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RESUMEN 

I 
 

La  bioelectroquímica  es  un  campo  de  trabajo multi‐disciplinar 
que está en continua expansión y hace converger a científicos de áreas 
de  conocimiento muy variadas,  como  la biología,  la  física y  la química. 
Por  otra  parte,  es  conveniente  resaltar  la  importancia  que  tiene  la 
bioelectroquímica, en cuanto a disciplina se refiere, en nuestras vidas. Si 
tenemos en cuenta que “la vida” es un  ciclo de energía, y que ésta  se 
sirve  de  numerosos  procesos  electroquímicos  de  transferencia 
electrónica, podemos  llegar a  la conclusión de que  la electroquímica en 
cierto  sentido,  rige nuestras vidas. Tras esta puntualización, es  sencillo 
imaginar  que  la  aplicabilidad  de  la  bioelectroquímica  es  inmensa.  La 
bioelectroquímica  estudia  procesos  involucrados  en  interfases 
electrificadas, transducción de señales, conversión de la energía, estudio 
de  las  (bio)membranas,  transporte por  canales  iónicos  y otras diversas 
aplicaciones  que  tienen  cabida  en  campos  como  el  agro‐alimentario, 
clínico,  biológico,  biomédico  y  medioambiental.  Esta  tesis  doctoral 
pretende  explorar  los  efectos  del  estrés  oxidativo  a  través  de  la 
bioelectroquímica. 

 
El estrés oxidativo está implicado en la generación y desarrollo de 

numerosas enfermedades o procesos como el envejecimiento. De modo 
que el desarrollo de  técnicas analíticas que permitan detectar el estrés 
oxidativo y así podamos entender los procesos que ocurren in vivo es de 
vital  importancia.  El  reciente  desarrollo  de  nuevas  disciplinas  como  la 
metabolómica o el desarrollo de sensores y biosensores electroquímicos 
juega  un  papel  clave  en  investigación  en  biomedicina,  ya  que  estas 
herramientas pueden, selectiva y rápidamente, detectar biomoléculas o 
biomarcadores relacionadas con el estrés oxidativo. 

 
Los  objetivos  principales  de  esta  tesis  doctoral  se  engloban 

dentro de dos  líneas de actuación:  los efectos de  las especies oxidantes 
causantes  de  las  modificaciones  covalentes  de  proteínas,  y  el 
seguimiento de los cambios metabólicos en medios biológicos complejos 
producidos por eventos  relacionados  con el estrés oxidativo. Esta  tesis 
pretende hacer un  sucinto  recorrido para desvelar  las  respuestas a  los 
siguientes  interrogantes: qué es estrés oxidativo, quién, dónde, cómo y 
por qué se produce. Es por ello que, en la introducción se habla del tipo 
de agentes que causan el estrés oxidativo,  la misión  (tanto beneficiosa 
como  maligna)  que  tienen  estas  especies  en  diferentes  sistemas 
biológicos  (proteínas, medios de  cultivo o  células). También  se definen 



RESUMEN 

II 
 

las moléculas que son atacadas por los agentes oxidantes y la manera en 
que son modificadas y a través de qué mecanismos. 

 
La mayor  novedad  de  esta  tesis  es  su  condición  íntegramente 

inter‐disciplinar:  combina  estudios  electroquímicos  con  otros métodos 
de modificación de proteínas y su caracterización químico‐física; estudios 
metabolómicos  para  la  búsqueda  de  biomarcadores  que  nos  permitan 
determinar  los  procesos  de  estrés  oxidativo  y  su  detección  desde  un 
acercamiento electroquímico mediante  la  fabricación y el desarrollo de 
sensores y biosensores. 

 
Junto  con  el  trabajo  realizado  en  los  laboratorios  del  Instituto 

Universitario de Electroquímica y del Departamento de Química Física de 
la Universidad  de Alicante,  cabe  resaltar  la  gran  contribución  que  han 
tenido  en  este  trabajo  las  dos  estancias  realizadas  en  grupos  de 
investigación  europeos  de  reconocido  prestigio:  el  grupo  del Dr.  Craig 
Banks en  la Manchester Metropolitan University de Manchester  (Reino 
Unido) y el Laboratorio del Dr. Fethi Bedioui en la Universidad Paristech 
vinculada  al  CNRS  e  INSERM  de  Paris  (Francia).  Debido  a  esta  fuerte 
interacción y colaboración entre los grupos, que sigue vigente hoy en día, 
se han producido numerosas contribuciones a congresos y publicaciones 
en  revistas  con  alto  índice  de  impacto.  Así  mismo,  también  se  han 
realizado pequeñas colaboraciones con el grupo del Dr. John Heptinstall 
del Centre  for Molecular  and Biomedical  Science  de  la Universidad  de 
Coventry  en  Reino  Unido;  con  el  Prof.  Donaire  del  Departamento  de 
Química Inorgánica de  la Universidad de Murcia; con el Prof. Piccioli del 
Magnetic  Resonance  Centre  (CERM)  de  la  Universidad  de  Florencia, 
Italia;  con  la  Dra.  Grant  y  el  grupo  de  la  Dr.  Cooper  de  la  School  of 
Biosciences  de  la  Universidad  de  Birmingham  en  Reino  Unido  y 
finalmente  con  la  Dra.  Jiménez  y  el  Dr. MacIntyre  del  Department  of 
Surgery  and  Cancer  del  Imperial  College  de  Londres  en  Reino  Unido. 
Cabe destacar, de manera muy grata para  la autora que parte de esta 
tesis surge bajo la necesidad de buscar soluciones a distintos problemas 
de  la sociedad que están relacionados con  las técnicas de reproducción. 
Por ello, se han  llevado a cabo varios proyectos de  investigación con  la 
Unidad de Reproducción de la Clínica Vistahermosa, que han dado lugar 
a  numerosos  y  novedosos  resultados,  la  mayoría  de  los  cuales  se 
encuentran  bajo  acuerdo  de  confidencialidad  por  temas  relacionados 
con  su  posible  explotación  comercial  y  no  se  presentan  en  esta  tesis 
doctoral. 
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Para  que  esta  tesis  doctoral  cumpla  con  los  requisitos 
establecidos por  la normativa de  la Universidad de Alicante y opte a  la 
mención de Doctor  Internacional, así  como para  contribuir a  su mayor 
difusión  en  el  campo  científico,  se  utiliza  el  inglés  como  idioma 
mayoritario a lo largo de este trabajo. 

 
Esta tesis se divide en 5 capítulos,  los dos primeros contienen  la 

introducción  y  las  condiciones  experimentales  generales  junto  con  las 
técnicas que  se han utilizado en el desarrollo de esta  tesis. El  tercer  y 
cuarto capítulos corresponden a los resultados en los cuales se presenta 
al  inicio  un  breve  resumen.  Por  último,  se  presentan  las  conclusiones 
generales en el capítulo quinto. 

 
El  estrés  oxidativo  es  un  concepto  difícil  de  entender  por  la 

cantidad de términos que abarca y porque produce cambios a cualquier 
nivel de la vida. Se produce cuando hay un trastorno en los procesos de 
control y  señalización  celular debido a un desequilibrio de  las especies 
que  lo producen  (especies oxidantes)  y  las especies que  lo neutralizan 
(especies  antioxidantes).  Consecuentemente,  estos  cambios  también 
alteran  los  ciclos metabólicos  o  el  transporte  en  las membranas,  por 
poner  dos  ejemplos.  A  su  vez,  la  presencia  de  estas  especies  en 
condiciones  fisiológicas  normales  es  imprescindible  para  que  se 
produzcan  las  señalizaciones  celulares  para  una  regulación  normal  (o 
homeostática). De  la  yuxtaposición de procesos deriva  la dificultad del 
conocimiento. 

 
Las  especies  causantes  del  estrés  oxidativo  son  las  especies 

oxidantes que hemos mencionado anteriormente. Reciben el nombre de 
especies  reactivas oxigenadas y nitrogenadas cuyas  siglas en  inglés  son 
ROS  y RNS,  respectivamente.  Las ROS/RNS  forman una  gran  familia  ya 
que son todas aquellas moléculas que derivan de un átomo de oxígeno o 
nitrógeno, respectivamente. El carácter químico de estas especies puede 
ser  neutro  o  cargado,  o  pueden  ser  radicales  libres  con  uno  o  más 
electrones desapareados en el orbital del  átomo  central del oxígeno o 
nitrógeno. Una de  las  fuentes endógenas de generación de ROS/RNS  in 
vivo  es  la  mitocondria  que  es  el  orgánulo  de  la  célula  que  produce 
energía  y  lo  hace  generando  adenosina  trifosfato  (ATP)  gracias  a  la 
fosforilación oxidativa. En algunos casos, se relaciona la mitocondria con 
la generación de ROS/RNS, mientras que en otros esa implicación no está 
tan clara. Las fuentes más comunes de generación de ROS/RNS exógenas 
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son los rayos gamma, la luz ultravioleta, las toxinas en el medioambiente, 
el ozono, metales pesados y los medicamentos quimioterapéuticos. 

 
Desde  un  punto  de  vista  bioquímico,  las  ROS/RNS  más 

interesantes  como  señalizadores  o  biomarcadores  de  procesos 
relacionados  con  estrés  oxidativo  in  vivo  son:  peróxido  de  hidrógeno 
(H2O2), radical óxido nítrico (

*NO), radical anión superóxido (O2
*‐) y anión 

peroxinitrito  (ONOO‐).  La  investigación en biomedicina dedicada  a esta 
temática  ha  crecido  considerablemente  en  las  últimas  décadas;  sin 
embargo,  el  corto  tiempo  de  vida  y  la  altísima  reactividad  de  estas 
especies  hacen  muy  difícil  que  se  puedan  detectar  o  establecer 
mecanismos de ataque [1, 2]. 

 
Las  biomoléculas  objetivo  del  ataque  de  las  ROS/RNS  son  las 

proteínas,  los  ácidos  grasos  y  el  ADN.  En  particular,  las  proteínas,  las 
macromoléculas más abundantes en los sistemas biológicos de cualquier 
procedencia  (fluidos, células o  tejidos),  son por  tanto,  las que mayores 
consecuencias  sufren.  Como  sabemos,  las  proteínas  están  compuestas 
por largas cadenas de amino ácidos, de los cuales los más sensibles a un 
ataque por ROS/RNS son el triptófano (Trp), cisteína (Cys), tirosina (Tyr), 
histidina  (His) y  la  fenilalanina  (Phe). Las ROS/RNS pueden atacar a dos 
posiciones  distintas  de  los  residuos  de  amino  ácido:  el  carbón  α  o  la 
cadena  lateral.  Una  vez  que  se  modifica  una  de  esas  posiciones  la 
integridad  de  la  proteína  sufre  (con  mayor  o  menor  incidencia): 
hidrólisis,  dimerización  por  entrecruzamiento,  formación  de  nuevas 
cadenas  o  detrimento  o  pérdida  de  la  estructura  o  funcionalidad  por 
apertura de la estructura 3D. 

 
Entre  las  modificaciones  de  biomoléculas,  particularmente 

proteínas,  por  el  ataque  de  las  ROS/RNS  surge  como  una  de  las más 
significativas  la  nitración  de  proteínas  [3‐  5].  Así  pues,  la  nitración  de 
proteínas es un proceso directamente producido como consecuencia de 
los  efectos  del  estrés  oxidativo.  Cabe  resaltar  que  se  han  localizado 
agregados  y  precipitados  de  proteínas  nitradas  extraídas  de  pacientes 
con  enfermedades  neurodegenerativas  como  el  Alzheimer  o  la 
enfermedad de Creutzfeldt‐Jakob. Se puede plantear la hipótesis de que 
la  nitración  de  proteínas  puede  ser  un  proceso  que  contribuye  a  la 
iniciación  del  proceso  de  desnaturalización  y  que  estos  agregados 
puedan  considerarse  los  biomarcadores  de  las  enfermedades 
relacionadas con estrés oxidativo. 
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La modificación de proteínas para la posterior caracterización de 

sus efectos en  las propiedades de  la proteína, se puede hacer mediante 
diversas  metodologías.  Una  de  ellas  puede  ser  el  uso  de  técnicas 
convencionales  como  la  ingeniería  de  proteínas,  o  en  otros  casos  el 
manejo  de métodos  químico‐físicos  (como  por  ejemplo  la  irradiación 
ultrasónica)  o  el  empleo  de  métodos  químicos  o  electroquímicos.  La 
modificación  química  de  proteínas  tiene  la  gran  desventaja  de  que 
produce una total pérdida de la especificidad o estructura de la proteína, 
ya que en  la mayoría de  los casos es necesario someterla a condiciones 
muy  extremas  de  temperatura,  pH  o  toxicidad  de  los  disolventes, 
además  de  que  la  purificación  posterior  resulta  compleja  [6‐  11].  Sin 
embargo, los métodos electroquímicos ofrecen una valiosa alternativa a 
este tipo de métodos, ya que usan condiciones más suaves que dan lugar 
a  una modificación más  selectiva  y  específica  [12].  Para  conseguir  la 
selectividad deseada en  la modificación y  la  retención de  la actividad o 
función  de  la  proteína,  es  necesario  seleccionar  los  parámetros 
electroquímicos,  el  tipo  de  pre‐tratamiento  de  los  electrodos,  la 
naturaleza  de  los  electrodos  o  la  carga  que  se  debe  circular  en  la 
electrólisis.  La  electrólisis  a  potencial  controlado  ofrece  condiciones 
suaves que nos permiten, en este caso, la nitración específica y selectiva 
de un residuo de amino ácido concreto [13]. 

 
Por otro lado, hay que resaltar que gracias a la bioelectroquímica, 

es  posible  estudiar  los mecanismos  redox  de  transferencia  electrónica 
entre las proteínas redox inmovilizadas sobre la superficie y el electrodo. 
Las  interacciones  interfaciales  de  la  transferencia  electrónica  entre  los 
electrodos y las proteínas se han estudiado ampliamente con el objetivo 
de  llegar a comprender bien el comportamiento de  las proteínas  in vivo 
para poderlo aprovechar en el uso de sistemas bioelectrocatalíticos [14, 
15].  La  proteína  puede  estar  adsorbida  físicamente,  inmovilizada 
covalentemente  o  entrecruzada  con  enlaces  de  diversa  naturaleza. 
Incluso cuando el sitio activo de la proteína se encuentra muy alejado de 
la  superficie  electródica  por  motivos  de  impedimento  estérico,  se 
pueden diseñar “wires” o brazos que hagan  llegar  la señal eléctrica. Así 
mismo,  se  puede  utilizar  la  respuesta  electroquímica  para  evaluar  los 
efectos de las modificaciones covalentes de proteínas. 

