence, Anal. Chem. 77 (2005)
1196-1199.

[8] C.P.McMahon, G.Rocchitta, P.A. Serra, S.M. Kirwan, J.P. Lowry, R.D. O’Neill, Con-
trol of the oxygen dependence of an implantable polymer/enzyme composite
biosensor for glutamate, Anal. Chem. 78 (2006) 2352-2359.

[9] B.M. Dixon, J.P. Lowry, R.D. O'Neill, Characterization in vitro and in vivo of
the oxygen dependence of an enzyme/polymer biosensor for monitoring brain
glucose, J. Neurosci. Methods 119 (2002) 135-142.

[10] F.Palmisano, P.G. Zambonin, Ascorbic acid interferences in hydrogen peroxide
detecting biosensors based on electrochemically immobilized enzymes, Anal.
Chem. 65 (1993) 2690-2692.

[11] D. Carelli, D. Centonze, A. De Giglio, M. Quinto, P.G. Zambonin, An interference-
free first generation alcohol biosensor based on a gold electrode modified by
an overoxidised non-conducting polypyrrole film, Anal. Chim. Acta 565 (2006)
27-35.

[12] S.M. Kirwan, G. Rocchitta, C.P. McMahon, ].D. Craig, S.J. Killoran, K.B. O'Brien,
P.A. Serra, ].P. Lowry, R.D. O’'Neill, Modifications of poly(o-phenylenediamine)
permselective layer on Pt-Ir for biosensor application in neurochemical mon-
itoring, Sensors 7 (2007) 420-437.

[13] M.C. Rodriguez, G.A. Rivas, Highly selective first generation glucose biosensor
based on carbon paste containing copper and glucose oxidase, Electroanalysis
13(2001) 1179-1184.

[14] J. Wang, L. Chen, ]. Liu, F. Lu, Enhanced selectivity and sensitivity of first-
generation enzyme electrodes based on the coupling of rhodinized carbon paste
transducers and permselective poly(o-phenylenediamine) coatings, Electro-
analysis 8 (2005) 1127-1130.

[15] R.D. O’Neill, J.P. Lowry, G. Rocchitta, C.P. McMahon, P.A. Serra, Designing sensi-
tive and selective polymer/enzyme composite biosensors for brain monitoring
in vivo, Trends Anal. Chem. 27 (2008) 78-88.

[16] M. Gerritsena, A. Krosb, V. Sprakelb, J.A. Luttermanc, R.J.M. Nolteb, J.A. Jansen,
Biocompatibility evaluation of sol-gel coatings for subcutaneously implantable
glucose sensors, Biomaterials 21 (2000) 71-78.

[17] M. Yuqging, C. Jianrong, W. Xiaohua, Using electropolymerized non-conducting
polymers to develop enzyme amperometric biosensors, Trends Biotechnol. 22
(2004) 227-231.

[18] N. Wisniewski, F. Moussy, W.M. Reichert, Characterization of implantable
biosensor membrane biofouling, Fresenius J. Anal. Chem. 366 (2000) 611-621.

[19] A.A.Karyakin, O.V. Gitelmacher, E.E. Karyakina, A high sensitive glucose amper-
ometric biosensor based on Prussian Blue modified electrodes, Anal. Lett. 27
(1994) 2861-2869.

[20] A.A. Karyakin, O.V. Gitelmacher, E.E. Karyakina, Prussian Blue based first gen-
eration biosensors A high sensitive amperometric electrode for glucose, Anal.
Chem. 67 (1995) 2419-2423.

[21] A.A. Karyakin, E.E. Karyakina, L. Gorton, Prussian Blue based amperometric
biosensors in flow-injection analysis, Talanta 43 (1996) 1597-1606.

[22] A.A.Karyakina, E.E. Karyakina, L. Gorton, On the mechanism of H, O, reduction
at Prussian Blue modified electrodes, Electrochem. Commun. 1 (1999) 78-82.

[23] LL. Mattors, L. Gorton, T. Ruzgas, A.A. Karyakin, Sensor for hydrogen peroxide
based on Prussian Blue modified electrode: improvement of the operational
stability, Anal. Sci. 16 (2000) 795-798.

[24] F.Ricci, G. Palleschi, Sensor and biosensor preparation, optimisation and appli-
cations of Prussian Blue modified electrodes, Biosens. Bioelectron. 21 (2005)
389-407.

[25] D.Lowinsohn, M. Bertotti, Flow injection analysis of blood L-lactate by using a
Prussian Blue-based biosensor as amperometric detector, Anal. Biochem. 265
(2007) 260-265.

[26] A.K.M. Kafi, F. Yin, H.K. Shin, Y.S. Kwon, Amperometric thiol sensor based on
Prussian blue-modified glassy carbon electrode, Curr. Appl. Phys. 7 (2007)
496-499.

[27] Y.Liua,Z.Chua, W.Jin, A sensitivity-controlled hydrogen peroxide sensor based
on self-assembled Prussian Blue modified electrode, Electrochem. Commun. 11
(2009) 484-487.

[28] X. Zhang, ]J. Wang, B. Ogorevc, U.E. Spichiger, Glucose nanosensor based on
Prussian-Blue modified carbon-fiber cone nanoelectrode and an integrated
reference electrode, Electroanalysis 11 (1999) 945-949.

[29] J.P. Lowry, M. Miele, R.D. O'Neill, M.G. Boutelle, M. Fillenz, An amperomet-
ric glucose-oxidase/poly(o-phenylenediamine) biosensor for monitoring brain
extracellular glucose: in vivo characterisation in the striatum of freely-moving
rats, J. Neurosci. Methods 79 (1998) 65-74.

[30] P. Salazar, M. Martin, R. Roche, R.D. O'Neill, J.L.. Gonzalez-Mora, Prussian
Blue-modified microelectrodes for selective transduction in enzyme-based
amperometric microbiosensors for in vivo neurochemical monitoring, Elec-
trochim. Acta 55 (2010) 6476-6484.

[31] P.Salazar, M. Martin, R.Roche, J.L. Gonzalez-Mora, R.D. O’Neill, Microbiosensors
for glucose based on Prussian Blue modified carbon fiber electrodes for in-
vivo monitoring in the central nervous system, Biosens. Bioelectron. 26 (2010)
748-753.

[32] K. McAteer, R.D. O’Neill, Strategies for decreasing ascorbate interference at glu-
cose oxidase-modified poly(o-phenylenediamine)-coated electrodes, Analyst
121 (1996) 773-777.

[33] G.Paxinos,C. Watson, The Rat Brain in Stereotaxic Coordinates, Academic Press,
Sydney, 1986.

[34] A.A.Karyakin, Prussian blue and its analogues: electrochemistry and analytical
applications, Electroanalysis 13 (2001) 813-819.

[35] J. Wang, L. Chen, M.P. Chatrathi, Evaluation of different fluorocarbon oils for
their internal oxygen supply in glucose microsensors operated under oxygen-
deficit conditions, Anal. Chim. Acta 411 (2000) 187-192.

[36] J.D. Breccia, M.M. Andersson, R. Hatti-Kaul, The role of poly(ethyleneimine) in
stabilization against metal-catalyzed oxidation of proteins: a case study with
lactate dehydrogenase, Biochim. Biophys. Acta 1570 (2002) 165-173.

[37] M.Zhou, L. Shang, B. Li, L. Huang, S.J. Dong, Highly ordered mesoporous carbons
as electrode material for the construction of electrochemical dehydrogenase-
and oxidase-based biosensors, Biosens. Bioelectron. 24 (2008) 442-447.

[38] Y. Liu, X. Qu, H. Guo, H. Chen, B. Liu, S. Dong, Facile preparation of amper-
ometric laccase biosensor with multifunction based on the matrix of carbon
nanotubes-chitosan composite, Biosens. Bioelectron. 21 (2006) 2195-2201.

[39] E.C. McNay, R.C. McCarty, P.E. Gold, Fluctuations in brain glucose concentration
during behavioral testing: dissociations between brain areas and between brain
and blood, Neurobiol. Learn. Mem. 75 (2001) 325-337.

[40] G.G. Somjen, Mechanisms of spreading depression and hypoxic spreading
depression-like depolarization, Physiol. Rev. 81 (2001) 1065-1096.

[41] V.L Koroleva, V.I. Davydov, G.Y. Roshchina, Properties of spreading depres-
sion identified by EEG spectral analysis in conscious rabbits, Neurosci. Behav.
Physiol. 39 (2009) 87-97.

Biographies

Pedro Salazar Carballo received his degree in Chemical
Sciences (2003) and his DEA (Advanced Studies Diploma)
(2005) from the University of La Laguna (ULL). Since
2006 he has been a researcher at the Neurochemical and
Neuroimaging headed by ].L. Gonzalez-Mora. In 2010 he
received his Master in Chemistry from ULL: nowadays, he
is working in different areas: (1) development and imple-
mentation of enzymatic amperometric biosensors focused
on the connection between the neurovascular system and
the central nervous system, (2) surface nanostructuration
with electroactive compounds and (3) development of
label-free immunosensors based on Prussian Blue films.

Robert D. O’Neill BSc (Chemistry, University College
Dublin, 1976); Ryan Gold Medal (Chemistry, 1976); PhD
(Electrochemistry, supervised by Prof. David Feakins,
UCD, 1980). Postdoctoral research (1980-1983) with John
Albery, FRS (Chemistry, Imperial College London) and
Marianne Fillenz, MD, PhD (Physiology, Oxford Univer-
sity). Research Fellowships (1983-1985) in Physiology
(Worcester College, Oxford) and Neurochemistry (Beit
Memorial Fellowship in Medical Research) at Oxford
University. Appointed to UCD in 1985 and is now UCD Pro-
fessor of Electrochemistry. Core research interests include
design and characterization of amperometric sensors and
biosensors; neurotransmitter glutamate and dopamine
monitoring; and brain vitamin-C/glutamate interactions.

Miriam Martin Herndndez received her degree in Chem-
ical Sciences from the University of La Laguna (ULL, 2005).
Since 2006 she has worked as researcher at the Neu-
rochemical and Neuroimaging laboratory headed by J.L.
Gonzalez-Mora. In 2007 and 2010 she received her DEA
(Advanced Studies Diploma) and her Master in Chemistry
respectively from the ULL. Nowadays, she is working in
two different areas: (1) development and implementation
of enzymatic amperometric biosensors and (2) develop-
ment and implementation of ISE microelectrodes, both of
which are focused on the connection between the neu-
rovascular system and the central nervous system.

159



P. Salazar et al. / Sensors and Actuators B 152 (2011) 137-143 143

Rossany Roche received her Chemical Engineer degree in
2000 and her Doctorate degree in 2006, both from Univer-
sidad Simén Bolivar, in Caracas, Venezuela. She worked
at Processes and Systems Department of the Simén Boli-
var University in the Automatic Control Systems area until
2006. She joined the Neurochemistry and Neuroimaging
group of the Physiology Department at La Laguna Uni-
versity in 2007. Her research interests have been focused
on modelling and identification of dynamical systems and
specially the mathematical modelling of bio-medical sys-
tems.

J.L. Gonzdlez-Mora received his MD and PhD degrees in
1982 and 1987, respectively. Since 1992, he has been
senior professor in the Department of Physiology (School
of Medicine, University of La Laguna, ULL), and is the head
of the Neurochemical and Neuroimaging laboratory. His
group has worked on “in vivo” voltammetry from 1988
using this methodology for continuous on-line monitoring
of monoamine neurotransmitter release in living animals
and humans. His group has also been a pioneer in the
application of this technique in the study of neurochem-
ical release, associated with complex behavior such as
social and sexual interaction.

160



Colloids and Surfaces B: Biointerfaces 92 (2012) 180-189

Colloids and Surfaces B: Biointerfaces

journal homepage: www.elsevier.com/locate/colsurfb

Contents lists available at SciVerse ScienceDirect

Surfactant-promoted Prussian Blue-modified carbon electrodes: Enhancement of
electro-deposition step, stabilization, electrochemical properties and application
to lactate microbiosensors for the neurosciences

P. Salazar®*, M. Martin?, R.D. O’Neill?, R. Roche?, ].L. Gonzalez-Mora?

a Neurochemistry and Neuroimaging Group, Faculty of Medicine, University of La Laguna, Tenerife, Spain
b UCD School of Chemistry and Chemical Biology, University College Dublin, Belfield, Dublin 4, Ireland

ARTICLE INFO

Article history:

Received 8 August 2011

Received in revised form

22 November 2011

Accepted 22 November 2011
Available online 8 December 2011

Keywords:
Prussian Blue
Surfactant

BZT

H,0, sensor
Lactate biosensor

ABSTRACT

We report here for the first time a comparison of the beneficial effects of different cationic surfactants
- cetyl trimethyl ammonium bromide (CTAB), benzethonium chloride (BZT) and cetylpyridinium chlo-
ride (CPC) - for the electrochemical synthesis of Prussian Blue (PB) films, using cyclic voltammetry (CV),
on screen-printed carbon electrodes (SPCEs). Their electrochemical properties were investigated, pay-
ing special attention to parameters such as the amount of PB deposited, film thickness, charge transfer
rate, permeability, reversibility, stability and sensitivity to hydrogen peroxide detection. All surfactant-
enhanced PB-modified SPCEs displayed a significant improvement in their electrochemical properties
compared with PB-modified SPCEs formed in the absence of surfactants. Surfactant-modified electrodes
displayed a consistently higher PB surface concentration value of 2.1+ 0.4 x 10-8 mol cm~2 (mean + SD,
n=3)indicating that PB deposition efficiency was improved 2-3 fold. K* and Na* permeability properties
of the films were also studied, as were kinetic parameters, such as the surface electron transfer rate con-
stant (ks) and the transfer coefficient («). The hydrogen peroxide sensitivity of surfactant-modified PB
films generated by 10 electro-deposition CV cycles gave values of 0.63 AM~' cm~2, which is higher than
those reported previously for SPCEs by other authors. Finally, the first lactate microbiosensor described
in the literature based on BZT-modified PB-coated carbon fiber electrodes is presented. Its very small

cross-section (~10 wm diameter) makes it particularly suitable for neuroscience studies in vivo.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Over recent decades, Prussian Blue (PB), Fe4[Fe(CN)g]3, the most
representative compound of the transition metal hexacyanometal-
late family [1,2], has received much attention in a variety of fields.
Although its magnetic and electrochromic properties have proved
very attractive [3,4], the electrocatalytic effect of its reduced form
(Prussian White, PW) on the reduction of H,0, at low applied
potentials is the most important application to date [5]. Together
with the facile modification of the electrode substrate and the
low cost of production, this has led to an on-going replacement
of the common enzymatic detection method - horseradish per-
oxidase (HRP) - which is more expensive and complicated than
PB-modified substrates [6-13].

Screen printing technology has been employed with great suc-
cess in the manufacture of electrodes in the last decade, allowing
the mass production of electrodes with extremely low cost and

* Corresponding author. Tel.: +34 922319363; fax: +34 922319397.
E-mail address: psalazar@ull.es (P. Salazar).

0927-7765/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfb.2011.11.047

therefore suitable for production of disposable electrodes [14].
Relatively few papers appear in the literature combining screen-
printed carbon electrodes (SPCEs) and PB. These reports were based
on the chemical synthesis of PB and subsequent bulk modification
of the carbon ink by PB microparticles [15] or the in situ modifica-
tion of glassy carbon or graphite powder with PB [16], both methods
giving similar hydrogen peroxide sensitivity of ~0.14AM~1 cm—2,
Another method, proposed by Ricci et al. [17], involved the direct
chemical synthesis of PB onto SPCEs, placing a drop of precursor
solution onto the working electrode area. With this approach a
H,0, sensitivity of ~0.23 AM~! cm~2 has been achieved.

An important advance in the context of the electro-deposition
of PB (and other hexacyanoferrates) was the addition of cetyl
trimethyl ammonium bromide (CTAB), a cationic surfactant
[18-21]. With this approach, a significantly enhanced film growth,
efficient and rapid charge transfer, and extremely high stability
have been reported [18-23]. However, many of these studies to
date have focused mainly on the use of CTAB as a stabilizing agent
for PB deposited on classical electrodes, usually GCEs.

In the present paper we compare the effect of different
cationic surfactants (CTAB, benzethonium chloride (BZT) and
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cetylpyridinium chloride (CPC)) on the electrochemical properties
of PB films electro-deposited on SPCEs, paying special attention
to parameters such as the amount of PB deposited, film thickness,
charge transfer rate, permeability, reversibility, stability and sensi-
tivity to hydrogen peroxide detection. At the first stage of the study
SPCEs were selected due to their high reproducibility, low-cost and
convenient configuration compared with carbon fiber electrodes
(CFEs) which are needed for in vivo implantation. Building on this
experience with SPCEs, a novel lactate microbiosensor based on
BZT-modified PB-coated CFEs (~10 wm diameter) is then presented
with a view to future applications in the neurosciences.

2. Experimental
2.1. Reagents and solutions

The enzyme lactate oxidase (Lox) from Pediococcus sp. (50 units,
L0638), purchased as alyophilized powder, and glutaraldehyde 25%
(Glut) were obtained from Sigma Chemical Co., and stored at —21 °C
until use. Bovine serum albumin (BSA, fraction V) was also obtained
from Sigma. All other chemicals, including o-phenylenediamine (o-
PD), sodium L-lactate, polyethyleneimine (PEI), KCl, NaCl, FeCls,
K3[Fe(CN)g], HCl (35%, w/w), H,0, (30%, w/v), Nafion (5wt% in a
mixture of lower aliphatic alcohols and water), phosphate buffer
saline (PBS, pH 7.4 containing 0.1 M NacCl), ascorbic acid (AA), CTAB,
BZT and CPC were obtained from Sigma and used as supplied. The
background electrolyte for electro-deposition and electrochemical
characterization consisted of a solution of 0.02M HCIl and 0.1M
KCI (pH 1.7). PBS stock solutions were prepared in doubly dis-
tilled water (18.2 M2 cm, Millipore-Q), and stored at 4°C when
not in use. The PEI solution used was prepared by dissolving PEI
at 5% (w/v) in H,0. The cross-linking solution was prepared in PBS
with 1% (w/v) of BSA and 0.1% (w/v) of Glut. Monomer solution
(300mM o0-PD) was prepared using 48.6 mg of o-PD and 7.5 mg
of BSA in 1.5 mL of Ny-saturated PBS, and sonicated for 15 min. A
100 U/mL solution of Lox was prepared by dissolving 50 units of Lox
in 0.5 mL of PBS, stock 50 mM solutions of lactate were prepared in
PBS and stored at 4 °C when not in use. The stock calibration solu-
tion of H,0, (10 mM) was prepared in H,O just before use. Carbon
fibers (8 wm diameter), glass capillaries, and 250 pm internal diam-
eter Teflon-coated copper wire were obtained from Word Precision
Instruments Inc., and silver epoxy paint was supplied by Sigma.
High grade N, (O, <2 ppm) was supplied by Air Liquide.

2.2. Instrumentation

Experiments were computer controlled with data-acquisition
software EChem™ for CV and Chart™ for CPA. The data-acquisition
system used was e-Corder 401 (EDAQ) and a low-noise and high-
sensitivity potentiostat, Quadstat (EDAQ). Screen-printed carbon
electrodes (SPCEs) were purchased from DropSens. These elec-
trodes incorporate a conventional three-electrode configuration,
printed on ceramic substrates (3.4cm x 1.0cm). Both working
(disk-shaped 4 mm diameter) and counter electrodes were made
of carbon inks, whereas the pseudoreference electrode and elec-
tric contacts were made of silver. Scanning electron micrographs
(SEMs) were obtained using a JEOL J[SM-6300 microscope.

2.3. PBelectro-deposition

The deposition of the PB-surfactant composite film onto
SPCEs was accomplished by placing a drop of precursor solution
(background electrolyte solution (see above) containing 1.5 mM
FeCl3 +1.5 mMK3[Fe(CN)g] +1 mM surfactant) onto the working,
pseudoreference and counter electrodes, and cycling between —0.2

and 1V at a scan rate of 0.1Vs~! (default 10 cycles). The unmod-
ified PB film was prepared under the same conditions except that
the solution was free of surfactant. All electro-deposition and char-
acterization were done using this internal silver pseudoreference
(~0.026V against SCE in background electrolyte solution (0.02 M
HCl and 0.1 M KCI)) at 25°C. PB-surfactant-modified CFEs were
obtained by introducing CFEs into the precursor solution in the
similar way as SPCEs and cycled three times using an Ag wire as
pseudoreference and a platinum wire as counter electrode.