 
En  la  bibliografía  existen  numerosos  estudios  electroquímicos 

relacionados  con  la  velocidad  de  transferencia  electrónica  entre 
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proteínas  y  la  superficie  electródica.  Los  estudios  muestran  tanto 
velocidades  de  transferencia  pequeñas,  correspondientes  a  procesos 
irreversibles (sobre superficies metálicas sin modificar), como a procesos 
reversibles  con  velocidades  altas  (sobre  electrodos  que  han  sido 
modificados para favorecer la transferencia). Existen numerosos estudios 
sobre  electrodos  modificados  que  utilizan  las  monocapas  auto‐
ensambladas de tioles [16, 17] para favorecer la transferencia electrónica 
de proteínas, o por ejemplo los nanotubos de carbono para proporcionar 
la  transferencia  directa  sobre  películas  de  ADN  [18].  En  el  caso  del 
estudio electroquímico de la proteína cyt c, y a modo de ejemplo, existen 
numerosos estudios donde  se  inmoviliza  la proteína  sobre membranas 
coloidales [19], nanopartículas de sílice [20] o se estudia la transferencia 
electrónica en otros medios no acuosos  como  los  líquidos  iónicos  [21]. 
Uno  de  los  tipos  de  electrodos  más  usados  en  esta  tesis  son  los 
electrodos  serigrafiados  o  “screen  printed  graphite  electrodes”  cuyas 
siglas en inglés son SPGE. Los SPGEs presentan una superficie compuesta 
de  carbono  con diversas  configuraciones, dando  lugar  a una  superficie 
funcionalizada  con  grupos  oxigenados.  Las  funcionalizaciones 
normalmente residen en  los átomos de carbono de  los bordes o en  los 
defectos  de  la  superficie  y  favorecen  las  interacciones  electroestáticas 
con las proteínas. 

 
El capítulo 3 contiene resultados relacionados con la modificación 

covalente de amino ácidos en proteínas  redox:  la mioglobina  (Mb) y el 
citocromo  c  (cyt  c)  y  proteínas  no  redox  como  la  lisozima  (Lyz)  por 
métodos  electroquímicos,  químicos  y mediante  irradiación  ultrasónica. 
Se han estudiado los procesos de oxidación y nitración de tres proteínas 
modelo  in vitro con el objetivo de mimetizar  los cambios que sufren  in 
vivo. Los posibles efectos de  la modificación covalente de  las proteínas 
son debido al ataque inducido de especies ROS/RNS como el H2O2 para la 
oxidación  y  el  anión  NO2

‐  como  agente  oxidante.  Se  ha  realizado  la 
modificación electroquímica como aproximación al ataque que sufren in 
vivo las proteínas y se ha observado mediante técnicas biofísicas, cuáles 
son los efectos que estas modificaciones crean en la función, estructura y 
comportamiento térmico del desplegamiento de  las proteínas. Además, 
en este  capítulo  se ha estudiado  la nitración de dos proteínas modelo 
que tienen un papel muy importante en los procesos in vivo, una redox: 
Mb y otra no redox Lyz, mediante la generación de 3‐nitrotirosina (3‐NT). 
El  objetivo  de  esta  nitración  se  centra  en  estudiar  sus  propiedades 
estructurales  y  funcionales  mediante  una  caracterización  biofísica.  La 
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nitración de 3‐NT en  la proteína Mb produjo una  leve alteración de  su 
estructura terciaria cuyas consecuencias son la mayor afinidad a unirse a 
otras proteínas. Este  resultado demuestra que  la nitración puede  tener 
relación con la formación de agregados de proteínas. La formación de la 
3‐NT en la proteína Lyz se consiguió por primera vez de forma selectiva y 
en una única posición mediante métodos sonoquímicos. El  fundamento 
de  este  método  es  la  creación  por  irradiación  de  ultrasonidos  de 
radicales hidroxilo que reaccionan con el residuo de amino ácido de Tyr 
dando  lugar  a  un  radical  tirosilato  como  producto minoritario  y  éste 
reacciona  finalmente  con  los  aniones  NO2

‐  formando  la  3‐NT  y  NO2. 
Anteriores estudios en los que se usaban otros métodos de nitración de 
Lyz,  siempre  han  dado  lugar  a  nitraciones  en más  de  una  posición  o 
residuo de tirosina. La 3‐NT Lyz se ha estudiado y caracterizado mediante 
técnicas  biofísicas,  inmunológicas  y  actividad  enzimática.  La  nitración 
sonoquímica  produjo  una  gran  pérdida  de  actividad, mientras  que  la 
proteína nitrada por métodos electroquímicos mantuvo su actividad.  

 
En  nuestro  caso,  se  ha  obtenido  una  buena  transferencia 

electrónica  de  la  proteína  cyt  c  sobre  los  SPGE  sin  la  necesidad  de 
modificarlos.  Se  han  realizado  diversos  estudios  electroquímicos  de  la 
velocidad  de  la  transferencia  electrónica  en  función  del  pH,  de  la 
inmovilización mediante métodos electroquímicos y de  la respuesta a  la 
adición  de  agentes  oxidantes  para  su  posterior  uso  como  sensor 
electroquímico. Se ha evaluado mediante electroquímica la oxidación de 
la proteína modelo cyt c que se ha inmovilizado satisfactoriamente sobre 
los electrodos serigrafiados SPGE. Se ha estudiado el efecto que tiene la 
adición  de  H2O2  para  su  futura  aplicación  como  biosensor  y  se  ha 
observado  una  pequeña  variación  del  potencial  formal  de 
aproximadamente 200 mV. También  se ha  realizado un amplio estudio 
de la transferencia electrónica del cyt c sobre los electrodos serigrafiados 
SPGE  mostrándose  el  efecto  del  pH  sobre  la  interacción  proteína‐
sustrato  carbonoso. La  inmovilización del  cyt  c  sobre  los SPGE  se  logra 
satisfactoriamente bajo unas condiciones experimentales determinadas, 
permitiendo  el  estudio  de  diferentes  estados  conformacionales  de  la 
proteína que son estables en la interfase del electrodo. 

 
Los  electrodos  serigrafiados  (SPGE)  han  resultado  ser  una 

novedosa  plataforma  electroquímica  con  propiedades  únicas  debido  a 
las  especies  oxigenadas  presentes  en  su  superficie,  las  cuales  se  han 
determinado  gracias  a  técnicas  superficiales  de  análisis.  La 
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funcionalización de  la  superficie  se debe, probablemente,  a  los  grupos 
carbonilo  y  carboxílicos  que  residen  en  los  defectos  del  contorno  del 
carbón.  Esta  funcionalización,  única  en  estos  electrodos,  proporciona 
una repuesta favorable con la proteína cyt c que bajo las condiciones de 
trabajo  está  cargada  positivamente.  La  relación  señal/ruido  que  se 
muestra en  los voltamogramas  cíclicos del estudio del cyt  c demuestra 
que este  tipo de  superficies electródicas  son muy convenientes para el 
estudio electroquímico de esta proteína. El efecto del pH en la respuesta 
de  la  transferencia electroquímica del cyt c se ha estudiado de manera 
satisfactoria  incluso  bajo  condiciones  alcalinas  y  altamente  ácidas:  se 
muestran voltamogramas bien definidos para el  intervalo de pH 2.0‐8.0 
Por debajo de pH 2.0 la proteína se desnaturaliza y por encima de pH 8.0 
los efectos electrostáticos de la superficie y la proteína, ambas cargadas 
negativamente  impiden  la  transferencia  electrónica.  Además,  se  ha 
estudiado  por  primera  vez  y  gracias  a  la  interacción  electrodo  SPGE‐
proteína,  la  co‐existencia  de  dos  conformaciones  del  cyt  c 
(conformaciones II y III) entre los valores de pH de 3.5‐ 4.0. 

 
La  metabolómica  pertenece  al  grupo  de  las  recientemente 

creadas Ciencias Ómicas. Se centra en el estudio de  la variación de  los 
metabolitos presentes en  los medios celulares ya sea medios de cultivo 
celular, fluidos biológicos como  la orina, el plasma, el  líquido amniótico, 
o tejidos o células. Los niveles metabólicos dan una clara información del 
correcto  funcionamiento y actividad de nuestros genes y proteínas. Por 
lo  que  condiciones  relacionadas  con  procesos  patológicos  o 
perturbaciones  externas  producirán  una  ruptura  de  este 
comportamiento normal y consiguientemente provocarán que las células 
tengan un metabolismo alterado. Hay un creciente interés en el estudio 
de biomarcadores que puedan  ser útiles  en  la predicción del  inicio de 
una  enfermedad  o  en  el  seguimiento  del  progreso  de  un  tratamiento 
médico.  Numerosas  patologías  como  el  cáncer,  la  diabetes, 
enfermedades cardiovasculares o neurológicas, la infertilidad, el asma, la 
hepatitis  B,  apendicitis  o  uremia,  entre  otras,  han  sido  intensamente 
estudiadas mediante metabolómica y  se ha demostrado que  tienen un 
verdadero  efecto  desregulador  en  el metabolismo  [22‐  29].  Por  todo 
esto,  se  piensa  que  los  procesos  inducidos  por  fenómenos  de  estrés 
oxidativo  puedan  ser  detectados  y  monitorizados  mediante  estudios 
metabolómicos [30, 31].  
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En el capítulo 4 se presentan varios enfoques para el análisis de 
medios biológicos complejos desde el punto de vista analítico (mediante 
el uso de técnicas cromatográficas y espectroscópicas) y electroanalítico 
(mediante el uso de sensores y biosensores electroquímicos). Además se 
muestra el estudio aplicado a muestras comerciales de medios de cultivo 
embrionarios para  la  selección de: por un  lado aquellos biomarcadores 
del estrés oxidativo al que se ven sometidas  las células, como por otro 
lado de aquellos analitos que provocan un desarrollo exitoso. También se 
hace hincapié en el desarrollo de sensores y biosensores electroquímicos 
de especies que pueden estar relacionadas con el estrés oxidativo, bien 
por  ser  las  causantes, o  las que medien para que dicho proceso no  se 
produzca.  

 
El objetivo de esta sección ha sido el de combinar técnicas de uso 

común  como  son  las  técnicas  cromatográficas HPLC‐UV‐Vis  y HPLC‐MS 
con otras  técnicas más potentes como  la resonancia magnética nuclear 
de alto campo magnético 1H (800 MHz) RMN. Se ha pretendido separar y 
determinar  los  analitos  y  biomarcadores  presentes  en  los medios  de 
cultivo celulares. Los resultados obtenidos al respecto corresponden a la 
colaboración con  la Unidad de Reproducción de  la Clínica Vistahermosa 
de Alicante que es líder en su sector. Además, se ha realizado un estudio 
más  detallado  de  RMN  de  los  medios  de  cultivo  embrionario  con 
muestras  reales.  Estudios  de  análisis  multi‐variante  con  técnicas 
bioestadísticas avanzadas han dado lugar a la identificación de una serie 
de  biomarcadores  que  están  directamente  relacionados  con  el 
metabolismo celular, pero dichos resultados han quedado bajo acuerdo 
de confidencialidad. 

 
La  versatilidad  de  las  técnicas  analíticas  y  espectroscópicas 

utilizadas  ha  permitido  la  optimización  del  estudio  bioanalítico  de 
medios de cultivo complejos. Por un  lado, se presenta  la cromatografía 
líquida convencional como una técnica de rutina, sencilla y accesible para 
un  primer  enfoque  químico  y  biológico  para  su  uso  en  laboratorios 
convencionales. Por otro lado, se implementa el RMN como una técnica 
potente  de  bioanálisis  que  nos  da  una  huella  dactilar  del  perfil 
metabólico de los medios de cultivo celulares complejos. La combinación 
de  ambas  técnicas nos proporciona una metodología muy  versátil que 
pretende  ser de ayuda para  la evaluación  y valoración de  los procesos 
celulares de desarrollo, crecimiento, bloqueo o muerte. 
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Desde un punto de vista metabolómico, el amino ácido Met, que 
está presente en  los medios de  cultivo disponibles  comercialmente,  se 
conoce  que  es  un  potencial  biomarcador  del  estrés  oxidativo.  Las 
especies ROS/RNS atacan rápidamente el átomo de azufre de metionina 
(Met)  formando  el  sulfóxido  de metionina  (MetSO)  y  la  sulfona  en  un 
estado de oxidación mayor (MetSOO). Por lo tanto, el consumo de Met y 
la aparición de sus derivados oxidados MetSO y MetSOO en  los medios 
de  cultivo  pueden  ser  biomarcadores  indirectos  de  estrés  oxidativo  in 
vivo.  Aunque  hay muchos  trabajos  de  determinación  del  amino  ácido 
Met  y  sus  derivados  mediante  técnicas  cromatográficas  y 
espectrométricas,  no  existe mucha  literatura  para  el  caso  de métodos 
electroanalíticos. Pero estos métodos  tienen un papel muy  importante, 
ya  que  ofrecen  características  muy  atractivas  porque  son  rápidos, 
eficaces, sensibles, baratos, duraderos y pueden medir en tiempo real e 
in‐situ [32].  

 
En  el  capítulo  4  se muestra  el  desarrollo  de  un  sensor  de Met 

mediante  la oxidación directa y no‐mediada por ningún otro par  redox 
sobre  la  superficie  de  los  SPGE.  Estos  electrodos  son  una  plataforma 
electroquímica  ideal para  la  fabricación de  sensores  rápidos,  sensibles, 
baratos, fáciles de usar, con un gran escalado en su producción y de un 
solo  uso.  La  aplicabilidad  de  este  sensor  se  ha  validado  para  la 
determinación  de  Met  en  complejos  vitamínicos  convencionales 
disponibles en  farmacias. Además, se ha  realizado su determinación en 
medios de cultivo biológicos complejos como los medios comerciales de 
cultivo  embrionario.  Las  futuras  aplicaciones  del  sensor  de Met  y  sus 
derivados en medios biológicos servirán para el estudio  indirecto de  los 
efectos del estrés oxidativo. 

 
Así pues el estudio se ha centrado en el desarrollo de sensores y 

biosensores  para  la  determinación  y  detección  de  especies  ROS/RNS 
fundamentales en  la regulación de  las funciones vitales del ciclo celular. 
Por eso, las técnicas electroquímicas son una buena herramienta para el 
análisis y el seguimiento de las comunicaciones redox de la célula con el 
entorno  [33].  El  seguimiento  de  las  rutas  o  de  los  procesos 
interrelacionados entre sí que resultan de la comunicación de la célula es 
una  meta  que  presenta  serias  dificultades.  La  respuesta  de  la 
señalización molecular depende no tan sólo de la localización, identidad 
y  estado  de  la  célula,  sino  también  de  la  naturaleza,  concentración  y 
resolución espacio‐temporal de las ROS/RNS atacantes [34]. La respuesta 
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de  estos  sensores  y  biosensores  está  supeditada  a  la  aparición  de 
interferentes, que dada  la complejidad de  los medios utilizados es muy 
grande.  Sin  embargo,  en  esta  tesis  doctoral  se  presentan  resultados 
satisfactorios  que  muestran  cómo  cada  sensor/biosensor  tiene  una 
respuesta  con  gran  selectividad  y  sensibilidad  a  las  especies  para  las 
cuales están diseñados en condiciones in vitro. Los sensores/biosensores 
ofrecen  numerosas  posibilidades  de  análisis  que  estarán  sujetas  a 
condicionantes  como:  cómo  y dónde  se quiere medir  y  la  complejidad 
del  medio.  No  obstante,  los  dispositivos  electroquímicos  para  su 
aplicación en biomedicina deben ofrecer buena reproducibilidad, buena 
selectividad,  durabilidad,  dimensiones  pequeñas  o  que  se  puedan 
miniaturizar, manejabilidad y ante todo, que sean no invasivos para que 
el medio no se vea alterado. 

 
Hay  que  reseñar  que  se  han  fabricado  y  diseñado  sensores  y 

biosensores  electroquímicos  para  la  evaluación  de  la  generación  de 
especies  ROS/RNS,  entre  las  cuales  se  encuentran:  el  peróxido  de 
hidrógeno,  el  anión  radical  superóxido  y  el  radical  óxido  nítrico.  La 
respuesta  del  biosensor  de  peróxido  de  hidrógeno  se muestra  tras  la 
inmovilización del cyt c para distintos valores de pH sobre los electrodos 
serigrafiados SPGE. La configuración del biosensor para la determinación 
del anión radical superóxido consistió en  la  inmovilización covalente del 
cyt  c  sobre  un  ultramicroelectrodo  de  oro  mediante  el  reactivo  de 
Lomant,  que  consiste  en  un  enlace  ditiol  que  se  reduce  fácilmente  y 
proporciona  un  anclaje  con  dos  brazos  donde  se  pueden  unir  las 
proteínas. Este biosensor proporcionó un buen comportamiento durante 
el  seguimiento  in‐situ  y  en  tiempo  real  del  anión  radical  O2

*‐  que  se 
produce mediante el sistema de calibración xantina/xantina oxidasa. La 
detección electroquímica del  radical  *NO  requirió de  la deposición  con 
técnicas  electroquímicas  de  dos  membranas  de  poli(eugenol)  y 
poli(fenol)  sobre  un  ultramicroelectrodo  de  platino  para  poder 
proporcionar  sensibilidad  y  selectividad  a  la medida.  La  generación  in‐
situ  y  en  tiempo  real  del  radical  *NO  de  calibración  se  llevó  a  cabo 
mediante  la  liberación  a  través  de  los  compuestos  donadores  de  *NO, 
que también reciben el nombre de NONOates.  

 
Finalmente,  en  el  capítulo  5  se  presentan  las  conclusiones 

globales que se extraen de las conclusiones parciales de cada capítulo, y 
una  breve  descripción  del  posible  trabajo  futuro  que  se  puede 
desarrollar en cada una de estas nuevas  líneas de  trabajo del grupo de 
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Electroquímica  Aplicada  y  Electrocatálisis.  Para  finalizar,  esta  tesis 
doctoral  se  centra  en  el  aprovechamiento  de  varias  metodologías 
basadas  en  técnicas  electroquímicas  y  analíticas  para  la  detección  del 
estrés oxidativo en medios complejos biológicos, en particular, proteínas 
y medios de cultivo celular. El uso de técnicas bioquímicas y biofísicas, así 
como  técnicas electroquímicas, nos han permitido obtener  información 
de  los  efectos  producidos  por  el  estrés  oxidativo  in  vivo  en  sistemas 
biológicos. Por tanto, la información obtenida se puede aplicar a futuros 
estudios de modelización que nos permitirán diseñar estrategias para  la 
detección y monitorización simultánea de cambios químicos producidos 
por  el  estrés  oxidativo  a  varios  niveles. A  su  vez,  seremos  capaces  de 
evaluar  y  atenuar  dichos  efectos  gracias  a  las  posibles  estrategias  de 
prevención. 
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1. INTRODUCTION 

 

 

Life is energy. Energy is based on electron transfer processes. 

Electron transfers at interfaces constitute electrochemical processes. 

Hence, life is based on electrochemistry. 

 

 

1.1. BIOELECTROCHEMISTRY 

 
Cell survival is focused on the respiration process that creates a 

proton motive force at and across the membranes due to a sequential 
electron transfer (ET), from which the energy carrier molecule adenosine 
triphosphate (ATP) is generated. ATP is the essential energy biomolecule 
that supplies energy to the different and essential reactions all over the 
cell when required. Bioelectrochemistry is the study and application of 
biological ET processes and the study of the important factor that 
controls the interaction between biological redox partners. 
Electrochemical sensing is based on the high sensitivity of these 
reactions that may occur with metals, semiconductors, polymers and 
biological systems. Bioelectrochemistry, and therefore the field of 
electrochemistry, takes advantage of the development of recent 
research fields such as analytical chemistry, preparative chemistry, 
energy conversion and production, biochemistry, materials science and 
microelectronics.  

 
Bioelectrochemistry is a multi-disciplinary research field that is 

rapidly expanding causing scientific experts from different disciplines 
such as biology, chemistry and physics to converge. In-situ techniques 
like infrared spectroscopy (IR), atomic force microscopy (AFM), scanning 
tunnelling microscope (STM), surface enhanced Raman spectroscopy 
(SERS), electrochemical quartz cystal microbalance (EQCM) and scanning 
electrochemical microscope (SECM) have exponentially spread through 
this field and are now being used to study the ET behaviour at the 
interface at the molecular level. Applicability of bioelectrochemistry is 
immense since it covers very wide spectra of issues such as electric 
interfaces (electric double layers, adsorption, electron transfer studies), 
electric and magnetic field effects, bioenergetics (microbial fuel cells), 
signal transduction (energy conversion, photosynthetic processes, ion-
pump transportation channels, design of electrode surfaces), 
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biomembranes (membrane transport) and applications in biomedicine by 
bioelectrical control (tissue regeneration, stem cells therapies, wound 
healing control of nervous system function, and electroporation-based 
delivery of genes or drugs). 

 
In this thesis, some areas of bioelectrochemistry are explored by 

studying the effect(s) of oxidative stress events in proteins and the 
development of sensors and biosensors that are able to assess oxidative 
stress evolution in complex biological media. 

 
1.2. OXIDATIVE STRESS DAMAGE IN VIVO 

 

Oxidative stress is considered to be a component of virtually 
every disease, including inflammation related to cancer [1], ageing [2], 
neurodegeneration [3], cardiovascular disease [4], diabetes [5] or 
gastrointestinal disorders [6]. The role of oxidative stress in 
neurodegenerative diseases has been widely revealed to be patent. Its 
implications in diseases such as Parkinson’s [7], Alzheimer’s [8, 9], 
amyotrophic lateral sclerosis (ALS) [10], Huntington’s disease and 
Friedreich’s ataxia are demonstrated to be enhanced by oxidative stress 
even though the cause of its development is as yet unknown [11, 13, 14]. 
Oxidative stress is also involved in the origin of arteriosclerosis, which is 
related to the oxidation of proteins and lipids, such as the oxidation of 
low-density lipoprotein (LDL) in the mitochondria [15, 16]. 
Carcinogenesis has recently been related to the alteration in the genetic 
material since the radical species have double side effects: on the one 
hand, they mutate DNA by reacting in such a way; and on the other, they 
block the expression of genes because they are sensitive to oxidative 
stress [17]. 

 
The definition of oxidative stress concerns the disruption of redox 

signalling and control events due to the imbalance of oxidants and 
antioxidants, and it occurs regularly in our everyday life. It produces 
changes at every single level of life, affecting the electrical and chemical 
communication processes of the synaptic signals, modifying proteins and 
therefore the cells containing proteins leading to death and provoking 
ageing in the skin or body. The species that produce the imbalance 
between the reactive species and the antioxidants can also alter 
metabolomic cycles or membrane transport. But there is some evidence 
that the excess of these species is involved in molecular signalling chains 
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under physiological conditions, prompting a normal metabolism of the 
cell. Moreover, the production of these species is also necessary for 
some functions such as homeostasis or resistance to infectious attack. 
Consequently oxidative stress events in the chemical signalling processes 
in cells play a crucial role in life. 

 
The introduction of this PhD dissertation is focused on dealing 

with the following questions: a) oxidative stress agent types, b) the roles 
of these species in a balanced complex biological system- this would 
need clarification in each case as it could be a protein, a culture medium 
or even a cell-, c) target biomolecules, d) mechanisms and pathways and 
e) when oxidative stress damage takes place. These issues are 
summarised in Scheme 1. 

 

 
Scheme 1. General outline of the principal aspects described in 

this introduction. 
 
The introduction of this thesis will deal with the main aspects of 

oxidative stress and it might guide the reader through oxidative stress 
damage via two topics: (i) the study of the effect of the covalent 
modification of proteins on its structure and function, and (ii) the 
evaluation of analytical methods, including electrochemical techniques, 
for monitoring and detecting species related to metabolic disorders. In 
this respect, Scheme 2 shows an extended overview of the information 
mentioned in section 1.2. The PhD dissertation also deals with an 
important contribution in physico-chemical techniques in order to 
evaluate the biochemical and biophysical changes produced in proteins 
when subjected to modification by electrochemical and chemical 
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methods. Moreover, electroanalytical techniques have been applied in 
terms of developing different kinds of sensors and biosensors that 
enable us to measure or monitor metabolites or biomarkers that are 
directly or indirectly related to oxidative stress events. 
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Scheme 2. Outline of Section 1.1 and 1.2. 
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1.2.1. STATE-OF-THE-ART 

 
Oxidative stress is a physiological effect 

(intracellular) or out of the cell (extracellular) produced 
imbalance of the amount of Reactive Oxygen and Nitrogen Species 
(ROS/RNS) and the antioxidants species wh
mitigating ROS/RNS effects [18, 19
produces cellular damage since most of the oxidant species, including 
radical oxygenated species, do react with biomolecules such as DNA, 
RNA, cholesterol, lipids, carbohydrates, proteins as well as the 
antioxidants itself [20, 21, 22]. 
hierarchical structures that set up
ribosomes, mitochondria, Golgi apparatus and endoplastic reticulum 
which form cells, see Figure 1.1. 

 

Figure 1.1. Anatomy of a cell.
http://www.lpch.org/DiseaseHealthInfo/HealthLibrary/genetics/0090

-pop.html
 
The extent of action at which 

these species depends on various factors: 
target molecule and its location in terms of distance from the source 
of ROS/RNS, the formation of secondary oxidants,

HAPTER 1 

is a physiological effect inside the cell 
(intracellular) or out of the cell (extracellular) produced by the 

f the amount of Reactive Oxygen and Nitrogen Species 
(ROS/RNS) and the antioxidants species which function is stopping or 

19]. The excess of ROS and RNS 
most of the oxidant species, including 

radical oxygenated species, do react with biomolecules such as DNA, 
ydrates, proteins as well as the 
]. These biomolecules constitute 

set up membranes, organelles like 
ribosomes, mitochondria, Golgi apparatus and endoplastic reticulum 

 
 

Anatomy of a cell. Figure adapted from source 
http://www.lpch.org/DiseaseHealthInfo/HealthLibrary/genetics/0090

pop.html [23]. 

The extent of action at which oxidative stress is caused by 
these species depends on various factors: the concentration of the 

and its location in terms of distance from the source 
the formation of secondary oxidants, the event of 



INTRODUCTION 

9 

 

blocking and trapping by antioxidant species or scavengers, or the 
intervention of enzymes in stopping the reaction and/or repairing the 
damage [24].  

 
Figure 1.2 describes in detail the sources of ROS/RNS and their 

cellular responses. The endogenous source of these species are 
mitochondria which are related with a normal metabolism, but also in 
the peroxysomes, lipoxygenases and some cytosolic enzymatic 
systems and other elements in the electronic transport in the 
membrane. ROS/RNS can also be produced by exogenous agents such 
as the gamma frequency, ultraviolet light, environmental toxins, 
ozone, ionic metals and chemotherapeutics. It is also known that 
these species are produced by cytosolic enzymes in response to 
stimulation of growth factor which is involved in the regulation of cell 
proliferation. Independently on how and why the ROS/RNS are 
produced, high levels due to the insufficient mitigation by 
antioxidants agents such as enzymes (peroxidase, catalase, dismutase, 
etc…) or vitamins generate important and undesired effects at 
molecular level in proteins, lipids and DNA [19].  
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Figure 1.2. Scheme of ROS/RNS sources and its chemical and 
biochemical responses. Figure adapted from source: Finkel et al. 

Nature 2000 [19]. 
 

 
Mitochondria are membrane-enclosed organelles that are a 

key component of the cell since they are involved in most all the 
functions of the cell. They perform tasks such as supplying cellular 
energy (hence they are called sometimes cellular power generators), 
cell death, cell cycle control, homeostasis (which implies the 
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regulation of the internal cell properties to maintain stable 
conditions), cell growth, cellular differentiation, and cell signalling. As 
they are correlated to all of these functions it is easy to understand 
that oxidative stress would affect them greatly. Energy production in 
the living cells is a source of oxidative stress and cytochromes (cyt) 
are very important membrane proteins related to the mechanism of 
respiration or energy production in mitochondria, Figure 1.3.  

 

 
 

 
Figure 1.3. Anatomy and functions of a mitochondrion. Figure 

adapted from source http://hyperphysics.phy-
astr.gsu.edu/hbase/biology/etrans.html [25]. 

 
One of the main functions of mitochondria is related to energy 

production, as it generates ATP through oxidative phosphorylation, 
and oxygen consumption which occurs through the inner membrane 
where enzymes in charge of the phosphorylation are. The ATP 
production takes place across the flow of electrons that derive 
predominately from the electron donor nicotinamide adenine 
dinucleotide (NADH), through intermediates of one of the respiratory 
mechanisms called the tricarboxylic acid cycle (TCA cycle) such as the 



CHAPTER

 12

fully oxidised flavin adenine dinucle
hydroquinone form (FADH2), towards the final electron acceptor 
molecular oxygen which is reduced to water
understanding Figure 1.4. In the last step
where cytochrome c (cyt c) plays its role
complex III (cyt c reductase) to complex IV (
responsible of the oxygen reduction. The electrochemical proton 
gradient across the membrane -due to the transport of electrons 
between these complexes- provokes
potential which would be used for the energy conversion.

 

Figure 1.4. Electron transport chain
membrane. Source Scott Freeman, Biological Science, 20

 
Then, during ET across the complexes in the inner 

mitochondrial membrane, electrons sometimes run away and result 
in a single electron reduction of oxygen to form superoxide radical 
anion (O2

*-). Mitochondrial superoxide radical anion 
to the production of hydrogen peroxide
can, in the presence of ferrous ions 
highly reactive hydroxyl radicals (*OH)
reactions below (Eq. 1.1, 1.2 and 
production of superoxide radical anion can 

HAPTER 1 

fully oxidised flavin adenine dinucleotide (FAD) and its reduced 
, towards the final electron acceptor 

molecular oxygen which is reduced to water, see for a better 
the last step of this electron cascade, is 

plays its role, transferring electrons from 
reductase) to complex IV (cyt c oxidase), which is the 

responsible of the oxygen reduction. The electrochemical proton 
due to the transport of electrons 
es that the membrane gets a large 

potential which would be used for the energy conversion.  

 
 

Electron transport chain at the mitochondria 
Source Scott Freeman, Biological Science, 2011 [26]. 

across the complexes in the inner 
mitochondrial membrane, electrons sometimes run away and result 
in a single electron reduction of oxygen to form superoxide radical 

superoxide radical anion can rapidly lead 
hydrogen peroxide in the presence of Fe3+, which 

can, in the presence of ferrous ions Fe2+ from redox proteins result in 
OH) via the Fenton reaction, see 

and 1.3). At the same time, the 
production of superoxide radical anion can also lead to enhance 
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accumulation of a large proton gradient in the inner membrane 
producing at this time impairment of the cell regulation [11]. 

 
Fe3+  +  O2

*-  →  Fe2+  +  O2    (eq. 1.1) 
Fe2+  +  H2O2  →  Fe3+  +  OH-  +  *OH   (eq. 1.2) 

------------------------------------------------------------------------------ 
O2

*-  +  H2O2  →  OH-  +  *OH  + O2  (eq. 1.3) 
catalysed by Fe3+/ Fe2+ 

 
Secondary functions of mitochondria, but not less important, 

are related to the regulation of ion homeostasis and the initiation and 
execution of both apoptosis (beneficial and programmed cell death) 
and necrosis (detrimental and premature cell death usually caused by 
external factors). The amplification machinery used by mitochondria 
is sometimes related to the release of proteins to the inter-membrane 
space comprised between the outer and the inner membranes. Cyt c 
also plays a crucial role here although the exact mechanism has not 
been yet elucidated. It is known that when cyt c is released upon 
extrusion into the cytosol, it starts the activation cascade that gives 
rise to apoptosis [27]. 