2.4. PBcharacterization

Electrochemical characterizations of PB deposits were done
in background electrolyte solution (0.02M HCl and 0.1 M KCl).
However, to study the PB permeability of Na*, the background
electrolyte solution consisted of 0.02 M HCl and 0.1 M NacCl.

2.5. H,0; sensor calibrations

In order to determine the hydrogen peroxide sensitivity of the
different PB films prepared in the present work, the modified SPCEs
were placed in 25 mL of a stirred background electrolyte solution
at an applied potential of —0.05 V versus the pseudoreference elec-
trode. When a stable current background was reached (60-805s),
H, 0, aliquots were added and their response measured after 30s.

2.6. Lactate microbiosensor construction

Carbon fiber electrodes (CFEs: 8 wm diameter, 250 wm length)
where constructed as described previously [12,13], and modified in
precursor solution containing 1 mM BZT by applying three depo-
sition cycles (CFE/PB-BZTs). Enzymatic immobilization was done
according next protocol: 15 and 30 fast immersions in PEI and
Lox solutions respectively with a drying period of 10 min each
time; lastly they were immersed 15 times in the cross-linking
solution (BSA/Glut) and cured for 4h at 37°C. To include an
interference-rejection film, PoOPD/BSA was electropolymerized over
the biosensors [12,13]. After the biosensor fabrication procedure
was completed, they were rinsed in doubly distilled water, stored
overnight at 4°C in a refrigerator under dry conditions, and used
the next day.

2.7. Lactate microbiosensor calibration

Lactate calibrations were done in a 25 mL glass cell at 21°C,
using a standard three-electrode setup with a commercial sat-
urated calomel electrode, SCE (CRISON Instrument S.A.), as the
reference and platinum wire as the auxiliary electrode. The applied
potential for amperometric studies was 0.0V versus SCE. Lactate
calibrations were performed in quiescent air-saturated PBS (fol-
lowing stabilization of the background current for 20-30 min) by
adding aliquots lactate stock solution. After each addition, the solu-
tions were stirred for 5s and then left to reach the quiescent
steady-state current.

3. Results and discussion
3.1. Enhancement of electro-deposition and film thickness

Fig. 1(A) and (B) shows the CVs recorded during film forma-
tion for 10 cycles for unmodified (PB) and modified (PB-BZT)
films, respectively. Right from the first cycle the CV response was
greater during the formation of the BZT-modified PB than for the
unmodified film. Similar results were found for PB-CPC and PB-
CTAB films. Taking into consideration that the charge under the
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Fig. 1. (A) CV of PB electrodeposition onto SPCE without surfactant cycling at a scan rate of 0.1V s~ (10 cycles). (B) CV of PB electrodeposition onto SPCE adding BZT 1 mM
(10 clycles). (C) CV of unmodified and surfactant modified PB SPCE between —0.2 and 1V at a scan rate of 0.1 Vs~!. (D) Comparison of the charge storage capacity of different
PB films studied by cycling SPCEs over 120 successive cycles between —0.2 and 1V at a scan rate of 0.1Vs~!. Qg represents the accumulate charge under the anodic peak

for each scan.

CV trace is a measure of the amount of PB deposited, these results
indicate that the presence of these cationic surfactants promote
the deposition of larger quantities of PB onto the SPCE surface.
Table 1 shows the deposition rate, expressed as charge accumulated
per cycle under the anodic (forward) peak (Qg,). The beneficial
effect of cationic surfactants is evident from the deposition rate
of the modified PB film which was 2-3 times faster than the
unmodified case. The film electrodes prepared by 10 cycles are
shown in Fig. 1(C); all films showed the characteristic CV peaks at
~0.05V (PB < PW transition) and at ~0.7 V (Berlin green, BG <> PB
transition) [24-27]. Nevertheless, for the more detailed analysis
below, only the first peak pair was studied because of its critical
involvement in the electrocatalytic detection of hydrogen peroxide
[5].

All CVs for the PB <> PW transition showed a broad compos-
ite anodic peak and narrower cathodic peak characteristic of PB
redox behavior. The unmodified PB film displayed a peak sep-
aration (AEp) of 50mV (Table 1) which is a higher value than
that associated for a fully reversible surface-bound reaction (the-
oretical AE,=0). The electrochemistry of PB immobilized on an
electrode is complicated by the possibility that either electron
transfer or diffusion of counterions through the matrix might be
rate determining depending on the conditions, including scan rate
(see scan-rate dependence studies below). The surfactant-modified

films displayed even higher values of AE, which correlated well
with the amount of PB deposited (see Table 1). This overpotential
may emerge from a combination of the intrinsic activation bar-
rier of transferring electrons from the electrode surface to the iron
centers and/or from the counterion diffusion rates, and is not incon-
sistent with recent indications that the kinetics of charge transfer
in PB is controlled by the diffusion of counterions through the film
[12], which would be more difficult for thicker PB layers. The for-
mal potential, E, for the unmodified film was 0.025V (Table 1),
whereas E¥ for modified films increased to ~0.05V, indicating a
small bias in the difficulty of oxidation over reduction. The amount
of charge associated with the anodic (Qox) and cathodic (Q,q) peaks
(Table 1) also increased (3-4 times) when cationic surfactants
were used. As expected from this observation, similar behavior was
found for anodic (Iox) and cathodic (I.4) currents. Qox/Q,q ratios for
modified PB films (~1) indicate a more reversible behavior than
for the unmodified film (0.887). On the other hand, the Iox /I ratio
did not reach unity in any case, which may be attributed to the
more diverse factors affecting peak current compared with total
peak charge. Finally, the mean charge (Qm) between Qox and Q.4
was normalized with respect to the PB-CTAB film (Table 1). These
results suggest that the three cationic surfactants studied improved
PB electro-deposition by 50-70%, with CTAB providing the best
results.

Table 1
Voltammetric parameters for PB films obtained in background solution (0.02 M HCl and 0.1 M KCl) at a scan rate of 0.04Vs~'.
Qror (MCcycle™)  Eox (V)  Ea (V) E”(V) AE (V) Qox(mC) Qg (mC) Qox/Qed  ox (MA)  Ira (MA)  ox/lra Qm (KC)  Qmx/Qmcras
PB 6.20E-03 0.090 0.040 0.025 0.050 0.096 -0.108 -0.887 0.037 —0.048 -0.774  0.102 0.363
PB-CPC 1.41E-02 0.110 0.020 0.045 0.090 0.207 -0.208 -0.997 0.087 -0.114 -0.763  0.207 0.740
PB-BZT 1.68E-02 0.120 0.010 0.055 0.110 0.247 -0.249 -0.994 0.099 -0.123 —-0.804 0.248 0.884
PB-CTAB  2.16E-02 0.116 0.004 0.056 0.112 0.280 —-0280 —1.000 0.126 -0.151 -0.836  0.280 1.000
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The surface coverage of the electroactive species generated from
the PW — PB transition, 70 5., was calculated using Eq. (1):
Fe

o _ Qox

FFe3+ = an (1)

where n the number of electrons consumed (n=1), F is the
Faraday constant and A the working electrode area, calcu-
lated geometrically (A=0.126 cm?); these results are summarized

in Table 2. The unmodified electrode gave a FFOe3+ value

of 7.25+0.18 x 10-°molcm~2 (mean+SD, n=3). Surfactant-
modified electrodes displayed a consistently higher value:
2.05+0.35 x 10~ molcm~2 (mean +SD, n=3), indicating that PB
deposition was improved (2-3 times) when surfactants were
used, consistent with data reported previously for other substrates
[18-23].

The thickness of the film, d, was estimated taking account of the
number of unit cells present on the electrode surface, geometrical
parameters of the PB cell, and the working electrode area, according
the Eq. (2):

Qox BNa 0 BNa

d= (nﬂ) (T) = I (T) (2)
where Ny is Avogadro’s number and [ is the length of the unit cell
(1.02nm) [27], although this value must be considered an esti-
mation because the density of the modified film is not available.
Modified films showed a thickness of 33 £ 6 nm (mean +SD, n=3)
which is likely to represent a minimum value due to the additional
bulk of the surfactant, whereas the PB film electro-deposited with-
out any surfactant was only ~12 nm thick (Table 2). This finding
confirms that thicker films are obtained in the presence of cationic
surfactants [18-23].

The charge storage capacity of different films was also stud-
ied by cycling SPCEs over 120 successive cycles. Fig. 1(D) shows
the Qg evolution against number of cycles, starting with the bare
SPCE. All films showed an increase in accumulated charge in each
successive cycle. Nevertheless, the rate of formation was greater
when surfactants were present in the precursor solution (discussed
above). For the unmodified PB film after ~20 cycles, Qs reached
a plateau value (0.082 mC), after which there was no significant
increase. In contrast, Qg for modified PB films continued increasing
until 50-80 cycles, showing higher deposition efficiency and higher
quantity of PB deposited onto the SPCE surface in the presence
of surfactants. According Kumar’s mechanism [23], surfactants,
close to their miscellar concentration (cmc), can assist deposition
of PB on the electrode surface by interacting favorably with solu-
tion constituents and the SPCE surface, increasing the efficiency
of PB formation. In our case 1 mM concentration was used for all
surfactants, which is close to the cmc of CTAB [23], CPC [28-30]
and BZT [31,32]. Finally CTAB and BZT show better deposition
efficiency (~0.6 mC) than CPC(~0.45 mC).Fig. 2 shows PB films gen-
erated cycling 120 times in the absence of surfactant (Fig. 2(A)) and
with 1 mM BZT (Fig. 2(B)), and indicate that the two films have a
markedly different morphology. Whereas the unmodified PB film
showed a very thin deposit with some areas apparently PB free
(revealing the bare Pt), the PB-BZT film displayed the important
columnar growing pattern of cubic structures onto a well defined
PB film background. These findings demonstrate better deposition
efficiency when BZT is present in the precursor solution and is in
good concordance with data described above; see Fig. 1(D). The
SEM data reveal a clear improvement in the crystal growth during
PB electro-deposition when surfactant is used. This is in agreement
with independent studies [21], where the authors found, using X-
ray diffraction, that the degree of crystallinity is much higher for
PB films incorporating surfactant.

T0pm

Fig. 2. Scanning electron micrographs (SEM) at a 5000 magnification for: (A) PB and
(B) PB-BZT electrodes. Both films were deposited onto Pt over 120 successive cycles
between —0.2 and 1V at a scan rate of 0.1Vs~'.

3.2. Permeability of PB films

It has been demonstrated that PB films display a specific trans-
port of alkali metal cations due to its zeolite structure [33,34,1],
with a cubic cell of 1.02nm and channel diameter of about
0.32nm [27,35]. These geometrical conditions affect the transport
of cations during PB <~ PW transition (see Eq. (3) for electron trans-
fer reactions in the presence of potassium chloride as supporting
electrolyte), so only cations with lower hydrated diameter such as
K* (0.25nm), Rb* (0.26 nm), and Cs* (0.24 nm) [35] can penetrate
into the structure during this conversion.

(PB) Fe(Il)4[Fe(I1)(CN)g]5 + 4e™ +4K*
< (PW)KyFe(Il)4[Fe(II)(CN)g 3 (3)

In order to demonstrate beneficial effects of modified PB films
on ionic transport, the permeability for K* was investigated. The
effect of scan rate (v) on Iox and I4 for all configurations was stud-
ied in background electrolyte (0.02M HCl and 0.1 M KCI) from
0.14 to 0.26Vs~!. Plotting Iox and I,4 against the square root of
scan rate, a linear relationship was observed (data not shown),
indicating that diffusion of electrolyte across the films, at this
scan rate range, limits the reaction rate rather than surface-bound
processes (for further discussion see below). Considering a
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Table 2

Surface coverage, film thickness and electrode-kinetic parameters obtained for the PB anodic peak of different electrodes recorded in pH 1.7 (0.02 M HCI + 0.1 M KCl), except

for my,+ and Dy,+ that were obtained in the presence of 0.02 M HCl+0.1 M NaCl.

Cycles FF‘13+ (molem™2) d(nm) mg+ (MA(Vs1)=12)  Dys (cm?s™')  myr (MA (Vs 1)=12) D+ (em?s!) ks (s') o S(AM~'cm2)
PB 10 7.25E-09 11.6 0.38 8.24E-12 0.17 2.59E-12 1.20 0.59 044
PB-CPC 10 1.71E-08 27.3 0.79 4.42E-11 0.42 2.12E-11 0.57 0.67 0.63
PB-BZT 10 2.04E-08 325 0.81 5.33E-11 0.44 2.53E-11 0.42 0.67 0.62
PB-CTAB 10 2.40E-08 383 0.89 8.53E-11 0.55 4.58E-11 0.41 0.70 0.63

reversible diffusion-controlled process and using Eq. (4) at 25°C
[36]:

Iox = 2.69 x 10°n3/2ACD"/2y1/2 @

where D is the apparent diffusion coefficient of cation and C the con-
centration of cation in the PB film. Cy+, concentration of potassium
in the film, has been calculated for each film according Purnaghi-
Azar et al. [37,38], and finally the apparent diffusion coefficient
for potassium, Dy+, has been obtained from the slope (my+) of
Iox against v'/2 (Table 2). These data reveal that the permeabil-
ity of the modified PB film was greater than the unmodified one
(Di+ unmodified = 8-24 x 1071? cm? s~1), by almost an order of mag-
nitude, and PB-CTAB film showed the highest value (Dy+ pg_crag =
8.53 x 107! cm?2 s~1). Thus modified films, with increased porosity
and lower rigidity for facile entry and exit of charge compensating
K* ions, can facilitate interconversion between PB < PW forms and
enhance its electrochemical properties.

Permeability for Na*, with higher hydrated diameter (0.37 nm),
was also obtained for all films, in a similar way to K*. During these
studies background electrolyte consisted of a solution of 0.02 M
HCl and 0.1 M NaCl (pH 1.7). These data (my,+, Dy,+) are reported
in Table 2. Permeability for this larger hydrated cation was lower
than the values obtained for K*. Nevertheless, Dy,+ for all modified
films are greater than Dy+ for the unmodified film, highlighting the
beneficial effect of surfactants and the enhancement of PB electro-
chemical properties. However, a significant current decrease and a
negative shift of E% occurred when films were cycled (at 0.1Vs~!

1(mA)
2
g
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-0,10 —— PB after

02 -0, 00 0,1 02 03
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1(mA)

——PB-BZT before
——PB-BZT after

0,3

02 01 00 01 02 03
E (V)

in the presence of Na*), indicating that although crystallinity and
lattice defects have been improved, lattice channel size is enough
to allow freer diffusion of Na*. In this context it is interesting to
compare CVs (in 0.02 M HCl and 0.1 M KCl) before and after cycling
PB films in a medium containing Na* ions (50 cycles at 0.1V s~!
in 0.02 M HCI and 0.1 M Nacl) (see Fig. 3). The surfactant-modified
PB films recovered by ~86% (Ifter/Ipefore) Of the initial current (Iox),
whereas unmodified PB films reached a value of only ~40%, indicat-
ing a significant degradation. These data reveal that the irreversible
damage due to the insertion of hydrated Na* ions is attenuated for
surfactant-modified PB films, and is consistent with higher Dy,+
values obtained for modified films reported in this work and by
others [21].

3.3. Charge transfer rate of PB films

Surfactant-modified PB films displayed higher values of peak
separation, AEp, than the unmodified film. Nevertheless all films
showed an increase in AE, when the scan rate was increased,
characteristic of quasi-reversible electrochemistry. This behav-
ior was accentuated in modified PB films even at low scan rate
(0.04Vs~1) where unmodified PB films displayed the lowest AEp
value (see Table 1). Fig. 4(A) shows a CV obtained for a PB-CTAB
film scanning from 0.03 to 0.9Vs~!. Plotting Iox and I,4 against
v and v'/? (Fig. 4(B) and (C), respectively) we can observe how
peak currents are linearly proportional to the scan rate between a
range of 0.03-0.15V s~!, suggesting that the kinetic limitations are

B 0.3
0,21
0,14

I (mA)
‘O
[=)

—— PB-CPC before
-0,31 —— PB-CPC after

02 01 00 01 02 03
EV)

0,2
0,1
E 0,01

_(],1 4

mA)

0,2 — PB-CTAB before
-0,34 ——— PB-CTAB after
02 01 00 01 02 03
E(V)

Fig.3. CVsof PB deposited in the presence of 1 mM CTAB at different scan rates (ranging from 0.005 to 0.9V s—1) in background electrolyte solution. (B) Non-linear dependence
of anodic and cathodic peak currents of PB-CTAB modified SPCE on the potential scan rate (v). (C) Linear dependence of anodic and cathodic peak currents of PB-CTAB modified
SPCE on the square root of v. (D) Dependence of anodic and cathodic potential of PB-CTAB modified SPCE on log v.
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Fig.4. CVs of different H, 0, sensor in background solution (0.02 M HCl and 0.1 M KCl) before and after cycling PB films in presence of Na* (0.02 M HCl and 0.1 M Nacl) during

50 cycles at a scan rate of 0.1Vs~1.

associated mainly with charge propagation in the film. Neverthe-
less at higher scan rates 0.2-0.9 Vs~! the anodic and cathodic peaks
are linearly proportional to the square root of scan rate, which is
expected for a diffusion-controlled process. Similar results were
found for the other three configurations (data not shown). These
data reveal that electrochemistry of PB immobilized on an elec-
trode is complicated by the possibility that either electron transfer
or diffusion of counterions through the matrix might be rate deter-
mining depending on the experimental conditions, including scan
rate, as showed previously Pournaghi-Azar et al. [38].However, the
greater AEp values obtained at higher scan rate may result from
limiting charge transfer kinetics. Plotting Eox and E,4 against log(v)
(Fig. 4(D)) we obtain a linear dependence at high v as indicated
by Laviron [39]. Similar results were found for the other films.
Finally, kinetic parameters, such as the surface electron transfer
rate constant (ks) and the transfer coefficient (o) were calculated
(seeTable 2) from the linear Eox versus log(v) plot based on Laviron’s
equation (Eq. (5)), derived for AE, >200/nmV [37]:

’ RT (1—a)ynF] (v
_ FO _
B =+ [ g ) ™ [P i) 2
where
2.303RT
slope = a—anF = (6)
intercept = EY + Slog (@) — Slog(ks) (7)

where EY was obtained for each film experimentally. For the
unmodified film, ks gave a value of 1.2 s~! thatis in good agreement
with data reported previously for PB and analogues [23,37,38]. The
o value (¢ =0.59) obtained indicates that the redox transition state
is not fully symmetrical. Interestingly, for films prepared under
similar conditions AE, values for modified films was higher than
for the unmodified PB film (see Table 1); this finding together with
the ks and « values (see Table 2) obtained for modified PB films

suggest that electron-transfer rate is slower and displays a more
irreversible behavior than for the unmodified film.

3.4. Sensitivity of PB films toward H,0,

For similar electro-deposition conditions (10 cycles), all
surfactant-modified PB films displayed higher sensitivities toward
H,0, than for the unmodified PB film (Table 2). Fig. 5 shows a cal-
ibration curve for PB and PB-BZT films from O to 1.1 mM H,0,,
showing clearly the higher sensitivity of the modified film. Fig. 5
(inset) denotes the CV response for background electrolyte solu-
tion and for this background solution plus 10 mM H,05. In this
case the catalytic reduction at PB-BZT film is again clear com-
pared with the unmodified PB film. Even unmodified PB showed a
hydrogen peroxide sensitivity of 0.44 AM~! cm~2 thatis ~3[15,16]
and ~2 [17] times higher than previous values reported in the
literature for SPEs; see Table 3. The mean value for surfactant-
modified PB gave a sensitivity of 0.63+0.01 AM~! cm~2 which is
~5[15,16] and ~3 [17] times higher than previous, and is close
to data reported by Liu et al. [40], using a platinum foil electrode
modified with PB as a working electrode, and close to other PB
configurations; see Table 3. However, this Pt-based sensor was fab-
ricated by a self-assembly process, including multiple sequential
adsorption of ferric and hexacyanoferrate ions, and represents a
time-consuming method when compared with the electrochemi-
cal method reported in the present work. Notably, Razmi et al. [41]
described a highly sensitive (0.76 AM~! cm~2) H,0, electrochem-
ical sensor based on self-assembled PB nanoparticles on a carbon
ceramic electrode, which exhibited good mechanical and electro-
chemical stability compared with other PB based H, 0, sensors [see
references in 42].

A more detailed study of the two configurations (unmodified
PB and modified PB-BZT films) showed similar time response
for the two cases (tgoy ~45s). Nevertheless, linearity in the range
from O to 400 wuM H,0, was improved slightly in the modified
film (12 = 0.998) compared with the basic configuration (r2 =0.992).
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Fig. 5. Calibration curves from 0 to 1.1 mM H,0; for PB and PB-BZT films recorded at —0.05V in a stirred background electrolyte solution (0.1 M KCl, 0.02 HCI). Inset: cyclic
voltammogram recorded at 0.1V s~ for PB and PB-BZT films in background electrolyte solution (solid) and in background solution plus 10 mM H,0; (dashed).

H,0, detection limits were calculated on the basis of a signal to
noise ratio of 3 in a background electrolyte solution. While PB
displayed a detection limit of 2.6 x 10~7 M, the value for the PB-
CTAB sensor was 1.6 x 107 M showing a slight improvement of
the detection limit, and both of which were more than adequate
for most biosensor applications. Comparing the optimized PB sen-
sor reported in the present work with similar sensitivity devices
[41], our configuration exhibited a lower LOD and higher oper-
ational range, while allowing a perfect control of the amount of
PB deposited, and hence represents a versatile approach for future
development of microsensor devices [22].

3.5. Stability of PB films

The stability of modified and unmodified films was analyzed
by cycling SPCEs over 250 successive cycles (see Fig. 6) in back-
ground solution at 0.1Vs~! from 0.1 to 0.3V (for ~33 min). The
residual activity was calculated using the anodic peak intensity
(In) for each measurement cycle and normalizing respect to the
first one (I1 ). Whereas the unmodified PB film showed a significant

residual activity decay (I50/1; =0.65), typical for soluble PB forms
[22], PB-BZT and PB-CTAB presented a slight increase (I359/11 =1.2)
and PB-CPC remained invariant during all cycles. Kumar et al. [22]
found similar behavior for PB-CTAB and suggested that this increase
may be related to slow conversion of the insoluble PB to soluble
form in modified PB films during continuous cycles. Nevertheless,
PB-CPC behavior has not been described previously. Additional sta-
bility, especially in neutral media, may be obtained because CPC,
BZT and CTAB are quaternary ammonium compounds and acting
as an acid can nullify the effect of OH-ions, thereby stabilizing the
PB film. Finally, electrostatic stabilization between cationic surfac-
tants bilayers and clay layers may offer an additional stabilization
mechanism to prevent its dissolution.

3.6. Lactate microbiosensor

Following design strategies of glucose microbiosensors devel-
oped by our group [12,13,42], we assembled a lactate microbiosen-
sors (CFE/PB — BZT/Lox) based on PB — BZT modified CFEs. The main
advance of the present configuration over classical biosensors

Table 3
Comparison of some analytical parameters of different PB sensors obtained with stirred batch amperometry.
Type of sensor Deposition method Applied potential (mV) LOD (uM) LR (LM) S(mAM'cm2) Ref.
Carbon fiber electrode Cyclic voltammetry 0 0.01 - 1000 [12]
Carbon fiber electrode Cyclic voltammetry 0 0.1 - 480 [12]
Graphite screen printed PB microparticles 0 0.25 0.4-100 137 [15]
electrode mixed with carbon ink
Graphite screen printed Chemical deposition on -50 0.3 0.5-1000 135 [16]
electrode graphite/GC mixed
with carbon ink
Graphite screen printed Chemical deposition on -50 0.1 0.1-50 234 [17]
electrode graphite screen printed
electrode
Glassy carbon electrode Cyclic voltammetry 0 0.036 0.079-15.8 153 [22]
Glassy carbon electrode Cyclic voltammetry in 0 0.012 0.0038-100 979 [22]
presence of surfactant
Platinum foil electrodes Chemical deposition -50 1 1-400 625 [40]
based on self-assembly
process
Carbon ceramic electrode Chemical deposition -100 0.8 1-260 755 [41]
based on self-assembly
process
Graphite screen printed Cyclic voltammetry -50 0.26 0.26-400 440 This work
electrode
Graphite screen printed Cyclic voltammetry in -50 0.16 0.16-400 630 This work
electrode presence of surfactant
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Fig. 6. First and 250th CVs for different H,0, sensors - (A) PB, (B) PB-CPC and (C) PB-BZT - obtained cycling SPCEs over 250 successive cycles in background solution at
0.1Vs~! from 0.1 to 0.3V (~33 min) in background electrolyte solution (0.02 M HCl and 0.1 M KCI). (D) Evolution of the residual activity over the 250 cycles obtained as peak

current ratio between the nth cycle and the first (I,/I).

(based on the detection of over Pt, Pt-Ir, etc.) is its low dimensions
and low applied working potential of ~0.0V against SCE. These
low dimensions (~10 wm diameter, 250 pm length) will allow its
use in neuroscience applications. The modification protocol was
described in detail above. Due to the PB stability issues discussed
above, acidified K*-containing media were used for many of the
experiments to this point, and so an important question for biosen-
sor applications is the functionality of PB-BZT films in physiological

conditions. Biosensors were therefore calibrated in PBS (pH 7.4,
0.1 M Nacl).

Fig. 7(A) shows calibration data for lactate microbiosensors
(mean +SD, n=3). Enzymatic parameters obtained using a Hill-
modified Michaelis-Menten equation [43] were (mean4SEM):
the apparent Michaelis constant, K'=0.22+0.03mM; max-
imum response, Imax=2.76+0.08nA; and the Hill param-
eter, h=1.1440.05. Finally an external permselective film,
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Fig. 7. (A) Calibration curve in PBS for lactate microbiosensors, CFE/PB — BZT/Lox (diameter: ~10 wm and length: 250 wm), working at 0V vs. SCE (mean=+SD n=3). (B)
Calibration raw data for CFE/PB — BZT/Lox/PoPD microbiosensor for 4 successive additions of 0.1 mM lactate (*), 3 successive additions of 0.2 mM (**) and 1 addition of 0.4 mM
(***). (C) CFE/PB — BZT/Lox/PoPD response for 5 successive additions of 0.2 mM AA. (D) CFE/PB — BZT/Lox/PoPD stability during a period of 15 days (mean+SD, n=3).
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Fig. 8. Temporal evolution of retained response (RR%) for two CFE/PB — BZT/Lox/PoPD biosensors after 2 x 0.2 mM lactate in physiological saline (PBS pH: 7.4, 0.1 M NaCl)
at 0V vs. SCE; (*) denotes 0.2 mM lactate additions. Inset: (A) biosensor response (1#) to 0.2 mM lactate additions in physiological saline before and after being exposed to
physiological saline for 5 h. (B) Sensitivity for 0.2 mM lactate additions for previous data (inset A) (n=3).

poly-o-phenylenediamine (PoPD), was added to the microbiosen-
sor. Fig. 7(B) shows raw calibration data for a CFE/PB-BZT/Lox/PoPD
microbiosensor. Due to the additional diffusion layer (PoPD), the
linear range was slightly increased to ~0.5 mM, and no response
was obtained after 5 successive additions of 0.2 mM ascorbic acid,
the main biosensor interference species in neuroscience applica-
tions [41] (Fig. 7(C)). Nevertheless, for future work the lactate
microbiosensor design will be revised in order to increase the oper-
ational lineal range for in vivo studies where lactate basal level is
close to 0.3 mM, but higher levels may be reached during neuronal
activity.

Following on from the PB stability issues discussed above,
biosensors were calibrated in PBS and their responses evaluated
over several hours (Fig. 8). These lactate microbiosensors showed
highly stable response over ~5h, showing only a ~10% signal
decrease. Lactate sensitivity (~3.7 nAmM~1) was compared before
and after long time exposure to physiological saline. As is shown
in Fig. 8 (insets A and B), no significance difference was found
(two-tailed t-test, p value >0.65, n=3) suggesting that Lox is well
immobilized and PB-BZT films are stable in slightly basic media
containing NaCl. Finally, the stability over a long period (days) in
physiological saline was evaluated and expressed as S;/S; x 100
where S; is the sensitivity on the first day and S; is the sensitiv-
ity for successive i-days, was calculated. For the considerable time
period studied (15 days), these lactate microbiosensors displayed
an excellent stability (~88%, Fig. 7(D)) and no significant difference
compared with day 1 (two-tailed unpaired t-test, p > 0.05).

4. Conclusions

It is shown here for the first time that all cationic surfactants
employed in the present work promote the electro-deposition of PB
onto SPCEs, and the enhancement of their electrochemical proper-
ties. Surfactant-modified electrodes displayed a consistently higher
surface concentration value (~2.05 x 10~8 mol cm~2) relative to the
unmodified PB film (7.25 x 10~9 mol cm~2) indicating that PB depo-
sition is more efficient when cationic surfactants are presented in

the precursor solution. Consequently, modified films formed from
10 electro-deposition CV cycles showed a thickness of ~33 nm,
whereas the PB film electro-deposited without any surfactant was
only ~12 nm thick.

The permeability of the modified PB film for K* ions, Dy+, was
greater than the unmodified one (8.24 x 10~12 cm2 s~1), by almost
an order of magnitude, with the PB-CTAB film showing the high-
est value (8.53 x 10~ cm?s~1). Modified PB films recovered by
~86% of the initial current after being cycled in solution with Na*
ions, whereas unmodified PB film reached a value of only ~40%,
revealing that irreversible damage due to the insertion of hydrated
Na* ions was attenuated in surfactant-modified PB films. Hydro-
gen peroxide sensitivity for surfactant-modified PB films for 10
electro-deposition cycles gave a value of 0.63AM~! cm~2 and rep-
resents the highest values ever reported in the literature for SPCEs.
Finally, our preliminary results assembling a lactate microbiosen-
sor (CFE/PB —BZT/Lox/PoPD) were presented as the first step to
obtain an optimized device that may be used in future neurophys-
iological studies.
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ABSTRACT

The development of a highly selective and sensitive H,0, sensor, based on the electro-deposition of Prus-
sian blue (PB) onto screen-printed carbon electrodes (SPCEs) modified by benzethonium chloride (BZTC),
is described. This methodology provides a time-efficient method for producing stable films in the presence
of a BZTC concentration which was optimized with respect to electrochemical and electroanalytical prop-
erties. Some parameters such as the amount of PB deposited, film thickness, reversibility, permeability,
stability, electrocatalytic properties and sensitivity to H,O, were considered in order to select the optimal
sensor. Under optimal conditions (2 mM BZTC), the surface coverage and apparent diffusion coefficient for
K* displayed values of 6.4 + 0.2 x 10~8 mol cm 2 and 5.2 x 10~'" cm? s}, respectively, one order of mag-
nitude higher than without surfactant. The catalytic rate constant for the optimized film was
2.8 x 10 M~ s~ which was in good agreement with data found in the literature. BZTC(2 mM)/PB oper-
ating at ~0 V vs. SCE displayed the highest H,0, sensitivity (1.07 + 0.03 AM~' cm~2, n = 5) reported in the
literature to date for PB-modified SPCEs, and showed an excellent limit of detection (<107 M) and linear-
ity range (up to ~1.5 mM). Sensors incorporating BZTC were significantly more stable in media containing
Na* ions, even at neutral pH, than unmodified devices, critical properties for sensor applications in biolog-
ical environments. Finally, BZTC(2 mM)/PB-based sensors stored dry at room temperature over 4 months

retained the ~90% of their initial response to H,0,, a useful property for commercial applications.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Prussian blue (PB) is a hexacyanoferrate with two different iron
valences (+2 and +3) and was initially developed as a blue pigment
in the 1700s [1]. Since Neff [2] reported for the first time the suc-
cessful deposition of a thin layer on a platinum foil and Itaya et al.
[3] showed that the reduced form of Prussian blue (also called
Prussian white, PW) had a catalytic effect on the reduction of both
0, and H,0,, many publications have appeared exploring its elec-
trocatalytic, electromagnetic and electrochromic properties [4].
Following reports by Karyakin et al. [5] that PB was an excellent
material for use in the fabrication of biosensors because it acts as
an artificial peroxidase, its applications in the biosensor field have
continued to diversify. In addition, other useful properties such as
non-toxicity, high electrocatalytic activity and low operating
overpotential have contributed to the diversification of its use in

* Corresponding author. Tel.: +34 922319363.
E-mail address: psalazar@ull.es (P. Salazar).

1572-6657/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jelechem.2012.04.005

enzyme-based biosensors [4-6] and label-free immunosensors
[7-10].

However, the stability of PB during operation remains a central
problem, especially in basic and neutral media which is an optimal
condition for the majority of enzymes employed in biosensor appli-
cations. The reason for this behavior is ascribed to the strong inter-
action between ferric ions and hydroxide ions to form Fe(OH); at pH
higher than 6.4 [11], leading to the destruction of the Fe-CN-Fe
bond, and solubilizing PB [12]. To solve this problem, numerous ap-
proaches (more or less complicated and tedious) have been devel-
oped, such as: (1) modifying the chemical and/or electrochemical
deposition of PB [13-15]; (2) adding external protective polymer
films, such as poly(o-phenylenediamine), poly(o-aminophenol),
poly(vinylpyrrolidone), and Nafion [16-19]; (3) using additives in
the working solution, such as tetrabutylammonium toluene
4-sulfonate [20].

Focusing on the last of these approaches, surfactants have been
employed in a great number of applications in chemistry [21],
exploiting their tendency to accumulate at a surface or interface
between two different bulk phases, such as the electrode-solution
interface. This property has been utilized in recent years in the
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surface modification of electrodes with PB and other hexacyanano-
ferrates, where the presence of added surfactant offers enhanced
film growth, improved stability and excellent electrochemical
reversibility [22-24]. This new approach represents a fast and easy
method to improve its electrocatalytic and electrochemical proper-
ties, and to increase its stability in neutral and basic media.
Although, studies to date have focused mainly on the use of cetyl-
trimethyl ammonium bromide (CTAB), we have recently shown
that other cationic surfactants such as benzethonium chloride
(BZTC) may also be used successfully [25].

Here we optimize the electro-deposition method for BZTC, and
study the electrochemical and analytical properties of different
modified BZTC/PB films. The improved electro-deposition methods,
pH stability and permeability of the optimized BZTC/PB film pro-
vide a further boost in its sensitivity for H,O, detection, which
can be a critical parameter in biosensor design and application.

2. Experimental
2.1. Reagents and solutions

All chemicals were obtained from Sigma and used as supplied.
Stock solutions were prepared in doubly distilled water
(18.2 MQ cm, Millipore-Q), and stored at 4 °C when not in use.

2.2. Instrumentation

Screen-printed carbon electrodes (SPCEs) were purchased from
DropSens, model DRP-110. Experiments were computer controlled,
using data-acquisition software EChem™ for CV and Chart™ for
CPA. The data-acquisition system used was e-Corder 401 (EDAQ)
and a low-noise and high-sensitivity potentiostat, Quadstat
(EDAQ). EIS experiments for sensor characterization were con-
ducted with an Autolab PGSTAT 20 potentiostat and a FRA module
from EcoChemie, computer controlled by their general purpose
electrochemical system (GPES) and FRA software, respectively.
Scanning electron micrographs (SEMs) were obtained using a JEOL
JSM-6300 microscope.

2.3. PB electro-deposition

The background electrolyte solution consisted of (0.02 M HCl
and 0.1 M KCI; pH, 1.7). Electro-deposition of the BZTC/PB compos-
ite film onto SPCEs was accomplished by placing a drop of back-
ground solution with 1.5 mM FeCl;, 1.5 mM K;[Fe(CN)g] and x
mM BZTC onto the combined working electrode, silver pseudore-
ference and counter electrode. Finally, the SPCE was cycled be-
tween —0.2 and 1.0V at a scan rate of 0.1Vs~! (default 10
cycles). These sensors will be termed BZTC(x mM)/PB. The unmod-
ified PB film was prepared under the same conditions except that
the solution was free of surfactant. All electro-deposition and char-
acterization were carried out using the internal silver pseudorefer-
ence (~0.026 V against SCE in background solution at 25 °C).

2.4. PB characterization

Electrochemical characterization was done in background
electrolyte at 0.1V s~'. However, to study the PB stability in Na*-
containing solutions, the background electrolyte solution consisted
of 0.02 M HCl and 0.1 M NacCl (solution-A). PB stability as a function
of pH was investigated in phosphate buffer and in background
solution adjusted to different pH values, both in 0.1 M KCI. EIS
measurements were performed in background electrolyte solution.
The stabilization potential was set to +80 mV against SCE, the
signal amplitude was 5mV and the frequency range was

130 kHz—10 Hz. In order to obtain better SEMs, unmodified and
modified PB films were electro-deposited onto Pt electrodes.

2.5. H,0, sensor calibrations

H,0, sensitivities were obtained according to the following pro-
tocol. The modified SPCEs were placed in 25 mL of a stirred back-
ground solution sample. The stock calibration solution of H,0,
(10 mM) was prepared in water just before use. When a stable cur-
rent was reached in the background electrolyte (~100 s) H,0, ali-
quots were added and their response measured after 20s. The
response time (tgoy) for the sensors was also determined in this
way.

3. Results and discussion
3.1. Electrochemical characterization

Fig. 1A shows the CVs recorded during film formation for 10 cy-
cles for PB and BZTC(2 mM)/PB films (scan rate 0.1V s~ !). Right
from the first cycle the CV response was greater during the forma-
tion of the BZTC(2 mM)/PB film. Taking into consideration that the
charge under the CV trace is a measure of the amount of PB depos-
ited (see Section 3.2), these results indicate that the presence of
BZTC promotes the deposition of larger quantities of PB onto the
SPCE surface. The BZTC concentration in the precursor solution
was optimized in the range 0-5 mM, values straddling its critical
micellar concentration (cmc ~ 2.8 mM) (Supplementary Material
SM_figure 1). BZTC(x mM)/PB showed the characteristic CV peak
pair at ~0.07V (PB < PW (Prussian White) transition) and at
~0.8V (PB«+ BG (Berlin Green) transition) [3-6]. Nevertheless,
only the first peak pair was studied here because of its critical
involvement in the electrocatalytic detection of H,0, in first gener-
ation biosensor [4,6,16,25-27]. Fig. 1B shows that more PB was
deposited when BZTC concentration was increased until 2 mM;
at higher concentrations the CV amplitude decreased considerably,
suggesting that electro-deposition is inhibited to some extent at
higher surfactant concentration.

Peak charge, current and potential were calculated for different
configurations and summarized in Table 1 (scan rate 20 mVs™').
Current and charge data displayed similar behavior, showing high-
er values close to 2 mM BZTC (Q,x = 0.544 mC). The formal poten-
tial, E%, also showed a minimum in this concentration region.
The finding that Q,x/Q,q and I,x/I,4 ratios for this quasi-reversible
system were ~1 under most conditions studied highlights the
trapped nature of the electroactive centers on the electrode sur-
face. Peak separation, AE (Table 1), which showed a strong correla-
tion (>0.9) with both Q, and Q,4, displayed a maximum value just
below the cmc (~0.1 V), significantly greater than the ideal revers-
ible value of 0V and indicating an increased energy of activation
for this redox process in the thicker layers. The data for all config-
urations are consistent with the mono-electronic process charac-
teristic of the PB system [3,16]. Furthermore, the more detailed
BZTC concentration profiles shown in Table 1 and the Supplemen-
tary Material SM_figure 2 indicate its optimal level in the electro-
deposition solution was close to 2.0 mM.

The charge under the oxidation (forward) peak during PB elec-
tro-deposition was taken as charge storage capacity (Qg,) and was
calculated for different configurations cycling SPCEs over 120 suc-
cessive cycles SM_figure 2. Again a maximum value (~1.7 mC) was
obtained at 2 mM BZTC. Above this concentration a clear inhibition
effect appeared. This finding may be related with the stabilization
of the miscelles with Fe(CN);~ anions after the cmc is reached. The
lower cmc value in our precursor solution may be explained taking
account that CI~ and Fe(CN)2~ anions decrease the solvation of the
hydrophilic part of the BZT* molecules and reduce the electrostatic
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Fig. 1. (A) CV for PB electro-deposition onto SPCE without (PB) and with 2 mM BZTC (BZTC(2 mM)/PB) at 0.1V s~! against the internal silver pseudoreference. (B) CV of
BZTC(x mM)/PB (scan rate of 0.1V s !). (C) CVs of BZTC(2 mM)/PB at different scan rates (ranging from 10 to 150 mV s~ !) in background electrolyte (0.02 M HCl and 0.1 M
KCl); (D) dependence of peak currents on the scan rate and the square root of scan rate (E).