 
In some cases, the implication of ROS/RNS is evidently coming 

from the mitochondria, while in some others is not that clear. It is 
frequently observed that the cause of these processes is not well-
known as the function of the mitochondria in the regulation of the 
apoptotic or necrotic ways is not fully understood [28, 29]. In 
Friedreich’s ataxia, for example, mitochondria are directly implicated 
with the disease evolution since it is characterised by the decreased 
expression of an iron-binding protein (frataxin) [14]. The diminution 
of mitochondrial iron consequently produces an enhanced oxidation 
of proteins and more intense damage of DNA. In those mitochondrial 
pathologies caused by the alteration of the genetic material, it has 
been demonstrated that the excessive production of ROS/RNS and 
the diminution of ATP can be consequence of the alteration of the 
mitochondrial function. For example, an increase in the oxidative 
phosphorylation process can lead to a higher production of ROS/RNS 
and therefore a bigger oxidative stress effect [19, 24, 29, 30]. 
Occasionally, mitochondrial deficiencies are the consequence and not 
the cause of the pathological process. It was reported by Prof. 
Harman, half century ago, a controversial theory which correlated the 
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metabolic rate of nutrient consumption with life expectancy of some 
species [19]. This theory was based on the fact that radical species are 
endogenously generated within the cells and accumulated to get a 
pattern of cellular cumulative damage. He called this theory, “the-
rate-of-living hypothesis” and provided with information about 
mechanism and cell respiratory pathways. Thus, mitochondria 
produce most of the energy of the cell, and correspondingly it 
consumes the most of the intracellular oxygen, and therefore, a 
higher metabolic rate gives a higher production of ROS/RNS and 
definitely, a shorter life across compared to other organelles. 

 

1.2.2. ROLES OF ROS/RNS AGENTS 

 
ROS/RNS make up a big family derived from any type of 

source of oxygen or nitrogen, as due to neutral species or radical 
species with one or more delocalized electrons in its orbital. From a 
biochemical point of view, the most interesting radical species are the 
superoxide radical anion (O

2

*-), hydroxyl radical (*OH), nitric oxide 

radical (*NO), peroxynitrite anion (ONOO-), nitric dioxide radical 
(*NO2), dihydroxyl radical (HO2

*), peroxyl radical (ROO*) and the 
alkoxyl radical (RO*). Table 1.1 shows a list of radical and non-radical 
ROS and RNS, from which may be highlighted as biomarkers for 
signalling oxidative processes in vivo the followings: hydrogen 
peroxide, nitric oxide, superoxide radical anion and peroxynitrite 
anion. 
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RNS 
Radicals 

 
Non radical 

ROS 
Radicals 

 
Non radicals 

*NO  
nitric oxide 

ONOO- 
peroxynitrite 

O2
*- 

superoxide 
O3  

ozone 
*NO2 nitrogen 

dioxide 
ONNOH 

peroxynitrous 
acid 

*OH  
hydroxyl 

1O2   
singlet oxygen 

 ROONO alkyl 
peroxynitrites 

ROO* 
peroxyl 

H2O2 hydrogen 
peroxide 

 NO-  
nitroxyl anion 

RO* alkoxyl HClO 
hypochlorous 

acid  

 NO+  
nitroxyl cation 

HO2
* 

hydroperoxyl 
ONOO- 

peroxynitrite 

 NO2
+  

nitronium anion 
CO3

*- 
carbonate 

 

 HNO2  
nitrous acid 

  

 N2O3  
dinitrogen 

trioxide 

  

 N2O4 dinitrogen 
tetraoxide 

  

 NO2Cl  
nitryl chloride 

  

 

Table 1.1. Most biochemically relevant ROS/RNS. 
 
Hydrogen peroxide (H2O2) is a neutral ROS which has a special 

interest because it is highly involved in the oxidative damage of 
proteins. The neutral nature of H2O2 confers high chemical stability 
which permits the transfer along the lipidic membranes contrary to 
what happens to charged radicals. In the presence of most transition 
metals it reacts forming hydroxyl radicals and anions via the Fenton 
reaction. In a similar manner, H2O2 can be formed by spontaneous or 
enzymatic dismutation of superoxide radical anion by the enzyme 
superoxide dismutase (SOD) and some other cell metabolism 
reactions. At low concentrations, H2O2 is not very reactive, but when 
the concentration increases it can attack energy-containing 
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molecules, and oxidise thiol groups prompting fragmentation of 
proteins and DNA. Enzymes like glutathione peroxidase (GPx) and 
catalase (CAT) are the responsible for the catalytic conversion of H2O2 
to water, and the reduction of lipid hydroperoxides to their 
corresponding alcohols. 

 
Nitric oxide radical (

*
NO) is the most important agent on the 

regulation of the physiological and pathological mechanism in the 
cardiovascular, central nervous and immune systems. *NO was 
consequently widely investigated, to be related to numerous clinic 
disorders like rheumatoid arthritis, asthma, multiple sclerosis, 
tuberculosis and Alzheimer’s [8, 9]. The physiological oxidative 
potential of *NO is due to its chemical nature and size, since it is a 
very small molecule with a pair of electrons delocalized, which makes 
it a very fast and reactive radical. Furthermore, *NO has a high 
diffusion coefficient ~3300 µm2 s-1 and has a relatively stable lifetime 
[31]. 

 
Superoxide radical anion (O2

*-
) is a very short-lived radical 

anion that can be generated by two major sources: firstly, phagocytic 
NADPH oxidase (NOX), which is vital for the effective host defence 
and secondly, by mitochondrial respiratory chain involving complexes 
I and III in the ET at both sides of the inner membrane during the 
conversion of oxygen to water (see Figure 1.4). Contrary to *NO, the 
main restriction for superoxide O2

*- is the low pKa ~ 4.7 of its 
conjugated acid (HO2

*) which makes the diffusion across membranes 
more difficult. 

 
Peroxynitrite anion (ONOO

-
) is the most cytotoxic compound 

compared to all those described in Table 1.1 and it is formed by the 
instantaneous reaction of O2

*- and *NO, and hence it produces a high 
level of nitration and oxidation in proteins, lipids, and even it can 
produce fragmentation of DNA [32]. The precise nature of the 
reactive species derived from ONOO- decomposition remains 
controversial [33]; however, it is clear that ONOO- effect has a double 
response as it acts both, as an oxidant, but also as a nitrating reagent 
and its reactivity is strongly influenced by the presence of carbonate 
that effectively stabilises the nitrating species produced [34]. On the 
one hand, the diffusion-controlled rate of formation of ONOO- is 
about 1 x1010 M-1 s-1 [35, 36], under normal physiological conditions. 
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On the other hand, O2
*- produced in respiration and immune defence 

processes, will be intercepted by the enzyme SOD with a rate of 
dismutation of about 2.3 x104 s-1; however, when *NO level in the 
proximity of the activated phagocytes reaches a concentration higher 
than about 10 µM, then the target flux for *NO with O2

*- becomes 
broader (~ 105 s-1) than that estimated to be catalysed by SOD and 
consequently the reaction between both radicals to produce ONOO- 
becomes more relevant than the dismutation of the O2

*- [37]. As far as 
the physicochemical properties are concerned, the pKa of the 
peroxynitrous acid is 6.8 [38] and it has a great ability to diffuse 
through membranes, since the permeability coefficient was calculated 
to be 8 x10-4 cm s -1, which is comparable to that of H2O and about 
400 times higher than that of O2

*-, which allows ONOO- widely spread 
from the place of origin [39].  

 
Notably, ONOO- can induce modifications of proteins through 

nitration of Tyrosine (Tyr), oxidation of methionine (Met) and 
tryptophan (Trp), and nitrosylation of cysteine (Cys) residues. 
Nitration in proteins is a patho-physiological process [30, 40, 41, 42] 
and the formation of 3-nitro-tyrosine (3-NT) in vivo is the most 
common biomarker for RNS production and was first proposed by 
Ohshima’s group [43, 44]. Despite this there are also important side 
reactions that additionally form hydroxylated species that tend to 
form dimers [45]. It was also found to inactivate the enzyme 
glutathione reductase (GR) when nitrating Tyr103 and Tyr114 [46]. 
ONOO- also can produce the formation of carbonyl groups in proteins 
and an unspecific fragmentation of the protein. Protein modification 
grade by *NO or ONOO- plays an important role as biomarkers of 
oxidative stress course. Figure 1.5 shows a diagram of the large 
number of possibilities of intracellular and extracellular ONOO- cycles. 
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Figure 1.5. Scheme of ONOO- reactions in aqueous and lipid 

phases. Source: Su and Groves. Inorg. Chem. 2010. [37] 
 
Generally, most of those species listed in Table 1.1 can be 

formed everywhere and then it does not make sense to correlate 
these species as biomarkers of any specific damage in the cell. 
Biomedical research in this field has spread in the recent decade, but 
the bases on how these mechanisms are produced in detail are still 
unknown, since the short time of life of these particular radicals is so 
short that its determination is difficult and the possible by-products 
can exponentially multiply [47, 48]. 
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1.2.3. SCAVENGERS AND ANTIOXIDANTS 
 
Hydrogen peroxide, nitric oxide radical, superoxide radical 

anion and peroxynitrite anion all react with biological target 
macromolecules. As mentioned before, these species can cleave DNA; 
oxidise lipids and proteins producing then a gain or loss of protein 
functions due to the interactions with them. Some of these chemical 
interactions can affect the carefully orchestrated signalling events 
that regulate important interactions with other cells, like homeostasis 
or cell-killing, related to the initiation of apoptosis or pathological 
mechanism of protection, which may be the root for many diseases 
development. Nonetheless, the presence and performance of these 
species may not be automatically considered as detrimental since, 
they can also be involved in gene regulation and transcription. Indeed, 
biomedicine is putting immense effort on the synthesis of new 
families of pharmaceutical compounds that will allow probing the 
nature, mechanism and outcome of oxidative stress events. 

 
Generation of ROS/RNS is blocked by the action of antioxidant 

enzymes such as peroxidase, catalase or superoxide dismutase, or 
redox molecules like β-carotene, glutathione, carnitine, vitamin E 
(constituted mainly by tocopherols and tocotrienols) and vitamin C (L-
ascorbic acid), and the nucleotides nicotinamide adenine dinucleotide 
(NAD+) and nicotinamide adenine dinucleotide phosphate (NADP+), 
which are converted to NADH and NAPH, respectively, when they 
accept electrons from other molecules, see Table 1.2 composed by 
two sections: A and B [49].  

 

A. Different types and examples of 
antioxidant species blocking the effect of 
ROS/RNS inside the living cells. 

Proteins and Enzymes Metallic ions 

Peroxidase Fe2+ 

Superoxide Dismutase Fe3+ 

Catalase Cu2+ 

Cytochrome c Ca2+ 

Hemoglobin Mg2+ 

Myoglobin Mn2+ 
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B. Different types and examples of antioxidant species blocking the effect of 
ROS/RNS inside the living cells. 

Biomolecules 

                                

L-Ascorbic acid (Vitamin C)                            Carnitine 

 

Tocopherol (Vitamin E)   

 

β-carotene          

 
Glutathione         
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NADH                                                                            NADPH 

                                         

L-Methionine                                                                    L-Cysteine    

L-Cystine               

 

Table 1.2. Example of most common types of antioxidant 
species that are found in living cells: A. Metallic ions, proteins and 

enzymes. B. Biomolecules. 
 

Biomedicine presents a wide number of approaches to fight 
against oxidative stress, as mitochondrial oxidative damage plays an 
important role in the etiology of numerous oxidative stress-mediated 
clinical disorders. One of the possible approaches could be the 
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enrichment of the tissues with antioxidants, which has been 
satisfactorily investigated in in vitro experiments. For example, 
enzymes like the mitochondrial phospholipid hydroperoxidase 

glutathione peroxidase (PHGPx) [50] and the manganese-superoxide 

dismutase (MnSOD) [51] have consistent effects upon its 
overexpression in cells as they significantly reduce the levels of lipid 
hydroperoxydation and O2

*- production. Similarly, tocopherol is 
critical for cytoprotection against oxidative stress-derived damage, 
although is not produced by mammalian cells. Tocopherol is a 
membrane-bound antioxidant that scavenges oxygen radicals and 
protects lipids, nucleic acids and proteins against peroxydation [52, 
53]. This is one of the causes that many anti-ageing and dietary 
treatments are based on this antioxidant. Carnitine’s properties have 
been also widely studied as it is a physiologically relevant antioxidant. 
It contributes to (i) the upregulation of the level of glutathione, and 
(ii) the elevation of the activities of antioxidant enzymes. Besides 
carnitine (iii) reacts with O2

*- and hydrogen peroxide, (iv) chelates 
iron, (v) prevents either lipid peroxydation or (vi) DNA cleavage [54, 
55]. Molecularly, carnitine transports long-chain fatty acids into the 
mitochondrial matrix across the inner membrane, it is a cofactor in 
the peroxisomal oxidation and plays a key role in the central nervous 
system as it mediates the transfer of acetyl groups for acetylcholine 
synthesis and affects signal transduction pathways and gene 
expression. 

 
Methionine is the most facile biomolecule to be oxidised for 

two reasons: the sulphur atom is very accessible and the methyl 
group can combine with active free radicals that converts Met into 
the very best scavenger for ROS/RNS [56-60]. Met is a source of 
sulphur in the body as it is the precursor of other sulphur amino acids 
such as Cys, biomolecules such as taurine and glutathione and it is a 
methyl donor essential for the formation of DNA and RNA, helped by 
the action of cofactors such as choline, folic acid, magnesium and 
vitamins B6 and B12 [61]. Since Met can not be synthesized in the 
body it must be obtained from food supply and pharmaceutical 
supplements commercially available. 

 
Cysteines and cystines have a key role in the scavenging of 

ROS/RNS as they can be considered the guardians of the castle. The 
thiol residue is the most reactive in the side chain of proteins, it has a 
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pKa of 9.0-9.5 thereby the most found species in physiological 
conditions is the thiolate anion. The sulphur atom of Cys residues can 
exist in a variety of oxidation states, but disulfide and sulfonic acid are 
usually encountered, as a product of air oxidation and more potent 
oxidizing agents, respectively. Disulfide bonds between Cys form 
cystine residues and occur in some proteins with an angle of + 900 or -
900. Moreover, the thiol groups can add across double bonds, open 
the ring of ethyleneimine, and are readily oxidised by oxygen forming 
strong complexes with traces of transition metal divalent ions (i.e. 
Cu2+, Fe2+, Co2+, Mn2+, Mo2+). In fact, some methods for titrating thiol 
groups have used Hg2+ or stoichiometrical Ag+ to measure the spectral 
change when they are bonded. 
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1.3. ELECTROCHEMISTRY OF PROTEINS 

 
Proteins are the most abundant macromolecules in biological 

systems, regardless of its origin: fluids, cells or tissues, they are the 
most potential targets of ROS/RNS, and its big composition provides 
countless possibilities of products. Proteins have distinct functions: 
structural, defensive, enzymatic, contractile, transportation, regulator 
or reservation. The most sensitive amino acids residues in proteins to 
oxidative damage caused by free radicals are tryptophan (Trp), 
cysteine (Cys), methionine (Met), Tyrosine (Tyr), histidine (His) and 
phenylalanine (Phe). Radicals can attack at two distinct sites of the 

amino acid residues: the α-carbon or the side-chain of the amino acid 
residue. Then, protein integrity can vary in a large extent depending 
on the stability of the amidic bond (which keeps the 3D structure) 
either by hydrolysis, dimerization by cross-linking, the formation of 
new side chains or the loss of its structure or function by 
folding/unfolding of the protein.  