Table 1

Cyclic voltammetric parameters, surface coverage and film thickness for different PB sensors obtained in background electrolyte (0.02 M HCl and 0.1 M KCl) at a scan rate of

0.02Vs
BZTC (x mM)/PB Ira (MA)  Iox (MA) lrd/’ox Era (V) Eox (V) OE(V) E” (V) Qua(mC) Qox(mC) Qrd/Qox (Qox):/(Qox) 2mM Fgeg (mol ClTlfz) d (nm)
0 —0.048 0.037 —-1.293 0.040 0.090 0.050 0065 -0.108 0.096 -1.128 0.191 9.71E-09 16.34
0.25 —0.063  0.044 -1.432 0052 0.108 0.056 0.080 -0.138  0.131 -1.051 0.262 1.43E-08 28.99
0.5 —0.059 0.048 -1.239 0.060 0.118 0.058 0089 -0.148 0.140 -1.057 0.279 1.53E-08 32.53
1 —-0.084 0.070 -1.203 0.042 024 0.082 0.083 -0.261 0.252 -1.038 0.502 2.75E-08 52.96
1.5 -0.116  0.111 -1.044 0022 0120 0.098 0.071 -0.481 0.462 -1.041 0921 5.27E-08 101.93
2 -0.140 0.133 -1.055 0.018 0.123 0.105 0.071 -0.582 0.554 -1.051 1.104 6.30E—08 122.60
2.25 -0.135 0.125 -1.083 0.022 0.119 0.097 0.071 -0510 0.502 -1.017 1.000 5.53E-08 108.32
3 —0.086 0.086 -1.009 0034 0109 0.075 0.072 -0430 0.399 -1.077 0.796 4.36E-08 79.69
4 —0.050 0.050 -1.008 0050 0.102 0.052 0.076 -0.260 0.218 -1.194 0434 2 39E-08 48.64
5 -0.021  0.021 -1.019 0.072 0.104 0.032 0.088 -0.125  0.091 -1.375 0.182 9.97E-09 22.97

repulsion between charged hydrophilic parts. These effects favor
the formation of micelles, and tend to decrease the cmc compared
with that observed in water [21,23].

The beneficial effect of BZTC during electro-deposition may be
understood according to Kumar’s mechanisms for CTAB [24]. In
our case, BZT" is absorbed forming a bilayer between the negative
electrode surface (unmodified electrode or PB film) and solution.
This positive bilayer containing well oriented BZT" shows higher
reactivity towards Fe(CN)g’, which is the precursor in forming
PB. The process of alternate layer-by-layer deposition of PB and
BZT" bilayer can continue in each successive potential cycle indef-
initely until the reactant materials become exhausted in solution
[24]. With this mechanism, it is suggested that, when surfactant
concentration exceeds its cmc, Fe(CN)g’—stabilized micelles de-
crease free Fe(CN);~ in the bulk solution and hence inhibits PB
electro-deposition.

3.2. Surface coverage and morphological study

The surface coverage of the electroactive species generated
from the PW — PB transition, I'},s., was determined in background
electrolyte and calculated using the following equation:

05 = Qo /nFA (1)

where n the number of electrons consumed (n = 1), F is the Faraday
constant, and A the electrochemical surface area (cm?) of the bare
SPCE calculated using the Randles-Sevcik equation for a reversible
electrochemical process under diffusion control (T =25 °C):
I, = 2.69 x 10°n*2ACD"/*v'/? 2)
where C is the concentration (mol cm~3) of the electroactive mole-
cule, D is its diffusion coefficient, and v is the scan rate (Vs '). The
area was determined using Fe(CN)2™ in 0.1 M KCl background elec-
trolyte (D=6.3 x 10°° cm?s~! for 0.5 mM Fe(CN);™ in 0.1 M KCl)
[28]. The electrochemical area of the bare SPCE from DropSens thus
determined was 0.095 cm? (CV%=2.2, n=4) and represents only
75% of the geometrical area (0.126 cm?). This result indicates that
the rough carbon is partially passivated due to surface contami-
nants or organic binder of the carbon ink, and the value is in good
agreement with previous data in the literature [29].

The PB film deposited in the absence of BZTC showed a I'ys. va-
lue 0f 9.61 + 0.24 x 1072 mol cm~2 (mean + SD, n = 3) and is in good
agreement with the amount of PB deposited by other authors using
different protocols [30,31]. r,?em for the BZTC-modified electrodes
studied here displayed a consistently higher value with the highest
IYs value (643 +0.16 x 10-® mol cm™2, n=38) corresponding to

the BZTC(2 mM)/PB film, approximately seven times higher than
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without surfactant. Based on the value of T'Ys,, the electro-deposi-

tion method gave an excellent reproducibility (CV% =2.5, n=8), in
agreement with values reported by other authors [14,32] and
providing a time-efficient method.

Morphological analysis was done by mean of scanning electron
micrographs (SEMs). Fig. 2 shows PB films generated by cycling
120 times in the absence of surfactant (Fig. 2A) and with 2 and
6 mM BZT (Fig. 2B and C, respectively). The present analysis reveals
a clear morphological difference, depending on the experimental
conditions. Whereas the unmodified PB film showed a very thin de-
posit (appreciable only at higher magnifications), the BZTC(2 mM)/
PB film displayed a significant amount of deposit with a columnar
growing pattern of cubic structures onto a well-defined PB film
background. In contrast, the BZTC(6 mM)/PB film formation ap-
peared inhibited due to the high surfactant concentration, where a
very thin and poor deposit was observed at higher magnification.
This observation is in good concordance with the mechanism and
electrochemical data discussed above. As expected, microanalysis
(Fig. 2D and E) revealed a significant amount of Fe atoms in the
films, confirming PB deposition onto the Pt electrodes used in the
SEM studies. However, the Fe/Pt peak ratio was orders of magnitude
greater for BZTC(2 mM)/PB compared with the unmodified PB film,
confirming the higher deposition efficiency in the presence of
surfactant inferred from the electrochemical data discussed above.

Finally, the thickness of the film, d (Table 1), was estimated by
taking account of the number of unit cells present on the electrode
surface, geometrical parameters of the PB cell, and the electro-
chemical surface area, according to Eq. (3) [25]:

d= (Qox/nFA)(l3NA/4) = l"ges+ (l3NA/4) (3)

where N4 is Avogadro’s number and [ is the length of the unit cell
(1.02 nm) [4]. Although this value must be considered an estimation
because the density of the modified film is not available,
BZTC(2 mM)/PB film showed a thickness of ~122 nm whereas the

PB film electro-deposited without any surfactant was only
~16 nm thick, the latter value being in good agreement with previ-
ous work [25]. This finding confirms that thicker films are obtained
in the presence of BZTC and thickness showed a similar evolution
vs. surfactant concentration as discussed above.

3.3. Permeability properties

As can be seen in reaction (4), PB redox behavior depends on the
free diffusion of cationic species across the film [4]. Due to this
mechanism, only cations with small hydrated radii, such as K*,
NH;, Rb* and Cs*, can support this electrochemical activity by
diffusing across the PB structure during iron center oxidation/
reduction [4].

(PB)Fe{" [Fe" (CN)y]; + e~ + 4K" — (PW)K,Fe}"[Fe!" (CN)],
4)

In order to demonstrate the beneficial effects of modified BZTC/
PB films on ionic transport, the permeability for K* was investi-
gated by plotting peak currents (I, and I,4), Fig. 1C, against the scan
rate (v) and the square root of the scan rate (»'/?). This analysis (for
the BZTC(2 mM)/PB film) demonstrated that peak currents were
linearly proportional to scan rate at low scan rates (< 50 mV s 1),
Fig. 1D, suggesting that the Kkinetic limitations were associated
mainly with charge propagation in the film. At higher scan rates,
however, the anodic and cathodic peaks were linearly proportional
to the #'2, Fig. 1E, which is expected for a diffusion-controlled
process. These data revealed that the electrochemistry of PB
immobilized on an electrode is complicated by the possibility that
either electron transfer or diffusion of counterions through the ma-
trix might be rate determining depending on the experimental
conditions, including scan rate.

Trends in the apparent diffusion coefficient for potassium in the
film, Dy, for different PB configurations were determined from the

100pm

Fig. 2. Scanning electron micrographs (SEMs) at a 350 and 5000 magnification for: (A) PB, (B) BZTC(2 mM)/PB and (C) BZTC(6 mM)/PB electrodes. All films were deposited
onto Pt over 120 successive cycles between —0.2 and 1.0 V at a scan rate of 0.1 Vs~'. Microanalysis of the of PB (D) and BZTC(2 mM)/PB (E) films.
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Table 2

Apparent diffusion coefficient for potassium, Dy, for different sensor configurations obtained in background electrolyte (0.02 M HCI + 0.1 M KCl).

BZTC (x mM)/PB A (cm?) {Dy: Jox (cm®s™") {Dy+ g (cm*s™") {D: Yox/{Dx+ }ra
0 0.121 8.5E-12 1.0E-11 0.84
1 0.235 4.2E-11 43E-11 0.92
2 0.342 5.2E-11 5.3E-11 0.98
3 0.250 5.1E-11 49E-11 1.04
4 0.136 5.2E-11 5.1E-11 1.02
5 0.103 4.7E-11 4.7E-11 1.00

slope of I against #'/? (Fig. 1E), using Eq. (2) as an approximation,
where Cy-, the concentration of potassium in the film, was calcu-
lated for each film according previous reports [25,33]. In these esti-
mations, A has been replaced by the modified electrochemical
active area (A*) of each PB-modified sensor, calculated according
to literature methods [29]. This approach differs from previous
publications where the bare electrode area was employed
[22,25,34]. From data in Table 2 we observe that A* shows a similar
behavior described above, displaying its highest value at 2 mM
BZTC. The apparent K" permeability of all modified PB films
({Dg+ }or ~ 5.2x 107" cm? s7!) was greater than for the unmodi-
fied case ({Dy: }o, = 8.5 x 1072 cm? s71). In order to study the glo-
bal diffusion process, the ratio ({Dg+},./{Dk+},4) has been
calculated for different configurations (see Table 2 for details). In
the absence of BZTC, this ratio was 0.84 revealing a more facile dif-
fusion process during the reduction step compared with oxidation,
in good concordance with previous data [22,34]. In contrast, in the
presence of surfactant this ratio was close to unity, indicating a sig-
nificant improvement in ion diffusion during the oxidation step.

A possible explanation for this finding is that the electrochemical
behavior of PB films not only depends on the real rate of transport of
cations through the film but also on the ease of insertion-expulsion
of cations during the electrochemical processes [35]. In this sense,
the slightly modified zeolite channels dimensions, or more probably
the increased porosity and lower rigidity of the surfactant-modified
PB film, may improve potassium expulsion during the oxidation
step and hence facilitate the interconversion between PW — PB
forms, enhancing its electrochemical reversibility.

3.4. Electrochemical impedance spectroscopy analysis

Electrochemical impedance spectroscopy (EIS) was used to
determine the interfacial properties of surface-modified electrodes
for PB, BZTC(1 mM)/PB and BZTC(2 mM)/PB films in background
electrolyte. A typical shape of a Faradic impedance spectrum in-
cludes a semicircle region (at higher frequencies, corresponding
to a charge-transfer limited process) and a straight line portion
(at lower frequencies, representing a diffusion-limited process).
The semicircle diameter in the impedance spectrum equates to
the charge-transfer resistance, R., at the electrode surface. The
experimental Faradaic impedance spectra were fitted using a gen-
eral Randles electronic equivalent circuit, which is very often used
to model interfacial phenomena (for details see [26]). Fig. 3 shows
EIS data for the three configurations, where it is clear that, depend-
ing on the concentration of BZTC employed, the PB film displayed
different charge-transfer resistance properties. Fitting these data
with the equivalent circuit (see above), the R, values obtained
were 12.7, 6.8 and 32Q for PB, BZTC(1 mM)/PB and
BZTC(2 mM)/PB, respectively. These data reveal that, in the pres-
ence of surfactant, electron-transfer properties of the PB film are
enhanced. The lower R, value for BZTC(2 mM)/PB shows that this
configuration improves the electric conducting properties of the
film and facilitates the charge-transfer process, in good agreement
with the CV data discussed above.

T
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Fig. 3. EIS of PB, BZTC(1 mM)/PB and BZTC(2 mM)/PB configurations in background
electrolyte (0.02M HCl and 0.1 M KCl), stabilization potential: +0.08 mV, signal
amplitude: 5 mV and frequency range: 130 kHz-10 Hz.

3.5. Electrocatalytic reduction of HO, on PB-modified electrodes

In order to compare the electrocatalytic activity of BZTC(2 mM)/
PB and PB modified electrodes, their response to H,0, was mea-
sured. In acid media, H,0, detection can be described by the fol-
lowing reaction [36]:

H,0, + 2e~ + 2H' — 2H,0 (5)

CV analysis revealed that, with the addition of 10 mM H,0,, the
cathodic peak current increased and the anodic peak current de-
creased, indicating an electrocatalytic reduction of H,O, for both
configurations (data not shown). In order to get more information
about the catalytic reaction mechanism, CVs of the modified elec-
trodes were recorded in the presence of 1 mM H,0, at various scan
rates; data for the BZTC(2 mM)/PB configuration are shown in
Fig. 4A. Plots of cathodic peak current against scan rate (Fig. 4B)
and square root of scan rate (Fig. 4C) suggest a mass-transfer con-
trolled process for H,0,; furthermore the current function, I,4/ v/
vs. v plot (Fig. 4D) indicates that exchange process between H,0,
and the redox site of the BZTC(2 mM)/PB modified electrode is con-
trolled by an EC’ mechanism [37]; qualitatively similar results
were obtained for the unmodified PB electrode.

More information about the electrocatalytic reaction of the two
configurations (PB and BZTC(2 mM)/PB) was obtained from chro-
noamperometric data. Fig. 5A shows the current-time plots for
the PB sensor recorded following stepping the applied potential
from open circuit conditions to —0.05V in the absence and pres-
ence of H,0, in the concentration range 0-6 mM. The time evolu-
tion of the semi-infinite linear diffusion-controlled current is
described by the Cottrell equation [38]:

I = nFA*C(D/mt)'? (6)
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where the modified electrochemical active area (A*) of each PB-
modified sensor was used, as in Eq. (2). The plot of I vs. t~'/2 at each
concentration of H,O, was linear (Fig. 5B), and the slopes of the
resulting straight lines were plotted vs. H,O, concentration. The
slope of the resulting straight line was then used to estimate the
diffusion coefficient for H,0, (Fig. 5C). The average values of D
were 5.4 x 107% and 5.6 x 107 cm?s~! for unmodified PB and
BZTC(2 mM)/PB sensors, respectively. These values are fairly consis-
tent with the range 2.3 x 107° to 1.6 x 107> cm? s~! reported else-
where [37,39-42], and are in good agreement with the value
obtained for other PB and hexacyanoferrate sensors found in the lit-
erature [36,37,42].

Chronoamperometry was also used for the evaluation of the
catalytic rate constant, kc,.. At intermediate times, when the cur-
rent is dominated by the rate of the electrocatalyzed reduction of
H,0,, the catalytic current (I.5;) can be written as follows [43]:

Leae/I, = (kearmiCt)'/? (7)
where [} is the current of the BZTC(2 mM)/PB or PB in the absence of
H,0, and I, is the catalytic current due to the addition of 1 mM
H,0,. Over a limited time frame, the values of I.,/I; were linearly
dependent on t'2, and from its slope ke, was calculated. The values
obtained were 1.1 x 10> and 2.8 x10°M~'s™! for PB and
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BZTC(2 mM)/PB, respectively, and are in good agreement with data
found in the literature [44]. The higher value for BZTC(2 mM)/PB is
consistent with the finding that k... has been found to be dependent
on the amount of Prussian blue deposited, indicating that H,O, pen-
etrates the films, and the inner layers of the polycrystalline matrix
take part in the catalysis [44].

3.6. Stability of PB films

Due to geometrical restriction in the lattice, PB is sensitive to
the insertion of the more highly hydrated Na* ions [14,16,25]. PB
and BZTC(2 mM)/PB sensors were cycled three times in the stan-
dard background electrolyte, 250 times in solution-A (containing
Na*), and finally a further three times in background electrolyte.
The peak current ratio after and before being exposed to Na* ions
showed a recovery of 86% for BZTC(2 mM)/PB, whereas the surfac-
tant-free PB sensor recovered only 47%, showing a significant lost
of redox activity (for details, see SM_figure 4). These data reveal
that the irreversible damage caused by Na*, an undesirable prop-
erty for sensors designed for biological applications, is attenuated
for the BTZC(2 mM)/PB configuration, and is consistent with higher
Dy,+ values obtained for surfactant-modified films reported in our
previous work [25].

In order to study the pH stability here, sensors were cycled 100
times (at 0.1 Vs~! from 0.1 to 0.3 V) in different solutions adjusted
in a large pH range. The residual activity was calculated using the
anodic peak intensity for the 100th cycle (I;q0) for each configura-
tion and normalizing it with respect to the first one (I;) (Fig. 6A).
Unmodified PB films were highly unstable, even in acid media,
and displayed a significant signal decrease (by 70%) at pH 7.4. In
contrast, the optimized BZTC(2 mM)/PB sensors, with and without
thermal treatment (100 °C during 1 h) [14], showed highly stable
response, conserving ~100% of the signal below pH 6, and losing
only ~10% of the initial signal at the end of the 100 cycles at pH
7.4. This excellent stability, especially in neutral media, may be ob-
tained because BZTC is a quaternary ammonium compound, and
acting as an acid to nullify the effect of OH™ ions, thereby stabiliz-
ing the PB film. Finally, electrostatic interactions between cationic
surfactants bilayers and clay layers may offer an additional stabil-
ization mechanism to prevent its dissolution [24].

3.7. Sensitivity and selectivity toward H,0,

In previous work [16,25-27], we demonstrated that ascorbic
acid (AA) is the main endogenous interference in physiological
applications due to its low redox potential and high concentration
in many biological media. Thus AA is the prototypical electroactive
interference species in a great number of analytical applications.
The choice of applied potential at the working electrode is
therefore fundamental to achieve the lowest detection limit and
to avoid the possibility of interference in biosensor applications.
The response to 0.1 mM H,0, and 1 mM AA (one order of magni-
tude higher) was therefore evaluated here. These data (Fig. 6B) re-
veal that PB at negative applied potentials, where it is in the PW
form, showed higher sensitivity to H,O,, whereas at positive
potentials the PB form did not respond significantly to H,0,. In
contrast, the AA response (oxidation) displayed a higher response
when the applied potential was more positive, reaching a maxi-
mum value at +0.2 V, close to the optimal range found by other
authors for the electro-catalytic detection of AA based on PB-mod-
ified electrodes [45]. On the other hand, a small cathodic increment
in the interference signal appeared at —0.2 V, which may be attrib-
uted to the electrocatalytic reduction of O, reported by our group
[16] and by other authors at this potential [3,4]. From these results
(Fig. 6B), it is evident that the optimal potential range was ob-
served between —0.05 and —0.15V, where the selectivity ratio
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Fig. 6. (A) pH stability for different sensor configurations: without (PB) and with
2 mM BZTC (BZTC(2 mM)/PB) present during the electro-deposition step, and with
and without additional thermal treatment (Q) at 100 °C for 1 h. Experiments were
done in phosphate buffer and in background electrolyte adjusted to different pH
values, both in 0.1 M KCI. (B) Sensitivity (H,0,) and selectivity (ascorbic acid, AA)
responses plotted against applied potential, background solution being employed as
supporting electrolyte.

(100 x AA/H,0;) was <1%. An applied potential value of —0.05V
was therefore selected for further sensor characterization to avoid
possible interference by reduction of molecular oxygen at more
cathodic potentials.

Calibration curves for different H,O, sensors configurations
(from 0 to 1.1 mM H,0,) were obtained (Fig. 7A). A visual inspec-
tion (Fig. 7B) revealed that BZTC(2 mM)/PB showed the highest
sensitivity and linearity. Analytical parameters, summarized in
Table 3, showed that BZTC(2 mM)/PB displayed the best sensitivity
(1.0720.03AM'cm™2, n=5), limit of detection (LOD=9.3 x
108 M) and linearity (1> = 0.9998). Sensitivity, coefficient of deter-
mination, and LOD (see Table 3 and SM_figure 5) for the different
configurations showed similar behavior described above for other
electrochemical parameters, displaying analytically better values
when BZTC concentration was increased up to the optimal concen-
tration (2 mM), and then a clear deterioration occurred at higher
surfactant concentrations.