 
Considering the wide number of modifications that can be 

possible and the enormous correlation of the implication of ROS/RNS 
in the breakthrough in the discovery of human pathologies, it has 
been of recent interest the study of in vitro conditions in order to gain 
an insight on the selective modification of proteins, enzymes or other 
kind of active biomolecules. Proteins are the major functional 
molecules whose properties are so useful that they are employed as 
therapeutic agents and catalysts. Many diseases derive from 
mutations in proteins, which make them lose their function and some 
others result from impaired catalytic activity or the truncation of 
metabolic pathways. It is also well demonstrated that structural 
variation of proteins can lead to diseases, such as amyloidosis or 
muscular dystrophy [8-10]. Much cancer developments result from 
the mutation of some of the cancer suppressors which lose their 
activity as a consequence of the stability loss [17].  

 
Structural changes and dynamics of intermolecular ET in 

proteins in native cells are responsible of addressing cell membrane 
processes like ion pump regulation, electric field-related treats, ion-
transport channel functioning across the membrane and protein-
protein interaction [62, 175]. Thus, studies of protein structural 
characterisation and immobilization are of tremendous importance as 
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means of constructing biomimetic systems able to reproduce 
biological mechanisms. In this thesis, three widely used proteins in 
biochemistry such as: myoglobin (Mb), cyt c and lysozyme (Lyz) were 
chosen as model proteins for studying structural and functional 
changes after nitration and oxidation under the presence of different 
ROS/RNS chemically and electrochemically generated. Cyt c and Mb 
are two iron-based metalloproteins that have different functions and 
size, both of them are essential for cell development, and Lyz is a non 
metalloprotein with a variety of structures which possess important 
enzymatic functions also required for living. 

 

1.3.1. METALLOPROTEINS OF IRON: CYTOCHROME C 

 

Cyt c (Figure 1.6) is a 12.0 kDa membrane protein responsible 
for the ET in the transport chain and it may exist in solution in five 
reversible, pH-dependent conformational states with pKa’s values of 
0.42, 2.50, 9.35, and 12.76, denoted as states I, II, III, IV, and V, 
respectively [63, 64, 65, 66], Figure 1.7. In their later study, Copeland 
and co-workers demonstrated how the apparent pKa values of the 
transitions are affected in a concentration-dependent manner 
according to the anion present in the solvent. The iron in the native 
state of the protein (namely further on; N state) is found at 
physiological pH, pH 7.0, which is a prosthetic group formed by a large 
heterocyclic organic ring called porphyrin ring and a central iron ion 
(Figure 1.8) is complexed within the porphyrin axially to a methionine 
(Met80) and a histidine (His18), while it is covalently attached via 
thioether bonds to the polypeptide backbone throughout two 
cysteine residues (Cys14 and Cys17). Two factors make the reduction 
potential of the N state of cyt c (state III) unusually positive; the first is 
the stabilization effect of the Fe2+ state due to the π-electron 
accepting character of the thioether sulphur atom of Met80 and the 
second factor is the inaccessible position to the heme which is buried 
within a hydrophobic pocket, which also favours the ferrous state 
beyond the ferric [67, 68]. This hydrophobic core is formed by 
interaction of the N-terminal and C-terminal alpha-helices, along with 
one edge of the heme group [69]. 
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Figure 1.6. Horse heart cyt c structure obtained from the 
Protein Data Base (PDB) ID: 1HRC at PDB file [88]. 

 
Structural features of oxidised cyt c like secondary structure, 

hydrogen-bonding patterns and heme geometry, were reported by 
Bushnell and collaborators in 1990 [68]. In that work they reported 
that three out of five water molecules were located in the surface and 
they stabilized the polypeptidic chain conformations, whilst the other 
two were internally located. The first internal molecule of water is 
responsible of the mediation of the charge transfer between the 
heme propionate and an arginine residue (Arg38), while the second, 
much buried in the heme, is in charge of an H-bond to an asparagine 
(Asn52), a tyrosine (Tyr67) and a threonine (Thr78) and changes upon 
the oxidation state; therefore, it has an important functional role on 
the mechanism of the cyt c ET function. Other variables which affect 
cyt c function are the solution pH value, the ionic strength and the 
nature of the buffer composition. Depending on the pH value, cyt c 
acquires different conformational states, which are correlated with 
structure changes at the heme pocket of the protein and the ET 
processes. A wide number of studies are focused on conformational 
determination changes with pH value as well as the determination of 
transition states. For that reasons, this section spends a few 
paragraphs explaining alkaline and acidic isomerisations using 
spectroscopic and electrochemical information along the different 
conformational states that has been described in literature since 
nowadays. 
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Figure 1.7. Scheme of the different conformationals states of 

cyt c. 

 

 
 

Figure 1.8. Scheme of a heme group. 
 

Non-native states of cyt c have been studied in depth as they 
have a role, not fully understood, in apoptosis and cellular oxidative 
stress processes beyond the ET function [70- 72]. The effects on the 
protein stability and structure and furthermore, their influence in the 
heme coordination due to changes of pH, anionic strength and nature 
of the anions have been widely and extensively studied [73- 77]. In 
this respect, the alkaline isomerisation is known as the transition of 
cyt c from neutral pH conformation (state III) to alkaline pH (state IV) 
and results from the disruption of the Met80-Fe coordination bond 
and the introduction of a residue of lysine (Lys72) [78]. These covalent 
modifications seem to destabilize the proteins and therefore different 
approaches have been considered to study the stabilization of these 
conformers [79- 84]. Alkaline isomerisation is one of the most studied 
biochemical process as it occurs universally on cyt c in cells and 
involves one-proton exchange with a pKa 8.5-9.5 depending on the 
species [85]. The alkaline state presents a lower reduction potential 
than the N state which prevents the one-ET from cyt reductase to cyt 

c in the transport chain [86, 87]. The other main covalent transition 
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occurs at acidic pH values with the formation of the low-pH 
conformer (state II, pKa ~ 2.5) in which both axial ligands are 
protonated and detached from the iron, thus conforming a high spin 
configuration, in which axial positions are occupied by water 
molecules. Moreover, it has been reported that an intermediate state 
is formed in the process of denaturalisation towards the total 
unfolding of the protein by the Met80-Fe disruption (state II). This 
equilibrium-stable state is caused by a non-covalent modification and 
is called the molten globule state (MG) which has a pKa ~ 3.0 [88]. As 
explained above, there are numerous equilibrium stable 
conformations of the protein depending of the pH value and the 
nature of the salt, and it is thought that the relationship of the 
differences between kinetic intermediates and the equilibrium of MG 
state could probably be the key of the protein unfolding and refolding 
[89- 92].  

 
1.3.2. METALLOPROTEINS OF IRON: MYOGLOBIN 

 
Mb, figure 1.9, which is predominantly in skeletal and cardiac 

tissues, is a globular monomeric protein of predominantly α-helical 
which consists of a single polypeptide chain of 153 amino acids 
residues with a molecular weight of circa 17.5 kDa, organized into 
eight helical regions (labelled from A to H), and a non-covalently 
bound heme group [93]. The heme, buried in a relatively hydrophobic 
pocket interior to the protein located at 8-10 Å to the surface, has a 
six-coordinate geometry and binds His93 (located in the helix F) as the 
proximal ligand and a dissociable water as the sixth distal ligand. The 
proximal His-Fe bond is a covalent linkage between the heme and the 
protein. The protein presents two Tyr residues; the closest to the 
heme group is referred as Tyr103, while Tyr147 is less accessible to 
the solvent and far from the heme. 
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Figure 1.9. Equine skeletal muscle Mb structure, PDB ID: 1WLA 
at PDB file [94]. 

 
Mb was one of the first proteins from which X-ray structure 

was determined [95, 96], therefore, the structural and physiological 
characterisation of this model protein are widely known. Mb binds 
oxygen in the reduced form, Fe2+ state, and this binding results in a 
transition from high-spin to low-spin state of the heme iron. The 
reduced, oxygen-free form is referred as deoxy-Mb, the oxygen-
bound form as oxy-Mb, and the functionally inactive, oxidised state as 
met-Mb. Upon reduction, the Fe-water bond breaks and this water 
vacancy on the distal heme face reversibly binds small molecules. The 
structure has been determined for the three forms mentioned, in the 
deoxy-Mb form; the penta-coordinate iron atom lays 0.42 Å out of the 
plane, towards the proximal His. Molecular dynamic studies have 
demonstrated that local structural fluctuations permit the oxygen 
penetration. It is of particular interest to mention that human Mb 
differs from the other known mammalian Mbs in the presence of a 
Cys residue at position 110, which preserves *NO bioactivity through 
the formation of an S-nitrosothiol group at this Cys110 position and 
regulates *NO in vivo by formation of NO3

- or the iron-nitrosyl human 
Mb [97].  

 
Physiological functions of Mb are storage and transport of 

oxygen as well as the mediation of oxidative phosphorylation [98], 
nitration [99] and oxidation of phenolic substrates [100- 105]. 
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Another function of Mb involves catalytic reactions on exogenous 
substrates to yield the sulfoxidation of organic sulphides and lipid 
peroxydation [106, 107, 108, 109]. Furthermore, Mb is one of the 
most studied redox proteins to evaluate and characterize ligand-
protein complex formation [110]. Reversible binding of small 
molecules such as water, oxygen, Nitric oxide radical or carbon 
monoxide at the heme group have been evaluated and correlated 
with physiological functions and conformational changes of Mb [111]. 
Spectroscopic and electrochemical studies have been performed in 
aqueous media [112, 113, 114, 115] and non-aqueous media [116, 
117] in order to characterize the relevant redox forms of Mb as it has 
been demonstrated that it is also catalytically active in this kind of 
media. Likewise, Mb has been reported to be used as intracellular 
signalling since oxy-Mb rapidly reacts with *NO to form met-Mb and 
NO3

- [118]. 
 
1.3.3. NON-METALLOPROTEINS: LYSOZYME 

 
Lysozyme (Lyz) is a small non-metallic protein that has been 

widely reported as it is a model protein constituted by 129 amino 
acids residues with a molecular weight of 14.3 kDa, and its 3D-
structure (see Figure 1.10) contains a variety of 3D forms: two α-
helices, five β-sheets, two loops and four disulfide bonds. It is present 
in numerous types of secretions like saliva, tears, mucus. It was the 
first enzyme to have its structure crystallographically determined 
[119, 120] but until that time there was not much known about its 
function. Lyz hydrolyzes various oligosaccharides, especially those of 
bacterial cell walls from Gram-positive species [121]. 
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Figure 1.10. Lyz structure obtained from PDB ID: 1DPX at PDB 
file [122]. 

 
The enzyme’s active site is a cavity capable of binding 

simultaneously six sugar residues of an appropriate polysaccharide at 
subsites designated as A-F. Binding at all six subsites is important for 
catalysis because the enzyme hydrolyzes a hexasaccharide 107 times 
more rapidly than it does a disaccharide [123]. Hydrolysis of the cell 
wall occurs between sugar residues at positions D and E. The side 
chain of Glu35 lies in a predominantly non-polar region near the 
bottom of the cavity, while Asp52 lies in an essentially polar region on 
the left-hand side of the cleft and appears to be in a network of 
accepting hydrogen bonds [124]. Moreover Glu35 would act as a 
proton donor facilitating the formation of a hydroxyl group with the 
bridge oxygen atom and the release of positions E and F [119]. This 
complex scenario for the enzyme activity is important when oxidative 
stress occurs since it would lead to conformational changes. For 
example, nitration of Tyr53, which is embedded in the cleft, might 
have dramatic consequences in the enzyme activity. Therefore, small 
3D changes in Lyz produced by ROS/RNS would be involved in the loss 
of activity. 
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1.3.4. ELECTRON TRANSFER STUDIES OF METALLOPROTEINS 

 
The electrochemistry of metalloproteins is an important area 

of research in bioelectrochemistry because of its fundamental role in 
a plethora of biological processes and sensing applications [125- 127]. 
Interfacial interactions of ET between proteins and electrochemical 
platforms are widely studied with the aim of providing an insight into 
in vivo behaviour, which can be exploited in bioelectrocatalytic 
systems [128, 129]. Heterogeneous rates of ET have been reported to 
a wide range at bare metallic electrode surfaces ranging from slow ET 
i.e. irreversible, to very fast ET, i.e. reversible utilising chemically 
modified electrodes. Nowadays, the ET of redox proteins is possible to 
be studied by bioelectrochemistry nowadays since there is a direct ET 
between the protein adsorbed on the surface and the electrode. Even 
if the active site of the protein or enzyme is far away from the 
electrode surface it is possible to “wire” the ET and make the 
interaction happen.  

 
Bond and collaborators described a microscopic model to 

explain the ET kinetics of proteins attached to electrodes [130]. This 
model overwhelmed the previously considered macroscopic approach 
which interpreted the protein being transported to the surface by 
linear diffusion followed by quasi-reversible ET. The microscopic 
model implied that the redox proteins and enzymes interacted only 
through the electroactive sites of the electrode resulting in a fast rate, 
which may be similar to the protein-protein or enzymes interactions 
that occur in nature. For example, they claimed that the 
electrochemistry of cyt c could be postulated by a stabilisation layer 
of oriented adsorbed proteins in the surface and the other molecules 
in the solution, which means that the process is a mixture of 
reversible (diffusion-controlled) and irreversible (adsorption 
controlled) pathways.  

 
Cyt c is a well characterized ET protein [131] and is 

consequently used as a test system for redox reactions studies. 
Moreover, cyt c participates on the ET chain undergoing different 
oxidative and reductive cycles without any oxygen binding [132, 133]. 
The electrochemistry of redox active proteins at bare metallic 
electrodes is generally considered to be poorly defined and 
irreversible. However, reversible kinetics can be achieved for purified 
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cyt c solutions at bare metal electrodes after extensive pre-treatment 
[134]. Consequently, the general approach for the electrochemistry of 
cyt c generally involves the use of mediators supported on electrode 
surfaces [135-138]. In spite of this, Davis and co-workers were the 
first to demonstrate that cyt c could be electrochemically quantified 
on purified carbon nanotubes [139], single-walled carbon nanotubes 
(SW-CNTs) [140] and multi-walled carbon nanotubes (MW-CNTs) 
[141] modified electrodes with the former indicating that 
voltammetric profiles were only possible after activation via an 
extensive electrochemical pre-treatment. This mediator free 
approach has been recently extended using gold nanoparticles 
modified electrodes [142] and more recently also with graphene [143, 
144]. Furthermore, appropriate chemical or electrochemical pre-
treatment of some carbonaceous electrodes such as boron doped 
diamond (BDD) [145, 215] or exfoliated graphite where the electrode 
surface is activated [146], can give rise to quasi-reversible direct ETs 
of cyt c; these well-defined voltammetric profiles has been inferred to 
be due to its functionalization and favourable electrostatic 
interactions.  