This H,0, sensitivity value represents an improvement on our
previous work [25] and is higher than previous PB-modified SCPEs
values found in the literature (for details see SM_Table 1 and refer-
ences in [25]). The time response for all configurations was mea-
sured in batch conditions after H,0, additions; in this case all
sensors studied showed fast response times (tgoy ~ 4 s), Fig. 7C.

The last important parameter investigated in the present study
was the effect of storage time on H,0, sensitivity. In order to
examine this effect, different sensor configurations were prepared
and stored in dark and dry conditions at room temperature for
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Fig. 7. (A) Successive amperometric response for BZTC(x mM)/PB films from 0 to 1.1 mM H,0, recorded at —0.05 V in stirred background electrolyte: (a) 0, (b) 1, (c) 2 and (d)
3 mM BZTC; (B) Calibration curves for the sensors in (A); (C) Time response of BZTC(2 mM)/PB. (D) Calibration curves for BZTC(2 mM)/PB sensor, both fresh and after
4 months of dry storage in the dark, from 0 to 1.5 mM H,0,. Calibration conditions were as in (A).

Table 3

Comparison of some analytical parameters of different PB sensors obtained with
batch amperometry at —0.05V in a stirred background electrolyte. Sensitivity data
normalized respect to the electrochemical area of the bare SPCE.

BZTC (mM) S(AM™) 2 S(AM~'cm™2) LOD (uM)
0 0.0399 0.9876 0.420 0.340
1 0.0692 0.9936 0.728 0.202
2 0.102 0.9998 1.074 0.093
3 0.0832 0.9976 0.876 0.119
4 0.0405 0.9981 0.426 0.205
5 0.0213 0.9852 0.224 0.451

4 months. Fig. 7D shows calibration curves in a range from 0 to
1.5 mM H,0, for a freshly prepared BZTC(2 mM)/PB and for a
stored BZTC(2 mM)/PB sensor. As can be seen, sensitivity after this
long storage time was well retained, preserving 92% of the initial
response. Other BZTC(2 mM)/PB sensors showed similar results
(between 86 and 90% of the initial response). Other configurations
such as BZTC(1 mM)/PB also showed similar stability. These data
reveal the excellent stability of the BZTC-modified PB deposited
onto SPCEs that may be stored during long time periods, which
may be useful for future commercial applications.

4. Conclusions

We have optimized the electro-deposition method for PB in the
presence of BZTC, and studied the electrochemical and analytical
properties for different PB film configurations. The BZTC(2 mM)/
PB configuration showed the best electrochemical behavior with
improved surface coverage and diffusion parameters. The electro-
deposition method displayed an excellent reproducibility, CV%
2.5. Under optimal conditions we were able to develop a highly
sensitive H,0, sensor (1.07 AM~! cm~2) with a detection limit of
~1077 M. At the selected applied potential, the defined selectivity
ratio against AA was better than 1%. This design showed better
H,0, sensitivity than previous configurations based on modified
SPCEs, and represents a less time-consuming method when com-

pared with other highly sensitive sensors. PB-modified electrodes
showed good stability in neutral and weakly alkali solutions, with-
out further treatment. The stability of PB-modified SCPEs was sat-
isfactory, at least for 4 months stored dry in the dark at room
temperature.
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Supplementary Materials

Figure and Table Captions
SM_figure 1.- Conductometric determination of the critical micellar concentration
(cmc) for BZTC in water as the change in the slope when the specific conductance vs.

surfactant concentration in H,O was plotted.

SM_figure 2.- (Top) Comparison of the charge storage capacity of different BZTC(x
mM)/PB films studied by cycling SPCEs over 120 successive cycles between —0.2 and
1.0 V at a scan rate of 0.1 V s™. Qs represents the accumulated charge under the
anodic peak for each scan. (Bottom) Plot of the maximum charge stored vs. the

concentration of BZTC in the solution.

SM_figure 3.- CVs for PB and BZTC(2 mM)/PB films in background electrolyte
before and after being cycled 250 times in solution-A (0.02 M HCIl and 0.1 M NaCl) at a

scan rate of 0.1 V s,

SM_figure 4.- Analytical parameter evolution for different BZTC(x mM)/PB

configurations, x =0, 1, 2, 3, 4 and 5.

SM_table 1.- Comparison of some analytical parameters of different PB sensors

obtained with stirred batch amperometry.
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SM_figure 1.- Conductometric determination of the critical micellar concentration
(cmc) for BZTC in water as the change in the slope when the specific conductance vs.

surfactant concentration in H,O was plotted.
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SM_figure 2.- (Top) Comparison of the charge storage capacity of different BZTC(x
mM)/PB films studied by cycling SPCEs over 120 successive cycles between —0.2 and
1.0 V at a scan rate of 0.1 V s™. Qs represents the accumulated charge under the
anodic peak for each scan. (Bottom) Plot of the maximum charge stored vs. the

concentration of BZTC in the solution.
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SM_figure 3.- CVs for PB and BZTC(2 mM)/PB films in background electrolyte
before and after being cycled 250 times in solution-A (0.02 M HCI and 0.1 M NaCl) at a

scan rate of 0.1 V s>,
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SM_figure 4.- Analytical parameter evolution for different BZTC(x mM)/PB
configurations, x =0, 1, 2, 3, 4 and 5.
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SM_table 1.- Comparison of some analytical parameters of different PB sensors

obtained with stirred batch amperometry.

Type of sensor Deposition method Applied potential (mV)  LOD (uM) LR (uM) S (MAM™ cm?) Ref.
Carbon fiber electrode Cyclic voltammetry 0 0.01 - 1000 [12]*
Carbon fiber electrode Cyclic voltammetry 0 0.1 - 480 [12]*

Graphite screen printed PB microparticles mixed with 0 0.25 0.4 - 100 137 [15]*
electrode carbon ink ' '
Graphite screen printed Chemical deposition on
electrode graphite/GC mixed with carbon -50 0.3 0.5-1000 135 [16]*
ink
Graphite screen printed Chemical deposition on graphite ) ) -
electrode screen printed electrode 50 0.1 0.1-50 234 (171
Glassy carbon electrode Cyclic voltammetry 0 0.036 0.079 - 15.8 153 [22]*
Glassy carbon electrode Cyclic voltammetry in presence 0 0.012 0.0038 - 100 979 [22]*
of surfactant ' '
Platinum foil electrodes Chemical deposition based on -
self-assembly process -50 1 1-400 625 [41]
Carbon ceramic electrode Chemical deposition based on -100 08 1-260 755 [42]*
self-assembly process
Graphite screen printed Cyclic voltammetry 50 0.26 0.26 - 400 440 [25]
electrode ' '
Graphite screen printed Cyclic voltammetry in presence ) )
electrode of surfactant 50 0.16 0.16 - 400 630 [25]
Graphite screen printed Cyclic voltammetry in ) ) .
electrode presence of surfactant 50 0.093 0.093 - 1500 1074 This work

*References in previous group’s publications [25].
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During recent decades, a new paradigm has emerged in neuroscience from growing evidence that
lactate, and not glucose, has the more important role as an energy substrate during neural activation.
Based on these findings, the astrocyte—neuron—lactate shuttle hypothesis (ANLSH) has been proposed.
Over the same period, biosensors have become an important tool for in-vivo studies, providing higher
time and spatial resolution over microdialysis and other neuroanalytical techniques. In this work we
present a new lactate microbiosensor based on Prussian Blue (PB)-modified carbon fiber electrodes
(CFEs) that allows the detection of enzyme-generated hydrogen peroxide at a low applied potential (~0
V against SCE), contrasting the high overpotential used in many previous designs based on platinum
transducers (~0.7 V). Here, optimization of the fabrication procedure is described, including activation
of CFE/PB, enzyme immobilization, anti-biofouling and anti-interference properties. Finally, to
illustrate the potential use of this approach, some in-vivo results are presented, including
pharmacological, physiological and electrophysiological stimulation, showing that this microbiosensor
design is well suited to exploring the role of lactate in brain extracellular fluid.

Keywords: Biosensor, Carbon fiber electrode, Brain lactate, Prussian Blue, Oxygen sensor.

1. INTRODUCTION

During the last decade an important debate has been generated about the regulation of brain
metabolic responses to neuronal activity [1-6]. Brain cells are dependent on a continuous supply of
energy, glucose being its main fuel under normal physiological conditions. Because the brain has very
little energy reserve, a continuous vascular supply of glucose and oxygen is mandatory to sustain
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neuronal activity. Historically, lactate was considered a dead-end metabolite of glycolysis or a sign of
hypoxia and anaerobic energy metabolism [7, 8]. However, a body of evidence has been accumulated
to indicate that large amounts of lactate can be produced in many tissues under fully aerobic conditions
[8-13]. Therefore, some authors point out that lactate could be used as a supplementary fuel [2, 14, 15],
and has even been suggested to be the predominant oxidative substrate over glucose during neural
activation [6, 16, 17]. Due to these findings, the astrocyte—neuron—lactate shuttle hypothesis (ANLSH)
has been suggested [14, 15, 18]. According to this model, during neural activation the uptake of
glutamate leads to glucose uptake into the astrocytes, and its glycolysis generates lactate which is
exported into the extracellular compartment where it is taken up by neurons for its ultimate
phosphorylation. This idea has divided the neuroscience community into two schools, and has
generated an intense discussion [1-6, 14-22]. Most of the evidence for ANLSH are based on in-vitro
experiments and on the presence of some enzymes and transporters required in the proposed
hypothesis [3, 11-13]. ANLSH argues a causal sequence of events that can only be tested under in-vivo
conditions. Traditionally, microdialysis has been employed for monitoring extracellular metabolites in
vivo [23-25]; unfortunately, this technique often displays poor time resolution (10-30 min). More
recently, biosensors have been shown to be an excellent analytical tool, providing high spatial and
temporal resolution, and enough sensitivity and selectivity for in-vivo experiments [26]. In this way,
microdialysis technique has been coupled with biosensor technology [27, 28], presenting as its main
advance over conventional sample collection better time resolution (as low as 30 s) [29]. Nevertheless,
implantable biosensors based on carbon fiber electrodes (CFES) have smaller dimensions (~10 um
diameter) than microdialysis probes (200-500 um), which attenuates traumatic brain injury during
insertion [30], and provides yet higher time resolution, allowing real-time correlation with animal
behavior [31-35].

In recent years our group has been working on Prussian Blue modified microelectrodes to
detect enzyme-generated H,O, at low applied potentials (0 V vs. SCE) as an alternative to
conventional noble metal based transducers often employed in first-generation biosensors for
physiological applications. Thanks to this approach glucose biosensors reached very low dimensions
(~10 um diameter) and displayed excellent in-vitro and in-vivo responses [32-35]. Now we present a
new lactate biosensor adapting our previous glucose biosensor design, exploring and optimizing the
main fabrication steps in order to improve sensitivity, stability, selectivity and anti-biofouling
properties. Finally, in order to show its potential use in physiological studies we present some in-vivo
experiments with this optimized lactate biosensor.

2. EXPERIMENTAL

2.1 Reagents and Solutions

The enzyme lactate oxidase (Lox) from Pediococcus sp., purchased as a lyophilized powder,
and glutaraldehyde (Glut, 25%) were obtained from Sigma Chemical Co., and stored at —21 °C until
use. Bovine serum albumin (BSA, fraction V) and all other chemicals, including o-phenylenediamine
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(0-PD), lactate, polyethyleneimine (PEI), KCI, NaCl, CaCl,, FeCl;, Ks[Fe(CN)g], HCI (35% w/w),
H.0, (30% w/v), Nafion (5% w/w in a mixture of lower aliphatic alcohols and water) and phosphate
buffer saline (PBS, pH 7.4 containing 0.1 M NaCl) were also obtained from Sigma, and used as
supplied. The interference compounds: glucose, ascorbic acid (AA), uric acid (UA), dopamine (DA),
3,4-dihydroxyphenylacetic acid (DOPAC), serotonin (5-HT), glutamate (Glu) and glutamine (Gln)
were obtained for Aldrich-Sigma, and used as supplied. PBS stock solutions were prepared in doubly
distilled water (18.2 MQ cm, Millipore-Q), and stored at 4 °C when not in use. A stock 50 mM
solution of lactate was prepared in water, and stored at 4 °C when is not in use. The PEI solutions were
prepared by dissolving PEI at x% w/v in H,O. The cross-linking solution was prepared in PBS with
1% wi/v of BSA and 0.1% wi/v of Glut. Monomer solution of 300 mM o0-PD was prepared using 48.6
mg of 0-PD and 7.5 mg of BSA in 1.5 mL of N, saturated PBS and sonicating for 15 min. A 100
units/mL solution of Lox was prepared by dissolving 50 units in 0.5 mL of PBS. Interference solutions
were prepared in water just before use and, if necessary, the pH was adjusted to 7.4. Carbon fibers (8
um diameter), Platinum/Iridium wire (25 pm diameter), glass capillaries, and 250 um internal diameter
Teflon-coated copper wire were obtained from Word Precision Instruments Inc. and silver epoxy paint
was supplied by Sigma.

2.2 Instrumentation and Software

Experiments were computer controlled with data-acquisition software EChem™ for CV and
Chart™ for constant potential amperometry (CPA). The data-acquisition system used was e-Corder
401 (EDAQ) and a low-noise and high-sensitivity potentiostat, Quadstat (EDAQ). CV and
electrochemical impedance spectroscopy (EIS) experiments for micro-biosensor characterization were
conducted with an Autolab PGSTAT 20 potentiostat and a FRA module from EcoChemie, computer
controlled by their General Purpose Electrochemical System (GPES) and FRA software, respectively.
The linear and non-linear regression analyses were performed using the graphical software package
Prism (GraphPad Software, ver. 5.00). To electro-deposit and activate the PB, a custom-made
Ag/AgCl/saturated KCI reference electrode and platinum wire auxiliary electrode were used.

2.3 Amperometric experiments

2.3.1 In vitro

CV and EIS experiments for PB characterization were measured in electrolyte support solution
(0.1 M XCl and 0.1 M HCI (X being either Na or K)) or (0.1 M CaCl, and 0.1 M HCI). Experimental
conditions for EIS measurements were: applied potential +0.1 V against SCE, signal amplitude 5 mV
and frequency range 40 kHz—-0.5 Hz. All in-vitro experiments were done in a 25 mL glass cell at 21
°C, using a standard three-electrode set-up with a commercial saturated calomel electrode (SCE,
CRISON Instrument S.A.) as the reference and platinum wire as the auxiliary electrode. The
previously determined optimum applied potential for amperometric studies on CFE/PB-based
biosensors was 0 V against SCE [32-35]. Lactate calibrations were performed in quiescent air-
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saturated PBS (following stabilization of the background current for 20 min) by adding aliquots of
lactate stock solution to the electrochemical cell. After each addition, the solutions were stirred for 5 s
and then left to reach the steady-state current.

2.3.2 In vivo

These experiments were carried out with male rats of ~300 g (Sprague Dawley) in accordance
with the European Communities Council Directive of 1986 (86/609/EEC) regarding the care and use
of animals for experimental procedures, and adequate measures were taken to minimize pain and
discomfort. After being anesthetized with urethane (1.5 g/kg), the animal’s head was immobilized in a
stereotaxic frame and its body temperature maintained at 37 °C with a heating blanket. The skull was
then surgically exposed and small hole drilled for microbiosensor implantations. To measure prefrontal
cortex lactate, the microbiosensor was implanted according to Paxinos and Watson coordinates: A/P
+2.7 from bregma, M/L +1.2 and D/V —0.5 from dura [36]. The Ag/AgCI reference electrode and
platinum auxiliary electrode were placed in the cortex, and the skull kept wet with saline-soaked pads.
The reference potential provided by the Ag/AgCl wire in brain tissue is very similar to that of the SCE.
For in-vivo oxygen measurement a CFE/PoPD was polarized at —0.65 V. Electrical stimulation was
provided by an S-8800 Grass model and a bipolar electrode made with two unmodified CFE mounted
in a two-barrel glass capillary. The exposed surface of the tip was approximately 500 um long.
Electrical stimuli parameters were: 0.15 mA of 1-ms square biphasic pulses for 3-5 seconds at 20-30
Hz. During oxygen-manipulation studies, the appropriate gas was pumped close to the rat’s nose to
ensure optimal exposure, and alternatively pure O, and N, were administered during ~1 min, after
which the air flux was restored. Intraperitoneal injection (i.p.) was selected for pharmacological
administration.

2.4 Preparation of the Working Electrodes

2.4.1 Fabrication of Carbon Fiber Electrodes

Carbon fibers (diameter 8 um, 20-50 mm in length) were attached to Teflon-coated copper
wire (diameter 250 um), using high purity silver paint, and dried for 1 h at 80 °C. The borosilicate
glass capillary was pulled to a tip using a vertical microelectrode puller (Needle/Pipette puller, Model
750, David Kopf Instruments). After drying, the carbon fiber was carefully inserted into the pulled
glass capillary tube under a microscope, leaving 2-4 mm of the carbon fiber protruding at the pulled
end. Subsequently, the carbon fiber was cut to the desired length (approximately 250 pm) using a
microsurgical scalpel. At the stem end of the capillary tube, the copper wire was fixed by casting with
non-conducting epoxy glue; the carbon fiber was also sealed into the capillary mouth, using the same
epoxy glue.
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2.4.2 PB electro-deposition onto Carbon Fiber Electrodes

CFEs were modified by means of electro-deposition and activation of a PB film. Briefly, the
PB layer was electro-deposited using CV and applying 1, 3, 6, 9 or 12 cyclic scans within the limits of
—0.2t0 0.4 V at scan rate of 0.05 or 0.1 V/s in a solution containing 1.5 mM Kj[Fe(CN)g] and 1.5 mM
FeCl; in 0.1 M KCI and 0.1 M HCI. These CFE/PBs were cleaned in doubly-distilled water and
activated by applying another 50 cycles in electrolyte solution (0.1 M KCI and 0.1 M HCI), using the
same protocol. Before being used, the CFE/PBs were cleaned again in doubly-distilled water for
several seconds. Finally, the PB film was tempered for 1 h at 100 — 200 °C.

2.4.3 Micro-biosensor construction based on CFE/PB

When CFE/PBs were ready to use, the next step was to immobilize the Lox using the following
protocol: 15 fast immersions in the PEI (2.5% wi/v; default configuration) solution and a drying period
(default 5 min at room temperature); 30 fast immersions in the Lox solution; and 15 fast immersions in
the cross-linking solution (BSA/Glut). After the immobilization step, all biosensors were cured for 2 h
at 37 °C and stored overnight at 4 °C in a refrigerator. Finally, an interference-rejection film of
PoPD/BSA (PoPD for clarity, below) was electropolymerized over the biosensor.
Electropolymerization of PoPD was carried out with a standard three-electrode setup; a custom-made
Ag/AgCI /saturated KCI reference was used as the reference electrode and platinum wire as the
auxiliary electrode. The electropolymerization was driven at a constant potential (+0.75 V) for 20-25
min. After the fabrication procedure of the biosensors was completed, they were cleaned in doubly-
distilled water. When not in use, biosensors were stored in dry condition at 4 °C.

3. RESULTS AND DISCUSSION

3.1 Prussian Blue film: characterization and optimization

PB-modified microsensors were characterized using CV. Two well-defined characteristic peaks
appeared with formal potentials of 0.1 V and 0.9 V, in good agreement with previous data [32-34, 37].
The PB «— PW (Prussian White) transition (Figure 1a) showed a broad composite anodic peak and
narrower cathodic peak characteristic of PB redox behavior displaying a mono-electronic quasi-
reversible inter-conversion (AE ~ 65 mV and I,4/lox ~ 0.8 at a scan rate 25 mV s‘l).

A clear change in the CV of PB (Figure 1la) was observed in the presence of H,0,: an
enhancement of the cathodic current and a concomitant decrease in the anodic current. This
observation reflects the catalytic reduction reaction, which can be ascribed to the reduction of H,0, to
water by PW, as previously reported [32, 38].