 
Screen printed graphite electrodes (SPGEs) have been also 

examined for studying the ET of cyt c when the protein has been co-
immobilized with enzymes using thiol monolayers [147, 148]. 
Similarly, based on SPGEs modified electrodes Chen et al. studied the 
direct electrochemistry on MW-CNTs incorporated with DNA 
biocomposite films [149]. Pioneer work by Hart and Abass firstly 
stated the direct electrochemistry of cyt c at plain and membrane 
modified SPGEs. However, they only observed an electrochemical 
response at plain electrodes behaving as an array of microelectrodes, 
where the mass transport occurred by radial diffusion [150]. Some 
other works show the protein immobilized on CNTs modified 
electrodes (and within the nanotubes) giving rise to well-defined 
electrochemical profiles [151- 153]. There are also studies on 
platinum, gold and carbon electrodes which provided unmediated 
electrochemical behaviour of cytochromes [154]. Functionalities 
residing at the carbon electrode surfaces, usually upon edge plane 
like- sites/defects, ensure favourable electrostatic interactions with 
proteins; BDD electrode is commonly used for protein ET studies, 
since it has a wide potential window in aqueous solutions and low 
adsorption capacity [128, 140]. Studies on cyt c immobilization on a 
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surface of a basal plane graphite in a room temperature ionic liquid 
[155], on silicon dioxide nanoparticles-modified electrode [156], on 
clay colloidal-membrane [157] obtained a clear direct ET.  

 
Immobilization of cyt c at different surfaces has been 

performed following different approaches by Millo and collaborators 
[158], Murgida and co-workers [159], and Ataka and Heberle [160] 
who studied by SERS and by SEIRAS [161, 162]. In this respect, this 
thesis must consider the recent study of Xia and collaborators who 
proved that the interfacial electric field plays a crucial role in the 
direct electrochemistry of proteins [163]. Cotton’s group reported the 
hypothesis of the gated mechanism for the ET at the interface of the 
modified electrode and the configurational rearrangement of cyt c 
[164]. Other groups like Whitesides’ group [165] or Gooding’s group 
[166] also reported the use of self-assembled monolayers (SAMs) for 
the immobilization of cyt c, but contrary to the most common studies 
on carboxyl-terminated SAMs, they used trimethylammonium and 
pyridinyl, respectively, which resulted in an immobilization of a 
monolayer of cyt c whose conformation rapidly exchanged electrons 
with the electrode, while the carboxyl-terminated ET rates were 
proton-dependent. SERS spectrochemical results by Kranich and co-
workers showed that the orientation of immobilized cyt c on SAMs 
depends on the electrode potential and the charge density of the 
coating [167]. Recently, new nanomaterials such as graphene 
embedded in a matrix of poly (3, 4-ethylenedioxythiophene) 
supported on a glassy carbon (GC) electrode were used to immobilize 
and obtain a direct response and a biocatalytic activity [168]. There 
are also some interesting applications of cyt c on the direct and 
mediated ET of enzymes like the fungal cellobiose dehydrogenase 
[169] or the formation of an electro-active multilayer of cyt c/DNA 
assembly to immobilise glucose dehydrogenase [170]. 
 

1.3.5. STRATEGIES FOR CHEMICAL OR ELECTROCHEMICAL 

COVALENT MODIFICATION OF PROTEINS 

 
The aim of biotechnology and biomedicine relies in the 

availability to find oxidative stress biomarkers which could make a 
diagnosis on the grade or progress of the damage. On the other hand, 
the tools that the selective modifications offer are in fact that the 
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reactivity, stability or specificity of the proteins per se can be altered 
or functionalised in a tuneable way. The modifications would allow 
different applications in the field of biomedicine since, for instance, a 
fluorescent molecule can be inserted in the protein of interest to be 
labelled, or a suitable modification can be made for their use in 
immunoassays. 

 
Modification of proteins can be carried out by conventional 

methods such as protein engineering, physico-chemical methods like 
ultrasound application or by the use of chemical or electrochemical 
reactants. Chemical modification of proteins and enzymes can 
produce the loss of specificity or structure as in most of the cases it is 
necessary to heat the sample, or to use very strong 
oxidation/nitration reaction conditions, or toxic reactants like 
tetranitromethane [171, 172], ONOO- [173], HClO [174], and H2O2 
[175, 176]. Such conditions are time-consuming and need complex 
separation and purification steps. By contrast, protein engineering 
requires the use of highly expensive equipments, sophisticated 
methodology and it is limited to modification or substitution of 
natural amino acids. This pool of techniques can, for example, replace 
a Tyr by a Phenyalanine (Phe) in a specific position of the chain but it 
can not, for example, create a modification in the proper Tyr, such as 
nitro-Tyrosine, as it may occur in vivo. More in detail, the addition of a 
nitro group confers particular physicochemical properties to the 
modified amino acid and the corresponding proteins, which may have 
important functional consequences, as even nitrated proteins have 
been considered to present a stable covalent modification; there is 
evidence that it may confer in vivo denaturalization processes. 

 
Ultrasound irradiation has been applied in several methods as 

an optimum method for extracting [177], crystallisation, freezing, 
emulsification, filtration, drying or fragmenting analytes in a mixture 
[178]. Volatile compounds extracted from mixture solutions could be 
used for isolating and then for identifying the origin and quality of the 
samples. Proteins exposed to ultrasound may be damaged, e.g. 
trypsin [179], cyt c [180], and Lyz [181, 182, 183]. The influence of 
different factors on the transfer of output power into the medium by 
ultrasounds as mechanical and chemical changes has been well-
established in the literature [184, 185]. Specifically, most of the 
effects of ultrasound have been ascribed to the cavitation 
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phenomenon through two main mechanisms: the mechanical damage 
generated by the high pressures attained, strong shear forces and 
microstreaming, and the chemical reactions due to the free radicals 
formed by water sonolysis [186]. The implosion of bubbles during 
cavitation causes the appearance of hot spots where very high 
pressures and temperatures during very short times have been 
detected [186]. Mechanical stresses, such as shear forces generated 
during stirring, induce Lyz inactivation and these inactivated enzymes 
interact hydrophobically promoting aggregation [187].  

 
Electrochemical methods are a very useful tool to modify 

proteins selectively and specifically at different amino acids residues 
[225]. A correct selection of the electrochemical parameters; 
electrode pre-treatments, charge transferred and electrode nature 
could result in the desired selectivity of the extent of modifications as 
well as the retention of the protein activity or function. For instance, 
the electrolysis carried out by a controlled potential offers soft 
conditions to nitrate only the specified Tyr residue without the 
existence of co-products or excess of reactants [188]. The other 
potentialities range from the radio-labelling, the immobilization in a 
matrix by the formation of a covalent bond for biosensors 
development or the mass production of modified model proteins for 
biomedical pathophysiological studies related to oxidative damage 
diseases. Conventional methods can, in fact, be complementary to the 
electrochemical as they can be adapted to the formation of new 
modified proteins or the manipulation of its nature. Furthermore, 
nitrated proteins are implicated in host tissue injury in a variety of 
pathological conditions involving oxidative stress [189-, 190, 191, 
192]. In this respect, enhanced oxidative stress has been detected in 
the presence of nitrated proteins in a wide number of 
neurodegenerative disorders such as Alzheimer’s [193, 194], cancer 
[195], cerebral malaria [196], Creutzfeldt–Jakob disease (CJD) [197] 
and Parkinson’s diseases [198]. 

 
1.3.5.1. OXIDATION 

 

From a biochemical point of view, the oxidative modification 
of proteins has been widely studied showing the protein 
oligomerization as a result of the damage of the protein via carbonyl 
derivatives generation and di-tyrosine bonds formation. The resulting 
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oxidative damage of H2O2-sensitive amino acids (Met, Tyr and His, 
among others) was caused by free radicals in the presence of H2O2 
[199] generated by a mixture of Fenton reaction of the free Fe-
released from the oxidative-damaged protein and its peroxidase 
activity. At physiological pH, the O2

*- can dismutate to H2O2 and 
oxygen through the participation of SOD enzyme present in 
mammalian aerobic cells [200]. The fact is that H2O2 is considered as a 
more potent cytotoxic chemical agent than O2

*-, since it is involved in 
the generation of hydroxyl radical and therefore prompting a wide 
number of covalent modifications at proteins [201].  

 
The effect of chemical oxidation of proteins by H2O2 has been 

a subject of study during the last decade regarding the physical 
chemical and biochemical studies using a wide number of Fe 
metalloproteins such as Mb [202, 203], ferritin [204] or cyt c [205, 
206]. Some studies have been performed on the electrocatalysis of 
cyt c modified electrodes towards the response of H2O2, such as the 
work by Yagati and collaborators [207], and Wang’s group [208]. In 
this sense, McNeil’s group presented the cyt c immobilization at a 
carbodiimide-modified electrode as an amperometric sensor to 
measure the response to O2

*- production [209]. Studies on the 
electrooxidation of proteins (Lyz, cyt c, Mb, bovine serum albumin 
(BSA)) on BDD electrodes coupled to mass spectrometry for the 
identification of different covalent modification and a comparison of 
GC and BDD electrodes have been also reported, such as for instance, 
some of the work presented by Fujishima’s group [210]. 

 

1.3.5.2 NITRATION 

 
Nitration of Tyr in proteins is a marker of oxidative stress 

leading to inflammation in vivo and has been widely modelled by a 
number of chemical nitrating agents, mainly using ONOO- because of 
its biological relevance [211-213], or in the presence of H2O2 [214] 
and NO2

- via formation of nitrating nitrogen dioxide species catalysed 
by heme proteins [99, 215- 217]. This modification has been 
extensively examined in the study of mechanisms that leads to 
different diseases [218], since Tyrosyl residues are the principal 
targets of the ONOO- attack by forming 3-NT [219] as well as 
hydroxylation and di-tyrosine formation [220- 224]. In contrast, 
chemical nitration can also produce other modifications at a wide 
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variety of aromatic ring-containing compounds such as Phe, Trp, Tyr 
and as well as thiol-containing amino acids residues (Cys and Met) 
[225]. 

 
There are some studies on the structural consequences of 

nitration of proteins that demonstrate its relevance in oxidative stress 
processes, such as the inactivation of GR enzyme [196], remote 
covalent modification of 3-NT at the microenvironment of the heme 
in cyt c [226] and the copper-catalysed pH dependent nitration of 
Cu,Zn SOD [227] by ONOO-. Witting and co-workers magnificently 
reported the chemical nitration of Tyr103 on human Mb [228]. Recent 
work presented by Moreno’s group based on computational methods 
for analysing the effect of the negative charge of the nitrated Tyr of 
Mn SOD opens the field to the evaluation of structural aspects of 
nitrated proteins [229]. The efficacy of the electro-oxidative nitration 
of a number of enzymes and metalloproteins [230, 231, 232] with 
high specificity on the nitration site, using electrodes such as copper, 
platinum or BDD has been recently demonstrated. But comparing 
metallic and carbonaceous electrodes, more retention of the enzyme 
activity was achieved using the later electrodes [233].  

 
Before moving beyond this introduction, Scheme 3 outlines 

several key questions derived from sections 1.1, 1.2 and 1.3. Next, this 
introduction retends to underline the implication of oxidative stress 
firstly on metabolomic changes in complex culture media and 
secondly what is the role of electrochemical tools on the design, the 
development and monitoring of species implicated directly or 
indirectly in oxidative stress processes. 
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Scheme 3. Questioning remarks outlined from sections 1.1, 1.2 and 1.3. 
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1.4. METABOLOMICS IN BIOLOGICAL COMPLEX MEDIA 

 
Metabolite levels closely express cellular functions normality 

as they reflect the upstream activity of genes and proteins. 
Pathophysiological conditions that may disrupt normal behaviour and 
homeostasis in cells would result in altered metabolic levels and/or 
profiles. The variation of endogenous metabolites through the 
analysis of a given biological matrix (e.g. culture cell media, biofluids 
like urine, plasma or tissues and cells) could derived on the 
establishement of relationships between those metabolic fluctuations 
and specific pathophysiological conditions or external perturbations. 
There is a great interest in biomarkers as they will be useful in 
following and predicting disease progression or response to therapy 
[234]. At this point, oxidative stress-induced diseases or dysfunctions 
can be detected and monitored by metabolomics. 

 
The prominent increase of disorders and diseases related to 

metabolites has indeed made a great deal on the improvement of 
their measurement. Several pathologies have been extensively 
investigated throughout metabolomics including cancer, diabetes, 
cardiovascular, infertility and neurological disease [235- 237]. Lately, 
some other diseases like asthma [238], celiac disorder [239], hepatitis 
B [240], uremia [241], appendicitis [242] and even infectious diseases 
such as human immunodeficiency virus (HIV) have been proved to 
have a significant impact on metabolome (referred to the full 
complement of metabolites present in a cell, tissue or organism) 
[243]. Metabolic reprogramming of cancer cells due to oxidative 
stress damage drifts dramatically from healthy cell. For instance, 
cancer cells show distinct metabolic behaviour as its anomalous cell 
proliferation requires facing the limited nutrient and oxygen 
availability. Then, a higher glycolytic activity is observed and an 
enhanced glucose uptake as well as an increase of de novo 
biosynthesis of nucleotides -via the pentose phosphate pathway-. 
Moreover it is also observed increased glutaminolysis and a shift in 
citrate metabolism from oxidation to lipogenesis [244, 245]. In their 
last contribution, Kroemer and Pouyssegur [245] showed an extensive 
report studying potential metabolic targets. Moreover, they proved 
the importance of controlling those targets for identifying and 
controlling a desired effect for the treatment of different cancers. 
They described the seven non-metabolic characteristics of neoplasia 
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(term used to refer to an abnormal proliferation that causes a big 
mass of tissue) and called them the seven cell hallmarks of cancer. 
Cancer cells evade apoptosis, tissue invasion and metastasis; they 
preserve the blood vessels from which they obtain nutrients 
(angiogenesis); they are conferred with a limitless replicative 
potential; cells either produce growth hormones or inherently have 
an uncontrolled cell division; cells avoid immunosurveillance 
provoking that white blood cells (lymphocytes) do not recognize and 
eliminate the transformed cancer cells; and finally cells turn out to be 
insensitive to antigrowth signals allowing then an abnormal cell 
growth. Figure 1.11 is a good example of the seven hallmarks that 
explain the difference in the molecular changes that are 
mechanistically linked to metabolic reprogramming of cancer cells. 

 

 
 

Figure 1.11. Hypothetical example on the links on tumor 
metabolomics and the seven cancer hallmarks. Figure adapted from 
source: Kroemer and Pouyssegur, Cancer Cells, 2008 [245]. 

 
The metabolic alterations and the seven non-metabolic 

distintive processes of neoplasia are depicted in the circle of Figure 
1.11. Centripetal arrows (pointing from the inside outwards) indicate 
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how the seven hallmarks of cancer can impinge on metabolism. 
Centrifugal arrows (pointing from the outside inwards) illustrate how 
neoplasia-associated metabolic reprogramming can contribute to the 
acquisition of the seven hallmarks. Some definitions are: Ang-2 
(angiopoietin-2), GLUT (glucose transporter), HIF (hypoxia-inducible 
factor), HX (hexokinase), OXPHOS (oxidative phosphorylation, PGM 
(phosphoglycerate mutase), PI3K (phosphatidylinosotiol 3-kinase), 
SCO2 (synthesis of cyt c oxidase 2) VDAC (voltage-dependent anion 
channel), VEGF (vascular endothelial growth factor).  

 

In this respect, metabolomics is the science of the small 
molecules which are involved in biochemical processes and it has 
been shown that this approach can provide a great deal of 
information of the real-time situation of a biological system within a 
biochemical approach [246, 247]. Metabolomics is the process of 
simultaneous monitoring and evaluating changes and dynamics of 
biological systems [248]. The need of analysing simultaneously the 
plethora of metabolites in biological fluids such as cell or tissue 
extracts [249]; urine [250]; plasma [251]; seminal, amniotic [252, 253] 
or cerebrospinal fluids has consequently made metabolomics an 
encouraging and young science which can provide an integrated view 
of the whole system [254, 255]. Note that metabolomics is not only 
focused on biomedical studies, but also it can be used in other areas 
such as the study of wine fermentation or the evaluation of malolactic 
fermentative characteristics of yeast strains [256, 257]. The majority 
of these metabolomic studies include conventional high-performance 
liquid chromatography (HPLC) coupled to UV-Vis, fluorescence, 
refraction index or electrochemical detectors [258], as well as more 
sophisticated techniques such as mass spectrometry (MS) [259, 260] 
and high field nuclear magnetic resonance (NMR) [261]. 

 
Nevertheless, such sophisticated spectroscopic and 

spectrometric techniques can be used all together for metabolomic 
studies. In this respect, 1H NMR is applied for a wide number of in vivo 

fluids, as shown in Figure 1.12. 
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Figure 1.12. Typical 1H NMR spectra of biofluid samples: (a) 
blood plasma, (b) urine, (c) hepatic bile, (d) amniotic fluid, recorded at 
600 MHz. Source: I.F. Duarte, A.M. Gil, Prog. Nucl. Mag. Res. Sp. 2012. 

[234]. 
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1.4.1. METABOLOMICS OF EMBRYO CULTURE MEDIA  

 

At this part of the introduction metabolomic studies of cell 
culture media are reintroduced. In particular, the use of cell culture 
media for the development of embryos in human or animal 
reproduction, which is an emerging field nowadays, since infertility 
problems are increasing more and more due to cultural, social and 
economic factors. 

 
Requirements in reproductive biomedicine for the 

improvement of in vitro fertilization (IVF) rates involve the evaluation 
of embryo morphology, the embryo viability to implant, and the 
optimum complex medium composition [262]. Parameters evaluated 
to select the best embryo to transfer are embryo morphology and 
embryo development during cleavage from blastocysts to morula 
stage [263]. However, contrary to the expected results, sometimes 
embryos considered as inappropriate may end up with a positive 
development while conversely embryos considered as appropriate 
may not. 

 
Immense effort has been put into the study and optimisation 

of the perfect culture medium composition because although the 
embryo nutritional needs in early stages of development are reflected 
in the female tract, in vitro conditions are not definitely known and 
consequently the necessary elements for the cell growth are unknown 
[264]. Figure 1.13 shows the evolution of the oocyte during the first 
week of life from ovulation (1) to the implantation stage (2) [265- 
267]. During the first day of cleavage in vitro, the embryo has a low 
metabolic rate, with a limited capacity to use glucose and for this 
reason, generates energy from low level oxidation of pyruvate, lactate 
[268] and nonessential amino acids [269, 270]. After the compaction 
stage (more than 4 cells), the embryo begins consuming glucose 
through oxidative glycolysis and utilises nonessential and essential 
amino acids for cellular proliferation and differentiation [263, 264, 
271, 272]. Generally, amino acids are critically involved in functional 
pathways including the biosynthesis of intermediates, metal chelators 
or antioxidants, the sources of energy and also are related with the 
regulation of the energy metabolism [273]. 
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Figure 1.13. Stages on the in vivo development of the embryo 

before implantation. Source:, www.aagklithopedion Dec 2012. [266]. 
 
Several strategies have been proposed to improve embryo 

culture media [264, 274] and recent research in the field has focused 
upon examining correlations between the consumption and excretion 
of metabolites with success of implantation [275]. Since the 1990s 
some researchers have attempted monitoring of metabolites such as 
lactate and pyruvate as reported by Conaghan and co-workers [274], 
and others have focussed on glucose [273, 276] and their effects on 
the determination of pregnancy rates in embryos. Most of those 
studies reported complex and lengthy analytical determinations 
requiring expensive equipment such as ultramicrofluorescence 
spectroscopy [277, 278]. That analytical approach was reported to be 
useful for determining the metabolites of interest using small sample 
volumes, typically microlitre volumes of a simple culture media, which 
lacks essential components such as amino acids. However, the 
scenario is completely different when analysts wish to tackle the 
analytical monitoring of a much wider number of metabolites, 
including amino acids, vitamins, and proteins. 
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More recently and due to the complexity of commercial 

culture media, the use of non-invasive and elaborate methods based 
on chemical monitoring [279], proteomic assessment [280- 282] and 
spectroscopic techniques [275, 283- have emerged in metabolomics 
and have been used as complementary techniques to morphologic or 
genetic methods [288, 289] to assess embryo viability. These studies 
have facilitated and improved the effectiveness of assisted 
reproduction techniques (ART), enabling better embryo selection and 
reducing the number of transferred embryos. Particularly, some of 
these have been used for monitoring embryonic culture media, 
including the study of amino acids (alanine, glutamate and leucine), 
glucose, lactate and pyruvate [284] via NMR and the analysis of 
embryos protein expression (secretome) by surface enhanced laser 
desorption and ionization time-of-flight mass spectrometry (SELDI-
TOF-MS) [290].  

 
With regard to the main topic of this thesis, the role of 

oxidative stress in human reproduction has also evoked a great 
interest; since it has been proved that it is the main cause of fertility 
problems. Oxidative stress is implicated in a number of different 
scenarios such as oocyte maturation, hydrosalpingeal fluid, 
necrozoospermia, sperm, DNA-damage, endometriosis, 
folliculogenesis and also in the defective embryo development [291]. 
It is generally accepted that in vitro set-up may cause higher oxidative 
stress conditions than in vivo and therefore the impossibility of 
mimicking the optimal conditions is faced [292]. Nevertheless, great 
efforts have been developed by large studies on the composition of 
culture media. In this sense, culture media are designed with a double 
purpose, being the source of the nutrients requirement by the 
embryo and containing the defence system able to neutralize 
ROS/RNS roles or activities. Those defender barriers consist of 
enzymes such as: CAT, SOD, GPx and GR, and numerous non-
enzymatic antioxidants such as vitamin C, vitamin E, vitamin A, 
pyruvate, glutathione, lipoic acid and taurine. Nevertheless, oxidative 
stress indices in the female reproductive system like the 
measurement of GPx activity in follicular fluid have been positively 
correlated to fertility. On the other hand, oocytes and embryos 
contribute to the increase in ROS/RNS levels because of their 
metabolism and the lack of a protective antioxidant environment. 
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Moreover cells cultured in vitro are exposed to a hyperoxic 
environment as due to the exposure to oxygen compared to in vivo 
conditions [293]. 

 
1.4.2. ELECTROCHEMICAL MONITORING AND DETECTION OF 

METABOLITES AND OXIDATIVE STRESS SPECIES: STATE-OF-THE-ART 
 

Electrochemical methods for the detection of amino acids, 
peptides, and proteins are based on direct or mediated inherent 
redox processes and interfacial ion transfers. The design of 
electrochemical sensors plays a crucial role in their consequent 
behaviour; its response is dependent on the composition of the 
matrix rather than on the electroactive nature. There are eight big 
groups of sensors depending on its nature: solid membrane, liquid 
membrane, modified paste electrodes, gas sensors, biosensors, 
immunosensors, sensor arrays and microelectrodes. 

 
The behaviour and reliability of the membrane-based sensor 

design is completely influenced by the matrix complexity, the 
constancy of the response characteristics and the electroactive 
distribution in the membrane. With regards to this last issue, the most 
reliable membrane based sensors are those constructed with liquid 
membranes or molecularly imprinted polymers. But those made with 
membranes have the disadvantage of heterogeneous distribution of 
the electroactive material. Moreover the molecularly imprinted 
polymers have numerous disadvantages, since some binding sites may 
be damaged, the particles are irregular, the variety of useful polymers 
is not wide and is a very time-consuming process. The other accurate 
type of sensors that are also fast, easy to use and offer very wide 
possibilities for accommodating different sizes and nature of 
molecules are the modified graphite paste electrodes. Diamond based 
sensor and sol-gel based sensors are other two different families of 
sensors that are developing very swift. The electroactive material has 
the primary role in sensor response characteristics, and its selection 
must be in accordance with the selectivity, sensitivity and limit of 
detection that the sensor must attend. The final design of the 
(bio)array often requires help of an electronic engineer for its design 
and fabrication.  
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The selectivity of the sensor is conferred by its grade of 
modification, which needs to meet different criteria such as the ability 
to adapt to synthetic variations, stability of the coverage and 
reproducibility. Some modifications of the surface of the electrode 
are based on the addition of nanomaterials, like graphene, graphene 
oxide, carbon nanotubes, carbon nanorods, nanoparticles of metals 
like gold, silver, platinum, ruthenium or copper, the electro-
polymerisation of monomers, the adsorption of proteins or 
construction of SAMs. The construction of biosensors requires the 
immobilization of the bio-element responsible for the biological or 
chemical recognition, like cells, antibodies, enzymes, proteins, and 
then the transducer that will be used. The historical evolution of 
biosensors design has been directly influenced by the evolution of the 
transducers, in terms of design and sensitivity.  

 
There are three types of transducers: potentiometric, 

amperometric and conductimetric. Most of the biosensors are 
fabricated with immobilized enzymes which transform the response 
of the catalytic reaction of the substrate under reaction into an 
electrical signal (transducer). The selection of the type of transducer 
has a very important role in the quality of the analysis. These 
enzymatic reactions are very reactive and sensitive as enzymes are 
selective for a group of substances that are enclosed in the same class 
of organic compounds. Five different types of immobilizations are 
used: the physical immobilization through adsorption, the chemical 
immobilization through covalent binding, the micro-encapsulation 
within two membranes, cross-linking and embedded into a polymer 
or a sol-gel matrix. The covalent bond of the enzyme to the matrix 
might decrease its activity, and decrease the lifetime and sensitivity of 
the sensor. Some recent and important results for the determination 
of amino acids has been performed using bare screen printed 
electrodes [294], due to the numerous advantages of cost effective, 
mass produced, easy-to-use, micro-volumes of samples and its 
innovative customization. Alegret and co-workers demonstrated the 
direct oxidation of Cys and Tyr at SPGE sensors based in a two-
electrode strip configuration [295]. The introduction of metal 
nanoparticles [296-298] as well as carbon nanotubes [299] or 
metallodendrimers [300] has been used to decrease the overpotential 
of oxidation of those amino acids [301, 302]. Likewise, Ershad’s group 
used a modified GC electrode with cobalt hydroxide nanoparticles for 



INTRODUCTION 

49 

 

the oxidation of a range of amino acids in alkaline media [303]. Turner 
and co-workers demonstrated the development of biosensors for the 
measurement of L- and D-amino acids through the immobilization of 
enzymes on rhodinised carbon electrodes [304] and similarly, Hirata 
and co-workers developed a biosensor by attaching the enzyme to a 
polyion complex membrane onto GC [305]. Elegant work by Pingarrón 
and co-workers has reported gold nanoparticles cysteamine mediated 
carbon paste electrodes for the sensing of Met [306]. Additionally, 
Tan et al. have reported the mediated oxidation of Met by a Au 
electrode with the fullerene C60 [307]. 

 
It has been put into evidence the role which ROS/RNS may 

play in vivo and therefore the determination of this species directly or 
indirectly has been widely studied. Met, in particular, but also other 
amino acids could act as ROS/RNS scavengers since its sensing could 
be an indirect way of determining oxidative stress in vivo. Traditional 
analytical techniques for amino acid measurement are complex 
laboratory procedures requiring a number of assay steps of 
derivatisation via the reactions between the primary amino group and 
o-phthaldehyde in the presence of an alkyl thiol by pre- or post-
column, using additional chemicals and complex instrumentation 
[308, 309]. The electrochemical sensors technology has started to be 
very competitive with other analytical techniques such as 
chromatographic techniques, since they have to overcome difficulties 
like, for example several steps (separation, purification, 
derivatisation), the use of large amounts of chemicals like solvents, 
time-consuming, necessity to use chemical standards, big 
equipments, high initial cost and maintenance, etc. In terms of 
reproducibility and precision, electrochemical sensors applied to 
clinical analysis have been proven to present the most accurate 
results. 

 
Electrochemical techniques have been recently added to the 

pool of techniques that have been used to detect ROS/RNS such as 
immunochemistry, colorimetry, fluorimetry, chemiluminescence, 
mass spectroscopy or Electron Paramagnetic Resonance (EPR) [310, 
311]. The detection of these species is often difficult due to the 
numerous cellular mechanism and pathways which they are involved 
in and their complicated nature and short lifetimes, although there 
are studies of different direct and indirect approaches for its 
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detection [4, 312, 313]. Direct or indirect ROS/RNS electrochemical 
sensing is a non-destructive approach allowing real-time analysis 
which is selective and specific [314]. As an example, studies with 
complex electrochemical techniques such as SECM have been 
performed for the intracellular detection of *NO [315]. 

 
Electrochemical techniques are a logical choice for tackling the 

analysis of cellular redox communication. They offer extracellular, 
non-contact, low detection limits, label-free and real-time detection 
even with spatial resolution. Systematic monitoring of the complex 
and interrelated events in the microenvironment of biological cells 
represents a nontrivial challenge. Responses to signalling molecules 
are dependent on the identity, location, and state of the responding 
cells, and on the nature, concentration, as well as the spatial and 
temporal distribution of the soluble chemical signals. With this regard 
there are different architectures for the design of biosensors 

employed for the detection of ROS/RNS: (i) direct oxidation or 
reduction at the electrode surface, which is covered with an 
additional membrane; (ii) modification of the electrode surface with 
metal complexes, which facilitate the electro-catalytic oxidation or 
reduction of the analyte, where the impact of the interferences is 
reduced by additional coating; (iii) direct ET of the active site of a 
selective enzyme for ROS/RNS towards the electrode where the 
protein is immobilized on a SAM; (iv) mediated ET from the biological 
recognition element for ROS/RNS via redox hydrogel modification 
with a redox transducer or the use of a conducting polymers to 
produce ET from the enzyme to the electrode. 

 
Commonly used biological recognition elements for ROS/RNS 

are enzymes like cyt c, which catalyses the reaction of O2
*- to 

molecular oxygen, SOD which reduces O2
*- to H2O2 or horseradish 

peroxidase which is typically employed for H2O2 sensing as it converts 
it to water molecules via two electrons [316]. In this thesis, cyt c has 
been deeply investigated since we used it as a model protein. This 
allowed us the evaluation of conformational structures through 
electroanalytical methods and further gave us the opportunity of 
utilising cyt c as a bio-element in the design of different biosensors.  