The thickness of the film, d, was estimated taking account of the number of unit cells present
on the electrode surface, geometrical parameters of the PB cell, and the working electrode area [39],
according to equation 1:
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d = (Qux/NFA) (1°Na/4) (1)

where Qqx is the electrical charge associated to the anodic peak, n the number of electrons in
the redox process (), F the Faraday constant, A the electrode area (6.33 x 10> cm?), | is the length of
the unit cell (1.02 nm) [37] and Na is Avogadro's number. The value 4 appears in the equation since
there are four effective iron atoms in the unit cell.
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Figure 1. (a) CV for PB-modified carbon fiber electrodes (CFE/PB) without and with 600 uM H;0..
(b) Thickness evolution of PB deposit against the number of cycles employed during electro-
deposition at two different scan rates. () Evolution of the peak separation (AE) and the formal
potential (E°") against the number of cycles applied during the electro-deposition at 0.01 V s,

Our results indicate a linear relationship between film thickness (Figure 1b) and the number of
cycles, as well as faster growth when the potential scan rate was decreased (i.e., 17 and 35 nm/cycle at
0.1and 0.05 V s}, respectively), in agreement with previous reports [40]. The PB film deposited at 0.1
V s showed a positive correlation between peak separation, AE, and the number of cycles (Figure 1c).
In contrast, the formal potential, E°’, remained constant after 3 cycles (Figure 1c). From these results,
0.1 V s and three cycles were selected to deposit a thin film onto CFEs for biosensor fabrication
(Section 3.2), which gave a thickness of 51 £ 5 nm (mean + SD, n = 6).

The CV shape of deposited PB films showed a clear dependence on the ionic composition of
the background electrolyte solution (Figure 2, inset). Previously, it has been demonstrated that PB
films display a specific transport of alkali metal cations due to its zeolite structure [32, 37]. These
geometrical conditions affect the transport of cations during PB < PW transitions, determining its
electrochemical properties. In order to explore the ionic transport across the film, electrochemical
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impedance spectroscopy (EIS) was used. EIS is an effective method to probe the interfacial properties
of surface-modified electrodes [39, 41, 42]. The experimental Faradaic impedance spectra were fitted
using a general Randles electronic equivalent circuit (for details see reference [34]), which is very
often used to model interfacial phenomena [42]. The semicircle diameter in the impedance spectrum
(Figure 2), equates to the charge-transfer resistance, Ry, and displays a clear dependence on cation
diffusion.
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Figure 2. EIS of PB-modified carbon fiber electrodes (CFE/PB) in different background electrolytes:
0.1 M KCI, NaCl or CaCl,, with 0.02 M HCI. Stabilization potential: +0.1 V vs. SCE, signal
amplitude: 5 mV and frequency range: 40 kHz—0.5 Hz. Inset: CV of PB-modified carbon fiber
electrodes (CFE/PB) in different background electrolytes: 0.1 M KCI, NaCl or CaCl,, with 0.02
M HClI, scan rate 0.1 V s vs. SCE.

Our results showed that more highly hydrated cations (Ca*) display higher R, whereas lesser
hydrated cations, with lower resistance values (K™ < Na"), exhibits facilitated transport across the film,
consistent with the CV shapes shown in Figure 2 (inset).

Freshly deposited PB films have been shown to be highly hydrated and unstable; accordingly,
some authors have suggested activation and heat-treatment steps before their use [43, 44]. In our case
activation was carried out in electrolyte solution (0.1 M HCI, 0.1 M KCI), using the same parameters
as in the deposition step until the CV was stable (~50 cycles). Heat treatment was then investigated at
different temperatures for 1 hour, and its effect on PB electro-chromic properties studied. The CVs for
PB (Figure 3a) after heat treatment showed a progressive peak-current decrease and a significant lost
of electrochemical activity at 200 °C. The FTIR and UV-Vis absorbance spectra of the as-deposited PB
film showed the characteristic Fe—CN band (2067 cm™) related to the stretching vibration of Fe—CN
and the broad absorption peak at 672 nm due to charge transfer between Fe®* to Fe** ions, respectively
[32]. The FTIR spectrum (Figure 3b) in the high frequency region was characterized by a very broad
band which can be attributed to stretching modes of bonded (2973 cm™) and free (3435 cm™) OH
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groups of water [45, 46]. This band shows that water molecules can be found in PB, either coordinated
in the shell of high spin iron or occupying interstitial positions as uncoordinated water. With heat
treatment these bands gradually decrease in intensity. On the other hand, the Fe—CN band suffers only
a slight decrease up to 150 °C, but almost disappeared at 200 °C, showing a clear thermal
decomposition of PB. The UV-Vis spectrum (Figure 3c) showed a similar behavior discussed for the
FTIR, although at 200 °C it displayed a typical rust color and a clear band between 300 and 400 nm
that corresponds to the wavelength region of Fe;O3 [47]. In view of these results, 100 °C was selected
for further investigation.

The effect of pH during electro-deposition was studied by using different electrolyte solutions:
0.02 (Figure 3d;) and 0.1 M HCI (Figure 3d;and 3dy), and then cycling CFE/PB at 0.1 V s (~33 min)
in PBS (pH 6). Our results indicate that PB films deposited in the more acid medium (Figure 3d;)
showed better stability, whereas PB electro-deposited with 0.02 M HCI (Figure 3d;) showed a
significant peak reduction when the first and the last (150™) cycles were compared. Nevertheless, only
with an additional thermal treatment (Figure 3dy), does PB display enough stability for useful
application in electro-analytical devices.
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Figure 3.— Effect of annealing PB films at different temperatures, illustrated by CV (a), FTIR (b) and
UV-Vis (c) spectra. (d) Stability for PB-modified electrodes (CFE/PB) electrodeposited at
different pH conditions (scan-1 in red; scan-150 in blue: 0.02 M HCI (i) and 0.1 M HCI (j) and
(k), without (j) and with (k) thermal treatment.

3.2 Lactate biosensor optimization

Following the design of glucose microbiosensors developed by our group [32-35], we
assembled new lactate microbiosensors. Previously we showed that enzyme loading depends on the
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number of dip-immersions employed during the manufacturing process [33]. Consequently, in the
present work this number was fixed at 30 fast immersions. The first parameter investigated was the
enzyme concentration. In order to optimize this concentration several biosensors were assembled using
different Lox concentrations (25, 50 and 100 U mL™). Calibration curves for these biosensors (Figure
4a) showed that 100 U mL ™ displayed the best result with Vimax [26] 15 times higher than the lowest
concentration; for further studies this concentration was selected.

a) b)
84 -~ 100 U/mL 89 -+ PEI5%
-# 50 U/mL - PEI2.5%
64 — 25U/mL -~ PEI1%
2_
0 T T 0 T T T 1
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Lactate (mmol L) Lactate (mmol L)
84 —*— t=15min C) 34 d)

-o~ PB/Lox/PoPD
-~ PB/Lox/PoPD/Naf
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Lactate (mmol L‘l) Lactate (mmol L'l)

Figure 4.— Calibration curves for different lactate biosensors during optimization by changing
different assembly parameters: (a) enzyme concentration, (b) polyethyleneimine (PEI)
concentration, and (c) drying time between PEI immersion and enzyme loading. (d) Calibration
curves for both types of lactate biosensors proposed in the present work (mean + SEM, n = 4).
The background electrolyte solution was PBS (0.1 M NaCl) pH 7.4; the applied potential was 0
V against SCE.

The next step was to study the effect on the enzyme loading of a polyelectrolyte such as PEI
[33-34]. In recent years its ability to inhibit enzyme inactivation, and to improve its stability by the
formation of cationic—anionic complexes, has been exploited [48]. In this context we studied the
optimal concentration of PEIl and how water content affects the enzyme loading during biosensor
assembly. Responding to the first question, several PEI solutions were prepared (1, 2.5 and 5 % w/v) in
water and used during biosensor construction. Figure 4b shows that both 2.5 and 5 % w/v almost
doubled the enzyme loading (higher V. values) compared with 1% w/v. So 2.5 % w/v PEI was
maintained for further studies. Until now a drying period of 5 min was employed between immersion
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in PEI and Lox solutions. In order to explore if water content affects the enzyme loading, several
drying times were selected (0, 5 and 15 min). Our results (Figure 4c) suggest that longer drying times
provide higher enzyme loading (Vmax ~ 3 times with respect to the wet configuration), and that the
hydration conditions of PEI are an important parameter in order to improve the enzyme loading. On
the basis of these data, drying times were increased to 15 min in the following development studies.

The final step during microbiosensor construction was the addition of an external permselective
film, (Lox/PoPD), which improves anti-biofouling properties and selectivity against potential
endogenous interferences such as AA, UA, DA, etc. [32-34, 49]. First results showed a significant loss
of sensitivity (~60%) that may be attributed to several factors such as: enzyme deactivation, the new
diffusion barrier [32-34] and electrostatic repulsion between BSA and lactate anions. Figure 4d shows
calibration data for lactate microbiosensors incorporating PoPD. Enzyme parameters, obtained using a
Hill-modified Michaelis—Menten equation [50], and analytical parameters are summarized in Table 1.
Lox/PoPD showed a linear range up to 0.6 mM with a sensitivity (S) of 2.68 + 0.12 nA mM ™ (~42 nA
uM* cm™); meanwhile the detection limit (S/N = 3) and reproducibility (CV%) were ~6 uM and 4 %,
respectively.

Taking into account that extracellular fluid (ECF) concentration of lactate is ~0.4 mM [51, 52]
and that changes registered during neuronal activation may reach ~200% of its basal concentration
(~0.7 mM) [10, 51, 52], the present configuration possessed excellent sensitivity, but the operational
linear range is pretty tight for use in physiological applications. However, we were able to increase the
linear range up to 1.2 mM by means of an external Nafion film (Lox/PoPD/Naf). Three dip
immersions in 5% Nafion proved enough for our purpose, whereas a higher number of dips (eight)
resulted in the complete loss of sensitivity. This new diffusion film provides a barrier to lactate,
decreasing sensitivity to 0.77 nA mM ™ (~12 nA uM* cm™2) by both decreasing Vmax and increasing K’
[26] (see Table 1). Meanwhile free diffusion of O, to the enzyme was maintained where it is needed to
regenerate its active center. Thus we present two possible configurations that may be used depending
on the in-vivo requirements.

Table 1. Enzyme kinetic (apparent Michaelis constant (K"), calibration plateau (Vmax), and Hill
coefficient (h)), and analytical parameters (sensitivity (S), coefficient of determination (R?),
detection limit (D.L.), linear range (L.R.) and coefficient of variation (CV%)) of different
optimized lactate biosensor designs, Mean + SEM, n = 4. D.L. was calculated as 3 x SD of the
background current. The Hill parameter is included to highlight possible deviations from
straightforward Michaelis—Menten kinetics, for which h = 1. Calibration curves were obtained
by applying 0 V against SCE in air-saturated PBS 0.1 M NaCl (pH 7.4).

0.14 0.1 10-6 1.2

Configuration ' S (nA uM-1

cm-2)
PB/Lox/PoPD 0.44 + 2.88 + 1.3+0.1 2.68 £0.09 423+1.5 0.994 5.6 - D.L- 7.1
(n=4) 0.05 0.09 10-6 0.6
PB/Lox/PoPD/Naf (n=4) 0.97 + 1.57 + 1.4+£0.1 0.77+0.03 12.2+0.4 0.994 16.8 - D.L- 6.7
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Another two important questions, when designing sensors for an electrochemically hostile
environment such as brain [53], are protein biofouling and interference response. In order to study the
anti-biofouling properties of our biosensors, they (with and without PoOPD/Naf) were immersed for 18
h in a solution of BSA (10% w/v), and lactate sensitivity before and after BSA exposure determined in
its linear range (n = 3). Surprisingly, both configurations showed no significant difference (two-tailed
paired t-test, p-value: 0.11 and 0.07, respectively) before and after being dipped in the protein solution,
demonstrating the excellent anti-biofouling properties of the present configurations (Figure 5a). In this
sense, PoPD films have been shown to be stable during long periods (~15 days) in in-vivo
experiments, displaying excellent biocompatibility and anti-interference properties [26, 52].

Non-optimized lactate biosensors free of PoPD film (Figure 5b) showed good anti-interference
properties (as a result of the low applied potential used to detect H,O, at the PB-modified surface) for
a considerable number of interference species and metabolites at their basal concentration [34], and
responded well to lactate additions (c: 0.4 and g: 0.2 mM). Only AA (0.2 mM), one of the major
endogenous interferences in the CNS, produced a clear change in the biosensor current, indicating that
although we were working at a low potential, we needed an additional permselective film to avoid AA
effects on biosensor responses [49]. Finally, the optimized lactate biosensor (with an external
PoPD/Naf film) didn’t response to the main interferences and metabolites (including AA; see Figure
5¢).

-0.8

PB/Lox h

1.25 I PB/Lox
I PB/Lox/PoPD/Naf

1.00 + i
0.75 4 -0.0 T T T
] 0 500 1000 1500 2000
Time (s)
0.50 +
1 _0.84 PB/Lox/PoPD/Naf i‘ i‘l
0.25 s d ef ¢
1 ’ I
0.00 + -0.44

before after hefore after

Normalized sensitivity

i(nA)

-0.24

T T T
0 500 1000 1500 2000
Time (s)

Figure 5. (a) Normalized sensitivity (mean + SEM, n = 4) for PB/Lox and PB/Lox/PoPD/Naf
configurations before and after being immersed in a BSA solution (10% wi/v) for 18 h.
Amperometric response for non—optimized PB/Lox (b) and optimized PB/Lox/PoPD/Naf (c)
configurations with successive additions of: (a) 10 nM dopamine (DA), (b) 10 uM 3,4-
dihydroxyphenylacetic acid (DOPAC), (c) 0.4 mM lactate, (d) 10 nM serotonin (5-HT), (e) 20
uM glutamate (Glu), (f) 0.4 mM glutamine (GIn), (g) 0.2 mM lactate, (h) 1 mM glucose, (i) 10
uM uric acid (UA) and (j) 0.2 mM ascorbic acid (AA). Calibration conditions as in Figure 4.
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3.3 Lactate biosensor measurements in in-vivo experiments

Although there is an extensive bibliography about lactate biosensors [54-60], there are few
papers published regarding lactate microbiosensors measuring directly in the CNS [10, 51, 52, 61, 62].
Much of these reports were based on either modified Pt transducers [10, 51], ceramic-based multisite
microelectrodes [62] or CFEs [52, 61], working at a high applied potential (~0.7 V) [10, 51, 62] or
using differential normal pulse voltammetry (DNPV) [52, 61] to detect the H,O, generated during the
enzymatic reaction. Here we present, for the first time, a lactate microbiosensor based on PB-modified
CFE that is able to detect physiological changes in lactate levels at a low applied potential in the CNS.

For all in-vivo experiments, a time of 30 min after biosensor insertion was used to stabilize the
baseline current. This was used to estimate the basal lactate concentration, comparing this current with
previous calibration data. The basal lactate concentration (0.36 + 0.02 mM, mean + SD, n = 5) was in
good agreement with previous data reported by other authors [51, 52], although factors such as the
state of anesthesia will influence such comparisons [63].

It is known that extracellular fluid lactate concentration can be increased by the stimulation of
neuronal activity [2, 14, 15, 52] and studies concerning such a stimulation by glutamate and N-methyl-
D-aspartate (NMDA) have been reported [52]. In the present work, we also used NMDA, an ionotropic
glutamate receptor agonist. After obtaining a stable baseline for the biosensors (normalized basal
response: 100 + 12 %; mean + SD, n = 3), NMDA (5 mg in 2 mL PBS) was administered (i.p.). After
5-10 min a clear increase in lactate level was observed reaching a value of 205 + 13 % which
remained at this level for ~1 h. These results are in good concordance with previous data [52] and with
ANLSH [2, 6, 14-18].

The lactate biosensor response was also evaluated during electrophysiological stimulation. In
this context, local electrical stimulation was applied (30 Hz for 3 s) at intervals of 3 min
approximately, allowing enough time to reach the basal resting level again. Data showed (Figure 6a) a
slight decrease (~25 %) in lactate level during local electrical stimulation, suggesting that lactate is
consumed during neural activity. After that, an increase in extracellular lactate concentrations (~90 %
of the basal concentration) appears to be a response of the tissue to the demand for additional energy
[10, 14-18]. Similar results were obtained with a lactate biosensor employing a 25-um diameter Pt wire
transducer and detecting H,O, at +0.7 V (Figure 6b), the configuration commonly employed in
biosensors for in-vivo applications, validating the kinetic and physiological lactate response. Finally,
theses data are in good agreement with previous publications where extracellular lactate concentration
fluctuations and its relationships with neural activity were explored in the dentate gyrus of the
hippocampus of the rat brain after electrical stimulation of the perforant pathway [10].

The last sets of experiments were conducted to study changes of lactate and O, in the
extracellular compartment. An O, sensor was constructed by coating an unmodified CFE with PoPD
(CFE/PoPD) to reject interferences and to improve biocompatibility properties of the sensor [51]. This
sensor was polarized at —0.65 V to detect O, [64]. Firstly, the in-vivo oxygen response was checked by
changing extracellular oxygen concentration via gas administration (pure O, or Ny). Under these
conditions, the O, sensor showed a clear current increase during mild hyperoxia (O, supply; Figure
7a), whereas the same period of mild hypoxia (N2 supply) showed the opposite effect (Figure 7b).
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Under these conditions, the O, signal suffered a change of 40-50% with respect to its basal level, in
good agreement with previous work [65]. Changes in both cases were immediate and, on cessation of
gas administration, the signals quickly returned to baseline levels indicating a rapid return to normoxic
conditions. These results confirmed that CFE/PoPDs implanted in anesthetized animals respond
rapidly to changes in cerebral tissue O, concentrations.

-0.9-
a)
-0.74
= PB/Lox/PoPD/Naf
< 05
-0.3-
0 5l0 l(')O 150 2(I)0
Time (s)
0.7+
b) Pt/Lox/PoPD/Naf
0.5
<
E
- 0.3-M'M
0.1 T T T 1
0 50 100 150 200
Time (s)

Figure 6. Extracellular lactate changes during electrical stimulation (30 Hz, 3 s) registered in the
prefrontal cortex of an anesthetized rat. Data were obtained with (a) a PB/Lox/PoPD/Naf
biosensor and with (b) a Pt/Lox/PoPD/Naf biosensor proposed in the present work

In order to study simultaneous changes in lactate and O, levels, both sensors were inserted in the
prefrontal cortex close to the stimulation electrodes (50—-100 um). Electrical stimulation (20 Hz during
5 s) generated a lactate change consisting of a short period of lactate consumption followed by an
increase of almost 90 % of the basal lactate concentration, similar to that seen in Figure 6 (see Figure
7c¢). In contrast, the O, sensor response showed an immediate decrease in extracellular O, levels
(~20% of the basal value) during the stimulation, and this level was held for ~30 s after the stimulus. A
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similar time was needed to reach the lactate basal level after stimulation. Taking into account that
extracellular analyte concentrations are determined by a balance between consumption and supply
from different compartments, these data reveal that O, may be consumed during oxidative processes
(TCA cycles) in active neurons [1-6], and lactate could serve as an additional non-oxidative fuel
during activation events [2, 14, 15] or may be the predominant oxidative substrate [6, 16, 17].
Nevertheless to obtain more robust arguments, additional experiments will be needed. At this point,
these experiments have been presented to illustrate the potential use of our lactate biosensors in
physiological applications. Future work will be done in order to explore lactate changes during neural
activation and its relationship with hemodynamic responses, and with other metabolic substrates such
as glucose, pyruvate and Os.
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Figure 7. Effect of physiological manipulation of prefrontal cortex dissolved oxygen, monitored using
a CFE/PoPD sensor. Exposing the animal briefly to pure oxygen (a), the ECF oxygen
concentration promptly increased (~160% of baseline), returning back after restoration of a
normal atmosphere. In contrast, exposure to nitrogen (b), induced a short-lasting decline in
brain oxygen levels (~50%) which recovered promptly following nitrogen removal. (c)
Simultaneous changes in lactate biosensor and oxygen (CFE/PoPD) sensor signals before,
during and after electrical stimulation (20 Hz, 5 s) recorded in the prefrontal cortex of an
anesthetized rat.
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4. CONCLUSIONS

In this study we present a novel lactate microbiosensor based on PB-modified CFEs. This
approach allows the detection of H,O, enzymatically generated in the biosensor surface layer at low
applied potential (0 V against SCE), instead of the high potential (+0.7 V against SCE) commonly
used with the Pt transducers. During construction, each step was studied in detail in order to obtain an
optimized configuration determined by functional and biocompatibility needs of neurochemical
applications. In this way PB electro-deposition was studied and film properties were characterized
using CV, EIS, IR and Vis-UV techniques. After optimizing the protocol to modify the CFEs with this
electrocatalytic compound (PB), the next step was its modification with lactate oxidase. In this context,
biosensor responses were honed to the special conditions needed for physiological applications such
as: sensitivity, selectivity, operational linear range, biocompatibility, etc. Finally, an optimized lactate
biosensor is presented and some in-vivo results shown to illustrate its application in the study of lactate
and oxygen in the brain during neuronal activation.
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10.-Anexo II: Otras publicaciones

Pese a que se han empleado seis publicaciones en el compendio de la presente tesis, no queria
dejar pasar la oportunidad de aniadir otras dos que no han sido incluidas por distintos motivos:
la 1° por no llegar a los criterios de inclusion y la 2 por estar en estos momentos en proceso de

redaccion.

Sin embargo, creo que su inclusion como material anexo termina de completar y dar forma a la
tesis. En ellas se muestra una aplicacion inmediata de los microbiosensores de glucosa en el
andalisis neurometabolico, realizando estudios hemodindmicos simultineos. Por otro lado, en la
otra publicacion se introducen mejoras en el diseiio propuesto, prestando especial atencion a las

limitaciones estequiométricas del oxigeno “déficit de oxigeno”.
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ABSTRACT

The present work addresses the simultaneous monitoring of hemoglobin and glucose consumption in
rat somatosensory cortex in vivo. We propose a method which combines two techniques: 2-dimensional
optical imaging and an amperometric microbiosensor. The mounted setup optimizes the space in the
cranial window so that three micro-electrodes can be inserted: glucose microbiosensor, sentinel and
stimulating electrode as well as the holder to manipulate the optical fiber. Additionally, a tool based
on graphical user interface programming has been developed to visualize a two-dimension spectral
map of oxy-, deoxy- and total hemoglobin, HbO,, HbR and HbT respectively, in the cortex. Our results
showed a good sensitivity, selectivity and spatial resolution for both methods. Relevant hemodynamic
responses had a common central focus (at the site of the stimulus) which later segregated to other
vascular compartments. A good linear relationship between extracellular glucose concentration and HbO,
values during brain activation after local electrical stimulation was observed for electrochemical and
optical recordings (R? values were over 0.94). Time courses between glucose and HbO, signals showed
a temporal delay ranging from 1s to 2s, suggesting that both variables are not always coupled. The
temporal mismatching reported here, provides in vivo evidence that supports a neuronal hypothesis:
cerebral blow flow and oxidative metabolism are driven in parallel by neural activity - rather than a

concatenation of events (‘in-series’ events) occurring at sites of neuronal activation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The human brain has a high-energy requirement. The brain con-
sumes almost 20% of the global resting metabolism although it
constitutes only 2% of body weight, (Sokoloff, 1960). The glucose
consumption rate increases no more than ~50% when the brain
responds to external stimuli, and the increases in oxygen consump-
tion are even lower (Shulman et al., 2001; Giove et al., 2003). These
energy requirements and accompanying hemodynamic responses
form the basis of most current neuroimaging approaches (e.g., fMRI
and PET) used for functional mapping in the brain. However, inter-
pretation of these macroscopic signals in terms of the underlying
microscopic neurovascular physiology remains a great challenge.
In order to overcome this difficulty, we propose here, using two
in vivo techniques simultaneously: optical imaging (Gonzalez-
Mora et al., 2002) and an amperometric biosensor device (Salazar
et al,, 2010a,b,c) to measure hemoglobin and glucose concentra-

* Corresponding author at: Dra. Rossany Roche. Laboratorio de Neuroquimica y
Neuroimagen, Departamento de Fisiologia, Facultad de Medicina, Campus de Cien-
cias de La Salud, Universidad de La Laguna, 38071, Santa Cruz de Tenerife, Spain.
Tel.: +34 922 319363; fax: +34 922 319397.

E-mail addresses: rossanyroche@gmail.com, rroche@ull.es (R. Roche).

0165-0270/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jneumeth.2011.07.003

tions in the rat brain cortex. Both techniques have been improved
and adapted in our laboratory for use in small animals offering a
good temporal and spatial resolution.

Biosensors are based on the detection of any electroactive
metabolite that is generated (e.g., H,O,) or consumed (e.g., 0, ) dur-
ing enzyme reaction. Biosensors offer a variety of advantages over
classical techniques for neurochemical monitoring: high spatial
and temporal resolution; good selectivity; ease of implementa-
tion; amenability to miniaturization; rapid response time; etc. We
have developed a glucose biosensor, using a carbon fiber substrate,
(Salazar et al., 2010a,b,c) with significantly smaller dimensions
and a low working potential, which has significant advantages for
in vivo monitoring and is free of common biological interference
(Salazar et al., 2010a,b).

On the other hand, optical imaging is a technique that detects
changes in blow flood by simply imaging the exposed cortex
under optical illumination (Hernandez et al., 2009). This is possible
because oxy- and deoxyhemoglobin (HbO, and HbR) are chro-
mophores that exhibit markedly different absorption spectra in the
near-infrared region (Sfareni et al., 1997; Wray et al., 1988), for
wavelengths typically in the range of 650-950 nm. Although this
technique is one of the simplest in the field of neuroimaging, cal-
culation of hemoglobin concentration is not simple because optical
imaging is affected by physiological noise (breathing, heart-rate,
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head movement, etc.). In Section 2.2 we describe the procedure we
use in our laboratory to obtain and analyze relevant optical data
from the exposed rat cortex.

Finally, this work tries to test the capabilities of our proposed
method to study different aspects of the relationship between
oxygen/glucose supplies during neurovascular coupling by detect-
ing the temporal and spatial characteristic of hemoglobin state
and extracellular glucose concentration. Furthermore, this work
attempts to propose the use of micro-biosensors for quasi real-time
measurement of glucose associated to optical imaging as a valid
approach for the elucidation of the mechanisms of energy supply
and utilization in the brain.

2. Material and methods
2.1. Glucose biosensor

2.1.1. Reagents and solutions

The enzyme glucose oxidase (Gox) from Aspergillus niger (EC
1.1.3.4, Type VII-S), purchased as a lyophilized powder, and glu-
taraldehyde 25% (Glut) were obtained from Sigma-Aldrich (St.
Louis, MO, USA), and stored at —21°C until use. Bovine serum
albumin (BSA, fractionV) was also obtained from Sigma-Aldrich.
All chemicals, including o-phenylenediamine (o-PD), glucose,
polyethyleneimine (PEI), KCl, FeCl3, K3[Fe(CN)g], HCI (35%, w/w),
H,0, (30%, w/v), Nafion (5wt.% in a mixture of lower aliphatic
alcohols and water), phosphate buffer saline (PBS, pH 7.4 contain-
ing 0.1 M NaCl) were obtained from Sigma-Aldrich and used as
supplied. PBS stock solutions were prepared in doubly distilled
water (18.2 M2 cm, Millipore-Q), and stored at 4°C when not in
use. Stock 125 mM solutions of glucose were prepared in water,
left for 24h at room temperature to allow equilibration of the
anomers, and then stored at 4°C. The PEI solution used was pre-
pared by dissolving PEI at 5%, w/v in H,O. The cross-linking solution
was prepared in PBS with 1%, w/v of BSA and 0.1%, w/v of Glut.
Monomer solution (300 mM o-PD) was prepared using 48.6 mg of
0-PD and 7.5 mg of BSA in 1.5 mL of N2-saturated PBS and sonicated
for 15 min (McAteer and O’Neill, 1996). A 300 U/mL solution of Gox
was prepared by dissolving 3.7 mg in 2 mL of PBS. Carbon fibers
(8 wm diameter), single-barrel glass capillaries, and 250 pm inter-
nal diameter Teflon-coated copper wire was obtained from Word
Precision Instruments Inc. (Sarasota, FL, USA), and silver epoxy
paint was supplied by Sigma-Aldrich.

2.1.2. Glucose biosensor

Carbon fiber electrodes (CFEs: 8 wum diameter, 500 wm length)
were constructed by modifying our previous method (Salazar
et al,, 2010a,b). Briefly: carbon fibers (diameter 8 pm, 20-50 mm
in length) were attached to Teflon-coated copper wire (diameter
250 pwm), using high purity silver paint, and dried for 1h at 80°C.
The PB layer was then electro-deposited using cyclic voltammet-
ric (CV) methodology, applying 3 cyclic scans within the limits of
—0.2 to 0.4V at scan rate of 0.1V/s in a fresh solution containing
1.5 mM K3[Fe(CN)g] and 1.5 mM FeCl; in 0.1 M KCl and 0.1 M HCl.
These CFE/PBs were cleaned in doubly-distilled water and activated
by applying another 50 cycles of electrolyte solution (0.1 M KCl and
0.1 M HCl), using the same protocol. Before use, the CFE/PBs were
cleaned again in doubly-distilled water for several seconds. Finally,
the PB film was tempered at 100°C for 1h. The next step was to
immobilize the Gox using the following protocol: 15 fast immer-
sions in PEI solution and a drying period (5 min); 30 fastimmersions
in the Gox solution; and 15 fast immersions in the cross-linking
solution (BSA/Glut). After the immobilization step, all biosensors
were cured for 1 h.

2.1.3. Sentinel

A sentinel electrode has been developed to check non-specific
reactions in the background media. Fabrication protocol was the
same as described above for glucose biosensor, however Gox was
not added.

2.14. Assembled

After curing, the glucose biosensor and sentinel electrode were
inserted into the pulled single-barrel glass capillary tube under a
microscope, leaving 500 wm of the carbon fibers protruding at the
pulled end. At the stem end of the capillary tube, the copper wire
was fixed by casting with non-conducting epoxy glue; the modi-
fied carbon fibers were also sealed into the capillary mouth, using
non-conductive epoxy glue. Finally, an interference-rejection film
of PoPD/BSA was electropolymerized over the glucose biosensor
and sentinel (McAteer and O’Neill, 1996). Electro-polymerization
of PoPD was performed with a standard three-electrode setup; a
custom-made Ag/AgCl/saturated KCl reference was used as the ref-
erence electrode and platinum wire as the auxiliary electrode. The
electro-polymerization was driven at a constant potential (+0.75 V)
for 20-25 min. After the fabrication procedure of the biosensors and
their sentinels (blank sensor) were completed, they were cleaned
in doubly-distilled water, stored overnight at 4 °C in a refrigerator,
and used the next day. When not in use, both sensors were stored
again at 4°C in a refrigerator in dry conditions.

2.1.5. Instrumentation and software for acquiring amperometric
data

Carbon fiber modifications and experiments were computer
controlled with data-acquisition software EChem™ for cyclic
voltammetry and Chart™ for constant potential applied. The data-
acquisition system used was e-Corder 401 from EDAQPty Ltd.
(Denistone East, Australia) and a low-noise and high-sensitivity
potentiostat, Quadstat (EDAQ). The linear and non-linear regres-
sion analyses were performed using the graphical software package
Prism (ver. 5.00 Graph Pad Software).

2.2. Optical imaging

2.2.1. Setup

In order to obtain optical data in our experiments, a fiberscope
from PENTAX Medical Company (Montvale, NJ, USA) was optically
adapted to illuminate the cortex with a filter free high intensity
halogen illuminator (FO-150, Chiu Technical Corporation, Kings
Park, NY, USA) and to collect images in a cooled charge-coupled
device (iXonEM+ 885 EMCCD Camera, ANDOR™, South Windsor,
CT, USA). An optosplit from CAIRN Research Ltd. (Faversham, Kent,
UK) coupled to the camera canrecord images simultaneously at two
different optical wavelengths: 687 + 5 nm and 835 + 5 nm. Images
were acquired at 1.00x magnification, 5 frames/s and 512 x 512
pixel array and stored on a desktop computer using ANDOR 1Q
software. The fibroscope was positioned in the center of the holder
to visualize the location of all implanted electrodes (see Fig. 1 for
more detail). The sentinel and the microbiosensor were positioned
as close to the center of activation as possible, avoiding the pial and
dural vessels. The sentinel, microbiosensor and stimulating elec-
trodes were carefully positioned so that the distance between the
two sensors and bipolar electrode was less than 100 wm. The main
advantage of using this setup is that this optimized the space for the
insertion of three electrodes and the fiber at the same time (Fig. 1).

2.2.2. Analysis of optical data

Processing of images was performed after their capture
(off-line), by using our user friendly home-made software: Met-
calculator. Metcalculator was programmed using Matlab Guide® (v
7.9.0) and allows users to load the dark data (Idark), the reference
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«—— stimulating
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Fig. 1. Photograph of the experimental setup showing the metallic holder for the
optic fiber (fibroscope tip) located in the center and the electrodes surrounding the
tip. Please note that the microbiosensors are orientated in such a way so that they
nearly meet at the tip where the electrodes are implanted.

data (Iref) and the resting image data (Ibasal) for each experimen-
tal essay. In order to reach a higher processing speed, the user
can reduce the data by choosing a region of interest (ROI). In this
case, any sub-array and any number of frames can be set. Opti-
cal density for each pixel was obtained by the following equation:
0.D = —log((I — Idark)/Iref).

This formula was applied to both experimental data (I) and rest-
ing data (Ibasal). The values of intensity data (Idark, Iref, Ibasal and I)
were previously filtered with a spatial filter to smooth the borders,
shadows and whites of the images. Afterwards, O.D data was fil-
tered with a Gaussian low-pass filter at 0.8 Hz to remove all artifacts
and physiological noise. Relative concentrations of HbR and HbO,
were calculated from these pre-processing O.D data by solving Eq.

(1).

Al Al
AHbO, B [aHbOZ aHbR] [O'D%1 - O'Dﬁ}asal‘| 1)

AHbR )2 #2 0.D}? — 0.D}2

%Hbo, *HbR Ibasal

Although we have used the absorption coefficient values (a*;)
reported by Prahl (1998) in our results, these can be set by the user.

On the other hand, the splitter used here can simultaneously
acquire images at two wavelengths, which makes it possible to
apply Eq. (1) to our collected data and to calculate HbO,, HbR and
HDbT values for the whole images. Spectral maps in two dimen-
sions (2D), resulting from correlating a color-map matrix and these
values, are useful for analyzing ROIs contained in the cranial win-
dow and for establishing comparison criteria and well contrasted
contours.

3. Experiments
3.1. Invitro experiments to calibrate the microbiosensor

All in vitro experiments were performed in a 25 mL glass cell at
21°C, using a standard three-electrode set-up with a commercial

saturated calomel electrode (SCE) (CRISON Instrument S.A., Alella,
Barcelona, Spain) as the reference and platinum wire as the auxil-
iary electrode. The optimized applied potential for amperometric
studies was 0.0V against SCE [30,31]. Glucose calibrations were
performed in quiescent air-saturated PBS (following stabilization
of the background current for 30 min) by adding aliquots of glu-
cose stock solution (0.25 M) to the electrochemical cell. After the
addition of glucose aliquots, the solution was stirred for 10s and
then left to reach the steady-state current.

3.2. Invivo

These experiments were conducted with eight male rats of
~350¢g (Sprague-Dawley) in accordance with the European Com-
munities Council Directive of 1986 (86/609/EEC) regarding the
care and use of animals for experimental procedures, and ade-
quate measures were taken to minimize pain and discomfort. After
being anesthetized with urethane (1.5g/kg), the animal’s head
was immobilized in a stereotaxic frame and its body tempera-
ture maintained at 37 °C with a heating blanket. A midline scalp
incision was made to expose the bone over the parietal cortex
of one hemisphere. The bone over the hemisphere to be imaged
was carefully removed with a dental drill. Agar solution 1%, w/v
was applied to increase the stability against physiological noise
and the translucency of the area. In order to measure prefrontal
cortex glucose, the microbiosensors were implanted according to
Paxinos and Watson coordinates: A/P +2.7 from bregma, M/L +1.2
and D/V —0.5 from dura (Dixon et al., 2002). The Ag/AgCl refer-
ence electrode and platinum auxiliary electrode were placed over
the skull near the prefrontal cortex, and the skull kept wet with
saline-soaked pads. Electrical stimulation was provided by an S-
8800 Grass model and a bipolar electrode made with two pointed
carbon fibers (30 wm diameter; Word Precision Instruments Inc.,
Sarasota, FL, USA) mounted in a two-barrel glass capillary, and
separated by ~100 pm. One stimulation trial consisted of 140s
of recording. Electrical Stimulus was set as follows: 1s, 0.15mA,
0.9 ms current pulse. Neural activity was varied by modulating the
stimulation frequency (20, 30 and 40 Hz). One stimulus was deliv-
ered 20 s after the start of each trial. The trial was repeated 10 times
with a 60 s rest interval.

4. Results and discussion

Fig. 2A, shows the spectral map superimposed over the real
image obtained at 20Hz and at 0-1-2-3-5 and 10s after onset of
electrical stimulation. Fig. 2C includes the relative positions of the
stimulating electrode, glucose biosensor and their sentinel. The cir-
cular area is the cerebral region studied by the optic fibers and the
yellow color represents the spectral map superimposed (activated
area) 4s after electrical stimulation. Fig. 2B shows HbT recorded
versus time in an activated area (magenta) and non-activated area
(blue) for comparison. No changes were detected in non-activated
ROIs (no yellow spectral map). This result agrees with the results
of Sheth and co-workers where relevant hemodynamic responses
have a common central focus which later segregates to other vas-
cular compartments.

Changes in extra-cellular fluid (ECF) of glucose, in the same
groups of rats, were measured by a glucose microbiosen-
sor (CFE/PB/Nafion/PEI/Gox/PoPD) after the electrical stimulation
(Fig. 3A). Similar recordings were carried out with a blank sen-
sor (without Gox) very close (less than 100 um) to the glucose
microbiosensor (see Fig. 3B). After electrical stimulus, the glucose
decreased to 15-20% below the basal levels depending on the fre-
quency used. In contrast to the HbT and HbO, results (see Fig. 4 or
more details), the application of local stimuli at 20, 30 and 40 Hz
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Fig.2. (A)Hemodynamicoptical imaging showing two ROIs, one very close to the bipolar electrical stimulating electrode (activated area) and the other 1 mm away (deactivated
area). The images show the HbT following stimulus onset (t=0) with the above described ROIs. Time (in seconds) relative to stimulus onset is indicated above the images.
(B) The graph shows the HbT concentration recorded in both ROIs. (C) Relative positions of the stimulating electrode, glucose biosensor and its sentinel.
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Fig. 3. (A) Glucose and HbO; recorded for 10s in the active area where the micro-
biosensor for glucose was implanted. The shadow bar shows where the electrical
stimulation occurred. The hemodynamic changes start about 2 s after the end of
stimulation. The increase of glucose levels start during stimulation and reach the
maximum before HbO,. Insets 1 and 2: curves showing the close relationship
between the maximum depletion and repletion amplitude of glucose and HbO; at
different frequencies of stimulation. (B) Typical recordings showing the responses
registered with the blank sensor microbiosensor (without Gox) after local electrical
stimulation.

produced a decrease of the glucose current but the signal of glucose
started to increase before the end of the stimuli. This typical result
has been observed by us (Salazar et al., 2010b,c) and other authors
(Dixon et al., 2002; Silver and Erecinska, 1994). Since extracellular
concentration of glucose is the product of the rate of sugar deliv-
ery from capillaries across the blood-brain barrier and the rate of
utilization by cells (Cremer JE et al., 1981; Hawkins et al., 1983;
Cunningham et al., 1986; Robinson and Rapoport, 1986; Furler
et al.,, 1991), the glucose decrease observed here could probably
be explained by the physiological consumption of glucose caused
by the neuronal activation.

After this short decrease, the glucose current began to rise and
reached a peak 30% above the basal levels (see Fig. 3A) 3s after
the onset of the stimulus. The glucose recordings returned to basal
levels in 12 +3s depending on the frequency of stimuli. Fig. 3B
shows the response of the blank sensors (sentinels) after electrical
stimulation that only had a brief artifact. As regards the perfor-
mance of the glucose biosensor, the inset shows the small changes
experienced by the sentinel (0.1 nA) in comparison to the high sen-
sitivity of the glucose sensor proving that interferences and other
chemicals such as hydrogen peroxide did not influence our mea-
surements.

Similar behavior on maximum depletion (1) and repletion (2)
amplitude of glucose and HbO, were observed versus used fre-
quencies, see Fig. 3, inset 1 and inset 2. Two blocks (1 and 2) can be
observed in Fig. 3A to clarify the behavior of these variables (glucose
and HbO, state). The first block (1), called depletion, includes the
electrical stimulation period and 1 s after the end of the stimulation
when the glucose signal reached the basal levels. The second block
(2), includes the increase of glucose and HbO, concentration in ECF
after electrical stimulation and is called repletion. The depletion
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Fig.4. (A) Hemodynamic time courses. The time course of functional changes in HbO,, HbR and HbT for 20, 30 and 40 Hz obtained from a selected ROI. The recordings shown
are averaged over the eight rats. Maximum depletion (I) and repletion (II) of HbO, and HbT decrease/increase linearly with the electrical stimulation frequency (B and C). A

transient decrease in HbO, (‘initial dip’) was observed in the group averaged data.

period corresponds with the very well identified change in BOLD
signal in response to brief stimuli called “initial dip” (Buxton, 2001;
Frostig et al., 1990).

The behavior of both molecules is shown at the top Fig. 3. Glu-
cose and HbO, decrease/increase linearly with the frequency (R?
values are over 0.94 showing a high goodness of the linear regres-
sion) during the depletion/repletion period.

The very similar change in HbO, in the same direction as glu-
cose, as is shown in Fig. 3 parts 1 and 2, agrees with the metabolic
hypothesis that assumes a direct link between cellular energy state
and the regulation of blood flow (Zonta et al., 2003; Gordon et al.,
2008).

Fig. 4 depicts more detailed results obtained from optical imag-
ing technique. Fig. 4A shows HbO, HbR and HbT measurements
monitored over a period of 130s after electrical stimulation of 1s
at 20, 30 and 40 Hz. The local electrical stimuli caused an increase
in HbO, and HbT concentration with the maximum 5s after the
onset of electrical stimulus and returned to base line levels within
15-20ss after the end of electrical stimulation.

The maximum decrease/increase after electrical stimulation of
HbO,, and HbT during the depletion/repletion period was very lin-
ear with the frequency of stimulation (Fig. 4B and C, respectively).
HbR increased/decreased linearly with a very moderate slope to the
frequency used and the minimum recorded from the onset of elec-
trical stimulation was also at 5s. The recovery of the basal levels
was recorded 20 s after the beginning of the stimuli.

Regarding the temporal evolution experienced by both
molecules, our results report that, after electrical stimulation,

changes in glucose are detected before hemodynamics changes
(see Fig. 3A). Specifically, during depletion period, glucose
levels decrease ~1s before HbO, levels and during reple-
tion period, glucose levels reach the maximum ~2s before
HbO,.

There are different reasons which could explain the observed
temporal delay of 1-2's between glucose and HbO,. One of them
could be the fast transport rate attributed to glucose into the brain,
since, according to Barros et al. (2007); a glucose molecule will
traverse a distance of 20 wm in only 400 ms. Then, different tem-
poral dynamics between glucose and HbO, (see Fig. 4A) might be
expected.

Another possible explanation for this delay could be linked to a
temporal gap between the vasodilatation and the renewal of blood
in the capillary bed due to the complexity of the vascular and neural
net (Paulson et al., 2010).

Furthermore, the low value of uncoupling between both vari-
ables observed here, the increase of glucose levels started to return
at basal levels when the vasodilatation (hemodynamic changes)
started to increase, could lead one to think that the glucose comes
from a compartment other than the blood stream. Evidence from
a number of sources suggests that this compartment is astrocytes
(Tsacopoulos and Magistretti, 1996; Magistretti and Pellerin, 1999),
since they have a small store of glycogen with a rapid turnover
rate (Dixon et al., 2002). Additionally, other authors (In-Young
et al.,, 2001a,b) have found that when brain extracellular glucose
decreases approaching to zero, CBF sharply increases and brain
glycogen degradation begins.
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Although this last result does not fit in with the generally
accepted idea (Villringer and Dirnagl, 1995) that the energy
metabolism dynamic occurring at sites of neuronal activation can
be considered as a concatenation of events (‘in-series’ events),
where active neurons liberate signals producing an increase of CBF
which afterwards provides energy substrates (e.g., glucose), the
reasons explained above support the argument that blood flow
and glucose use are not always coupled. In fact, it is possible that
uncoupling of CBF and energy metabolism suggests the existence
of alternative pathways that use a variety of metabolites such as
lactate, H* or adenosine to mediate the neurovascular coupling
(Magistretti and Pellerin, 1999). Besides which, as far as our results
are concerned, it is possible to hypothesize that the observed deple-
tion in brain glucose level must activate homeostatic mechanisms,
such asincrease in blood flow, also suggested by other authors (Van
Harreveld and Ochs, 1957; Leniger-Follert, 1979) and/or enhance-
ment of transport (Gjedde et al., 1981) because the reduction is
rapidly followed by a transient overshoot after which the glucose
level returns to its original value.

This hypothesis is coherent with recent evidence of mismatch-
ing between CBF and cerebral metabolic rate of oxygen (CMRO,)
found by Leithner and co-workers. They report the surprising find-
ing that pharmacological inhibition of vasoactive agents reduced
CBF responses without affecting CMRO,, which suggests that the
oxygen delivered through blood flow serves as a safety mechanism
of protection against hypoxia or pathological conditions rather than
to increase oxidative metabolism (Leithner et al., 2010).

Moreover, Lindauer and co-workers reported that despite using
hyperbaric hyperoxygenation to prevent hemoglobin deoxygena-
tion, hemodynamic and neuronal responses remained unaltered
after electrical forepaw stimulation or cortical spreading depres-
sion supporting the view that oxygen dissolved in tissue rather
than oxygen transported by the vascular net activates oxidative
metabolism.

The independence between CBF and neuronal responses found
in these works (Leithner et al., 2010; Lindauer et al., 2010) together
with the time lag between glucose and HbO, signals reported here,
support the ‘neuronal’ hypothesis: the neuron-astrocyte ensemble
communicates the energetic demand to the vasculature and mod-
ulates changes in CBF in an feed-forward manner (Lindauer et al.,
2010; Buxton, 2010) by involving multiple vasoactive messengers
such as neurotransmitters, nitric oxide, epoxyeicosatrienoic acids,
potassium ions and other intermediaries (Cauli, 2010).

Finally, although the application of spectroscopic analysis to
two-dimensional optical imaging data has been used before by
other authors (Devor et al., 2003, Paulson et al., 2010; Sheth and
Prakash, 2009), this report is the first to extend previous findings by
combining measurements of glucose levels in CFS in real-time using
microbiosensors to critically assess spatiotemporal characteristics
of hemodynamic responses. Our results suggest that functional
hemodynamic changes in HbO, are very similar to glucose levels
after local electrical stimulation of the rat brain, but the temporal
time course of both are very different, the glucose kinetic (short and
rapid decrease and posterior increase) takes place before hemo-
dynamic changes. This result creates a significant challenge for
interpreting blood oxygenation level dependent signal (BOLD sig-
nal) which is the basis of some neuroimaging approaches (e.g.,
fMRI), since CBF and oxidative metabolism seem to be driven in
parallel by neural activity — rather than a serial connection with
neural activity, as is discussed by Buxton (2010).

5. Conclusions

We have demonstrated that the two in vivo techniques per-
formed in this work can be combined and used to quantify

hemoglobin and glucose concentration. Besides which, we have
successfully tested the performance of our setup to record signals
at a satisfactory temporal and spatial resolution. On the other hand,
we developed software (Metcalculator) for 2-dimensional optical
imaging, which could be an interesting tool for studying hemo-
dynamics and brain metabolism. Future works will be focused on
analyzing the data in real time and on properly integrating a more
sophisticated filter design tool aimed at removing physiological
noise.

Finally, the existence of the uncoupling between CBF and glu-
cose use found here means that it is now necessary to design new
experiments to obtain a better understanding of the interactions
between the metabolites and the hemodynamic involved in the
neurovascular coupling mechanism. Therefore, new lines of future
research will be devoted to simultaneously using two additional
biosensors, also developed in our laboratory, to detect lactate and
glutamate.
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Abstract

First generation of amperometric glucose biosensors are the most commonly used
method for glucose detection in the neuroscience. The so-called oxygen deficit, which
means that the biosensor response depends on the O, concentration, is a common
problem for all first-generation biosensors. This is an important issue in
neurophysiological studies because the mean O, concentration in brain ECF has been
reported to be close to 50 uM. In the present work we use different fluorocarbons oils
such as Nafion and H700 to mitigate the oxygen deficit of our previous glucose
biosensor designs. These fluorocarbon-derived materials display a remarkable solubility
for Oy, and act as oxygen reservoirs supporting the enzymatic reaction at very low O,
concentration. We present different biosensor configurations and study, step by step,
each biosensor configuration, evaluating its oxygen dependence Finally, Nafion and
H700-modified biosensors presented a remarkable oxygen tolerance in the physiological
glucose range concentration without the decrease significantively the enzymatic

loading.

Keywords: Glucose biosensor, oxygen deficit, Fluorocarbon oil, Nafion, H700.
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1. Introduction:

Amperometric glucose biosensors are now the most commonly used method for
glucose detection because of its many advantages, such as simplicity and speed. These
devices have been employed in several areas of science, especially in the neurosciences.
Where such devices must be adapted to special requirements such as: low dimensions,
high selectivity and sensitivity, low co-sustrate concentration, short time response, etc.
The overall enzymatic process for glucose oxidase (Gox), that is similar for many
oxidases, may be written as equations 1 and 2, where FAD and FADH, are the oxidized
and reduced forms, respectively, of the prosthetic group, flavin adenine dinucleotide [1].
Equation 3 represents the electrochemical measurement of the H,O, generated during
the reaction of oxido-reductase enzymes (see eg. 2), and in first generation devices is
generally carried out amperometrically, either directly on the substrate surface at

relatively high applied potentials or catalytically at lower potentials.
B-D-glucose + Gox/FAD = D - glucono-é-lactone + Gox/FADH, [eq. 1]
Gox/FADH; + O, 2 Gox/FAD +H,0, [eq. 2]
H,0, 2> Oy + 2H™ + 2¢° [eq. 3]

The so-called oxygen deficit, which means that the biosensor response depends
on the O, concentration (see eq. 2) is a common problem for all first-generation
biosensors [2]. This is an important issue in neurophysiological studies because the
mean O, concentration in brain ECF has been reported to be close to 50 uM (five times
lower than aerated solutions), and this level can fluctuate significantly under

physiological conditions and with pharmacological intervention [3].
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Different approaches have been employed to solve this O, dependence. Thus,
second and third biosensor generations appeared during last decades. Nevertheless, first
generation biosensors are still preferred for many researches for its easy
implementation, stability, short time response, etc. Attempts to overcome this problem
in first generation biosensors include: (1) the study of different electrode geometries; (2)
inclusion of a diffusion barrier to increase O,/substrate permeation ratio; (3)
optimization of the enzymatic loading, and so the biosensor's sensitivity and linear

range; (4) the use of oxygen-rich polymers (fluorocarbon-derived materials) as internal

oxygen supply.

Fluorocarbon-derived materials display a remarkable solubility for O,, and they
have been used, for example, in carbon paste electrodes as an oxygen reservoir [2]. The
internal flux of O, can support the enzymatic reaction for extended periods, even in O,-
free media. Although this approach has been used in macrobiosensor design, studies in

the microbiosensor field are very limited.

Our group has been working in recent years to implement microbiosensors based
on Prussian Blue-modified carbon fiber electrodes (CFEs) with low dimensions (~10
pum diameter) for use in physiological studies. Previous works showed the excellent
properties of our glucose biosensors during in vitro and in vivo experiments.
Nevertheless, O, dependence had not been studied before. This work presents our first
results using common fluorocarbon polymers such as Nafion and H700 as an internal O,

source for our previous microbiosensor designs [4].
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2. Materials and methods

2.1 Reagents and solutions

The enzyme glucose oxidase (Gox) from Aspergillus niger (EC 1.1.3.4, Type VII-S),
purchased as a lyophilized powder, and glutaraldehyde 25% (Glut) were obtained from
Sigma Chemical Co., and stored at —21 °C until use. Bovine serum albumin (BSA,
fraction V) was also obtained from Sigma. All chemicals, including o-
phenylenediamine (0-PD), glucose, polyethyleneimine (PEI), KCI, FeCls, Ks[Fe(CN)g],
HCI (35%w/w), H,0, (30% w/v), Nafion (5 wt% in a mixture of lower aliphatic
alcohols and water), Halocarbon oil (H700) and phosphate buffer saline (PBS, pH 7.4
containing 0.1M NaCl) were obtained from Sigma and used as supplied. PBS stock
solutions were prepared in doubly distilled water (Millipore-Q), and stored at 4 °C when
not in use. A stock 250 mM solution of glucose were prepared in water, left for 24 h at
room temperature to allow equilibration of the anomers, and then stored at 4 °C. The
PEI and H700 solutions used were prepared by dissolving PEI and H700 at 5% wi/v in
H,0. The cross-linking solution was prepared in PBS with 1% w/v of BSA and 0.1%
w/v of Glut. Monomer solution of 300 mM o0-PD was prepared using 48.6 mg of 0-PD
and 7.5 mg of BSA in 1.5 mL of Nj-saturated PBS and sonicated for 15 min. A 300
U/mL solution of Gox was prepared by dissolving 3.7 mg in 2 mL of PBS. Carbon
fibers (8 um diameter), glass capillaries, and 250 um internal diameter Teflon-coated
copper wires were obtained from Word Precision Instruments Inc., and silver epoxy

paint was supplied by Sigma. N (high grade, O, < 2 ppm) was supplied by Air Liquide.

2.2 Micro-biosensor construction based on CFE/PB

Carbon fiber electrodes (CFEs) were constructed and modified with Prussian

Blue (PB) as described previously [4]. When PB/CFEs were ready to use, the next step
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was to immobilize the Gox, using the following protocol: 15 fast immersions in Nafion
or H700 solution and a drying period of 30 min; 15 fast immersions in PEI solution and
a drying period (15 min); n fast immersions in Gox (300 U/mL) and a drying period (5
min); and 15 fast immersions in the cross-linking solution (BSA/glutaraldehyde). After
the immobilization step, all biosensors were cured for 1 h at 37 °C, and finally an
interference-rejection  film  of  poly-o-phenylenediamine  (PoPD/BSA)  was
electropolymerized over the biosensor. In order to compare the beneficial effect of
Nafion and H700, different configurations were checked by changing the main steps in

the fabrication.

2.3 Amperometric experiments

All calibrations were done in a 25 mL glass cell at 21 °C, using a standard three-
electrode set-up with a commercial saturated calomel electrode (SCE) (CRISON
Instrument S.A.) as the reference and platinum wire as the auxiliary electrode. The
applied potential for amperometric studies was 0.0 V against SCE. Glucose calibrations
were performed in quiescent air-saturated or nitrogen-saturated PBS (following
stabilization of the background current for 15 min) by adding aliquots of glucose stock
solution (0.25 M) to the electrochemical cell. After the addition of glucose aliquots, the
solutions were stirred for 5 s and then left to reach the steady-state current. To measure
oxygen dependence, several biosensors were stabilized (during continuous air bubbling)
in a voltammetric gas cell with 50 ml PBS at different glucose concentration. After that
N2 was bubbled, at the same bubble rate, and the glucose current change registered over
time. To relate these results with O, concentration, the latter was sensed by using an

unmodified CFE poised at — 650 mV against SCE.
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2.4 Instrumentation and software

Experiments were computer controlled with data-acquisition software EChem™
for CV and Chart™ for CPA. The data-acquisition system used was e-Corder 401
(EDAQ) and a low-noise and high-sensitivity potentiostat, Quadstat (EDAQ). The
linear and non-linear regression analyses were performed using the graphical software
package Prism (ver. 5.00 GraphPad Software). To electro-deposit and activate the PB, a
custom-made Ag/AgCl/saturated KCI reference electrode and platinum wire auxiliary

electrode were used.

3. Results and discussion:

One of the most important parameters in biosensor design is its substrate
sensitivity. However, for biosensors, excessive sensitivity may carry two significant
problems: (1) short linear range; and (2) high cofactor consumption (eq. 2). In order to
check the oxygen dependence of our previous glucose biosensors, we constructed and
calibrated different biosensor configurations both in aerated and in de-aerated solution.
Figure 1 shows responses of a glucose biosensor with a high sensitivity (1.07 nA/mM)
calibrated under these two conditions. The effect of de-aeration (or, more realistically,
low O, concentration) is clear when the retained response (RR%, the percentage
difference between these two conditions) is computed. Even at low glucose
concentrations, RR% (green) was ~70%, showing a significant stoichiometric

limitation.
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Figure 1.- Calibration curves for glucose biosensor (Gox) in aerated (red) and de-
aerated (blue) solutions. Retained response (RR%) was computed as the percentage
difference between these two conditions (green). Sensitivity was computed in the range
of 0-2 mM glucose.

The addition of a diffusive membrane (such as PoPD) on top of the biosensor to
enhance the glucose/O; ratio is commonly used [1]. The main effect of this diffusion
barrier was to decrease the sensitivity to the target analyte (to compare see Figure 1 and
Figure 2a). Different configurations, with different sensitivities were studied (Figure
2a, b, c). Although RR% was improved, it did not reach an acceptable value (RR% >
90) in the physiological glucose concentration range for brain ECF (0.5 — 2 mM)
(Figure 2a and Figure 2b). Finally, with this approach, only when glucose sensitivity
was reduced to ~0.17 nA/mM (Figure 2c), RR% reached an acceptable value in a

relevant glucose concentration range (0 — 3 mM).
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Figure 2.- Calibration curves for glucose biosensor configurations (Gox/PoPD) with
different enzymatic loading and sensitivity in aerated (red) and de-aerated (blue)
solutions. Retained response (RR%) was computed as the percentage difference
between these two conditions (green). Sensitivity was computed in the range of 0-2 mM
glucose

In order to show the utility of Nafion to solve the O, problem, we used this
polymer during biosensor construction, the PoPD film being retained as an effective
permselective barrier. Two different biosensors with glucose sensitivity of 1.09 (Figure
3a) and 0.5 nA/mM (Figure 3b), values similar to the previous designs in Figure 1 and
2a respectively, were tested. The beneficial effects of Nafion were evident: the more
sensitive biosensor displayed an acceptable RR% value at a concentration up to 1 mM
glucose (data not shown). Even better, the other biosensor (Figure 1c), with a sufficient
sensitivity for in-vivo studies, was free of a significant oxygen deficit up to 3 mM

glucose.
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Figure 3.- Calibration curves for glucose biosensor configurations (Naf/Gox/PoPD),
with different enzymatic loading and sensitivity in aerated (red) and de-aerated (blue)
solutions. Retained response (RR%) was computed as the percentage difference
between these two conditions (green). Sensitivity was computed in the range of 0-2 mM
glucose

More detailed studies were carried out under dynamic conditions (Figure 4a),
using different biosensor configurations. These experiments consisted of changing the
O, concentration (bubbling with N, or air) at different glucose concentrations. In this

way, biosensor oxygen dependence was quantified as Ky(O,) defined by eq. (3)

Joiue= Imax / (1 + Km(O2)/[O2]) (eq. 3)

Kwm(O2) value of 11 + 2 uM (mean + SD) in the brain ECF glucose range (0.5 -2
mM); meanwhile, at higher glucose levels (5 — 10 mM), the Ky(O,) value was 31 £ 8
uM. The smaller the value of Ky (Oy), the lower the oxygen dependence because higher
oxygen affinity leads to oxygen saturation at lower pO,, thereby reducing biosensor
dependency at higher pO, levels. These data reveal that our optimized configuration is
adequate for applications in neurophysiology where oxygen levels may fluctuate in a

range of 30 — 80 uM under non-extreme (i.e., normoxic) conditions.
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Figure 4.- a) Glucose biosensor response for Naf/Gox/PoPD-2 configuration at
different glucose concentration (i:0.5 mM; j:1 mM, k:2 mM, I:5 mM; m:10 mM)
against oxygen concentration (fi) b) Normalized glucose—oxygen correlation plots for
these five concentrations.
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Figure 5.- Calibration curves for glucose biosensor configurations (H700/Gox/PoPD),
with different enzymatic loading and sensitivity in aerated (red) and de-aerated (blue)
solutions. Retained response (RR%) was computed as the percentage difference
between these two conditions (green). Sensitivity was computed in the range of 0-2 mM
glucose.

During the present study we carried out preliminary tests on other fluorocarbon oils as
an internal source of oxygen to solve the oxygen deficit problem (Figure 5a). H700
displayed promising behavior in this respect, showing good oxygen tolerance, even for
biosensors with higher glucose sensitivity (Figure 5b). These alternative fluorocarbons

will be explored more systematically in future investigations.
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