 
Before establishing the scope and aims of this thesis, Scheme 

4 remarks again the main aspects of sections 1.1., 1.2, 1.3 and 1.4 
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pointing a number of questions that will be answered as far as 
possible along this PhD dissertation. 
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Scheme 4. Questioning remarks outlined from sections 1.1, 1.2, 1.3 and 1.4. 
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1.5. SCOPE AND AIMS OF THE THESIS 

 

As it has already been shown along the introduction section, 
oxidative stress is implicated in the etiology of numerous common 
diseases and hence novel methods such as metabolomics and the 
development of (bio)sensors have recently emerged to get deeper 
knowledge on the causes of oxidative stress events. Furthermore 
there exists evidence that the appropriate or inappropriate 
production of oxidants, together with the ability of organisms to 
respond to oxidative stress, is intricately connected with life. In fact, 
living organisms develop during lifetime different strategies to detect 
and detoxify metabolites coming from molecular oxygen and 
nitrogen; what is known as evolution. In this sense, this PhD thesis 
evaluates oxidative stress processes from different approaches:  
 

-The effects of ROS/RNS induced from oxidative stress related 
processes on the covalent modification of proteins. 

-The assessment of metabolic changes produced by oxidative 
stress-induced events in biological complex systems. 

-Detection of metabolites and ROS/RNS species 
generated/consumed by oxidative stress-induced events in biological 
complex systems. 

 
Thus, this doctoral thesis studies oxidative stress events and 

the processes derived from different perspectives, since it tackles 
with what is oxidative stress (the roles: dysfunction and disease 
related to the effects), who causes oxidative stress (ROS/RNS species: 
peroxynitrite anion, hydrogen peroxide, nitric oxide radical and 
superoxide radical anion), where oxidative stress is produced 
(proteins as target molecules), how oxidative stress is produced 
(radicalary oxidation and nitration mechanisms of proteins) and finally 
when it occurs (imbalance, host defence, signalling, reprogramming). 

 
The main positive aspects of this thesis are focused on its 

inter-disciplinary character, since it combines electrochemical and 
other methods of protein modification and biophysical 
characterisation (reported in chapter 3), with metabolomic studies for 
the search of new biomarkers which may allow the determination of 
oxidative stress processes (reported in chapter 4), the study of 
electrochemical detection methods and the development and 
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fabrication of new sensors and biosensors (also reported in chapter 
4). As a proof of this multidisciplinary approach, during the 
development of this doctoral thesis in the laboratories of the Physical 
Chemistry Department and the Institute of Electrochemistry at the 
University of Alicante, two short scientific stages have been 
performed at two European well recognised centres of research: the 
group of Dr. Craig Banks at Manchester Metropolitan University in 
Manchester, United Kingdom, and the group of Dr. Fethi Bedioui at 
Paristech University linked to CNRS and INSERM in Paris, France. As a 
consequence of this ongoing interaction between groups, this PhD 
thesis has also produced some relevant results which have been 
disseminated on meetings and published papers. Nevertheless, other 
collaborations have been also carried out with the group of Dr. 
Heptinstall from the Centre for Molecular and Biomedical Science at 
Coventry University, United Kingdom; with Prof. Donaire from the 
Department of Inorganic Chemistry at University of Murcia, Spain; 
with Prof. Piccioli from the Magnetic Resonance Centre (CERM) from 
University of Florence, Italy; with Dr. Grant and the group of Dr. 
Cooper from the School of Biosciences of the University of 
Birmingham, United Kingdom and finally with Dr. Jiménez and Dr. 
MacIntyre from the Department of Surgery and Cancer of the Imperial 
College of London, United Kingdom. Additionally, collaborative 
interaction with a private Spanish Hospital (Clinica Vistahermosa, 
Reproduction Unit) through different projects has significantly 
contributed to the results and developments presented here, 
although most of the results are under a confidential agreement and 
for that reason are not included here.  

 
This thesis fulfils all the requirements for obtaining the special 

International mention in compliance of the present regulations of the 
University of Alicante and as means of its broaden extension and 
diffusion in the scientific field, the English language is used 
throughout the text.  

 
This thesis is divided in five chapters; in the following lines a 

brief outline of the thesis is given. The first two chapters are 
dedicated to the fundamentals of the aspects being studied (Chapter 

1) and the description of the experimental details of the work and 
techniques used to obtain the results presented in this manuscript 
(Chapter 2). The main biophysical techniques for the characterisation 
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of the modified proteins are described. Analytical techniques used for 
the search of new biomarkers in culture media are presented. Details 
on the electrochemical and electroanalytical techniques as well as the 
experimental set-up used for the execution of the experimental work 
are also mentioned. 

 
Chapter 3 includes the results related to the covalent 

modification, i.e. nitration and oxidation, of different amino acids of 
redox proteins (Mb and cyt c) and non-redox enzymes (Lyz) by 
electrochemical, chemical and ultrasonic irradiation methods. 
Structural and functional consequences of covalently modified 
proteins are evaluated in this chapter by biophysical techniques. 
Results on the direct ET of cytochrome c on new screen printed 
electrochemical platforms as means of kinetic intriguing studies are 
also included in this chapter. 

 
In Chapter 4, the analytical and electroanalytical studies of 

biological complex media are reported. A succinct analytical protocol 
for the metabolomic assessment of complex biological media based 
on chromatographic and spectroscopic techniques is presented. 
Furthermore, the results obtained from the application of this 
analytical approach to embryonic culture media are shown as an 
example of applicability. The assessment of potential oxidative stress 
biomarkers to which cells are subjected is studied although detailed 
information is not provided since the results are under confidential 
agreement. The development of different electrochemical sensors 
and biosensors and their application on the detection of some 
reactive species is presented as well. 

 
Finally, in Chapter 5 the major remarks and outlook of the 

results obtained along this thesis are outlined. 
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2. EXPERIMENTAL 

 

2.1. ELECTROCHEMICAL AND ELECTROANALYTICAL TECHNIQUES  

 

In electrochemical systems, there is a concern about the 

processes and factors that affect the transport of charge across the 

interface between the electrode (the electronic conductor) and the 

electrolyte (the ionic conductor). Experimentally one single interface is 

not easy to happen in our system as an isolated boundary is impossible 

to get. Then, the application of different techniques allows us to study 

charge transfer processes or adsorption processes in our electrochemical 

systems. 

 

2.1.1. VOLTAMMETRY EXPERIMENTS  

 

Cyclic voltammetry (CV) is the most common technique used in 

electrochemistry, as it allows the characterisation of processes occurring 

at the electrode surface or at the electrode interface. It is the most used 

electrochemical techniques as it allows the precise determination of the 

adsorbed intermediates at different potentials and it can also give 

information about the reaction mechanisms and electrocatalytic activity 
of the electrode. Electrochemists can gain information about reversible 

and irreversible processes with this simple technique which applies a 

potential to the working electrode linearly with time at constant rates. It 

is called cyclic due to the scans are usually forward and then backward. 

This technique allows a fast localization of electroactive species redox 

oxidation and reduction potentials, and from this electrochemical 

profile important redox information can be obtained. 

 

Two types of processes occur at electrodes. The first type, 

Faradaic processes, follow Faraday’s law of electrolysis and comprise 

reactions in which electrons are transferred across the electrode-

electrolyte interface. In these cases, the current intensity is proportional 

to the amount of material converted by the amount of electricity passed. 

The second type of processes is the non-Faradaic processes, which 

involve an adsorption/desorption processes that change the structure of 

the electrode-electrolyte interface when the solution composition, the 

electrode area or the potential changes. Both Faradaic and non-Faradaic 

processes occur when electrode reactions take place [1]. 
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Cyclic voltammetry is a potential-controlled technique. In this 

thesis, CV has been applied to determine the species involved in the ET 

processes. If a reduction process like this is considered (eq. 2.1): 

 

Ox  + ne-  ⇔  Red   (eq. 2.1) 
 

The potential varies from the open circuit potential, where any 

process is taking place through V1 and when this is reached it reversed 

towards V2 at the same constant scanning rate (dE/dt) namely ν, as seen 

in figure 2.1. 

 

V2

V1

time

E

dE/dt = υ

 
Figure 2.1. Potential scheme scan in cyclic voltammetry. 

 

The electrochemical reaction occurs in the working electrode 

(WE) surface and a balancing reaction takes places at the counter 

electrode (CE). The potential applied to the WE is controlled by a 

reference electrode (RE); however, the current flows through the WE 

and CE, and therefore leaves unperturbed the potential at the RE. The 

sense of the scan rate can vary as desired based on the process under 

study. The resulting curves obtained from CV experiments have the form 

current intensity (i) vs. potential (E), called cyclic voltammograms, see 

figure 2.2. As far as the potential of the WE reaches the formal potential 

(E0) of the electroactive species the oxidation (if it goes to positive 

potentials) or reduction (if it goes to negative potentials) processes 

begin, and the current related to this process increases. When E0 is 

exceeded, the amount of electroactive species close to the electrode 
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diminishes as it has reacted, increasing at the same time the amount of 

material that arrives from the bulk solution and increasing also the 

growing of the diffusion layer. After reaching the maximum current the 

reaction becomes diffusion controlled and i starts decreasing with time 

and potential. When applying the reverse scan, the same situation is 

repeated as negative potentials are applied. These two processes 

combined give rise to a maximum of current which potential is called 

peak potential (Ep), cathodic (Epc) or anodic (Epa), depending of the 

sense of scan rate.  
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Figure 2.2. Typical current intensity (i)- potential (E) curve 

obtained for a reversible reaction of 1 electron by a cyclic voltammetry. 

 

Reversible systems characteristically present the maximum 

current intensity peak (Ip) based on the equation of Randless- Sevcik, at 

298 K,(eq. 2.2): 

 

Ip = - 2.69 x105 n3/2 A Do
1/2 C υ1/2  (eq. 2.2) 

 

where, n is the number of electrons transferred in the process, A 

is the electrode area (cm2), D0 is the diffusion coefficient of the oxidised 
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species (cm2·s-1), C is the bulk solution concentration (mol·cm-3) and υ is 

the scan rate (V·s-1). And the potential peak is referred as eq. 2.3:  

 

Ep = E0’ + 
� �
� � ln ��R 

1/2

�o 
1/2� - 1.109 �� �

� �� (eq. 2.3) 

 

where, E
0’

 is the formal potential of the redox species (V), F is the 

Faraday constant corresponding to a mole of electrons, and DR is the 

diffusion coefficient of the reduced species (cm
2
·s

-1
). 

 

The common used parameters obtained from CV experiments are 

Ep, Ip, and the separation of peaks (ΔEp), which is obtained by the ΔEp = 

Epa - Epc = 0.059 / n (V). As seen in eq. 2.3, in reversible processes, Ep is 

independent from the scan rate; however, the maximum current 

intensity of the anodic and cathodic peaks (Ipa and Ipc, respectively) 

increases linearly in a way that the relation between them is 

approximately 1 (eq. 2.4), and these Ip are proportionally to the square 

root of the scan rate (eq. 2.5). 

 

Ipa  / Ipc = 1    (eq. 2.4) 

Ipa , Ipc   	   √ν    (eq. 2.5) 

 

In contrast, in irreversible systems where one electron is 

transferred the CVs characteristically present a maximum current 

intensity peak (Ip) of one sole peak, based on the transformed equation 

of Randless- Sevcik, at 298 K, (eq. 2.6): 

 

Ip = - 2.99 x10
5
 α

1/2
 A Do

1/2
 Co υ

1/2
 (eq. 2.6) 

 

where α is the electron transfer coefficient. It is relevant to 

mention that the Ip for irreversible processes is smaller than Ip for 

reversible and the potential peak (Ep) is referred as eq. 2.7:  

 

Ep = E
0’

 - 
� �
� �  � 0.780 + ln ���/�

k
0 �  + ln �α F ν

R T
�1/2� (eq. 2.7) 

 

where k
0
 is the standard constant of the electrochemical 

reaction. 
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As seen in eq. 2.7, the Ep in irreversible processes depends on 

the on the scan rate, whereas Ep in reversible processes is independent 

on the scan rate (eq. 2.3). The ΔEp also depends on the square root of 

the scan rate and, is ΔEp = Epa - Epc > 0.059 / n (V). ΔEp increases when 

the process is slower and the scan rate higher. The maximum I of the 

peaks is no longer 1, (eq. 2.8). 

 

Ipa  / Ipc ≠ 1    (eq. 2.8) 

 

When adsorption occurs greatly, non-Faradaic processes, it also 

contributes to faradic processes based on the electron transfers. Then, 

the electrochemical process is controlled by a fast ET due to the 

adsorption of electroactive species. This situation reflects well-defined 

and symmetric peaks on the CVs, and theoretically, the separation of the 

potentials peaks is ΔEp = Epa - Epc = 0. In this case, the following 

equations are observed, (eq. 2.9 and eq. 2.10): 

 

Ipa  / Ipc = 1  (eq. 2.9) 

Ipa , Ipc   	  ν  (eq. 2.10) 

 

In one CV, more than one scans can be obtained depending on 
the information required. For example, in this thesis, the third scan of all 

the experiments is generally presented, as the assumption of it will keep 

constant always. In some cases, several CVs have been applied to the 

electrode to get an extensive and forced adsorption of the protein in the 

electrode surface. The electrochemical behaviour of nitrated proteins 

was observed by CV using as the WE a circular BBD electrode embedded 

in polyether ether ketone (PEEK, Windsor Scientific, UK) of 3 mm of 

diameter or a GC electrode, the CE was a Pt wire and the RE was 

AgCl/Ag/KCl(3 M). A more detailed reference to the electrodes used in 

this PhD thesis is described further on in section 2.2. 

 

Another used technique in this thesis is Differential Pulse 

Voltammetry (DP or DPV) that comes from pulse voltammetry that 

derives from classical polarography and the context of the mercury drop 

[2]. Pulse voltammetry has been evolved to a set of techniques based on 

the desire to suppress the charging current arising from continuous 

expansion of the drop electrode. In terms of explaining DPV, 

fundamentals on polarography and normal pulse voltammetry are 

needed. The Faradaic current intensity increases as the mercury drop 
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monotonically increases up to a size that it drops, and at this point the 

current becomes zero. The potentiostat applies small steps according to 

a staircase program that makes the potential be constant. 

 

Normal pulse voltammetry (NPV) is based on the pulse 

voltammetry principle, the electrode is held at a base potential (Eb), at 

which there is no desired current for electrolysis, after a fixed waiting 

period of time the potential is raised to (E) and held, what is called 

potential pulse, and then fell towards Eb. The current is electronically 

sampled near the end of the pulse, and a signal proportional to this 

sampled value is presented against the step potential. DPV resemble 

NPV experiments with some differences. The main are described here: 

the pulse height is only 10 to 100 mV and is maintained in a constant 

potential to the Eb, which is steadily enlarged in small increments each 

pulse, and finally, during the drop’s life the current intensity is sampled 

twice, just before and just after the pulse. Figure 2.3 shows a DVP 

potential program for three consecutive drops. 

 

 
Figure 2.3. Scheme of the potential applied in differential pulse 

voltammogram measurements. Source: J. Bard, L. Faulkner Polarography 

and Pulse Voltammetry in Electrochemical methods: Fundamentals and 

applications 2001 [2]. 

 

DPV measurements were generally performed using a potential 

range from - 0.4 V to + 1.7 V, a step potential of 0.01 V, amplitude of 0.1 

V and scan rate of 0.02 V s-1. No preconditioning step was needed. 
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2.1.2. INTRIGUING PROPERTIES OF ULTRAMICROELECTRODES 

 

Microelectrodes are considered as planar electrodes if they have 

at least one dimension of the order of microns, or less in size. At present, 

there is no broadly an accepted definition of ultramicroelectrodes 

(UMEs) although there are three general agreements: (i) the electrode 

should be smaller than the diffusion layer produced, (ii) the ohmic drop 

and (iii) the time constant should be characteristically small for these 

small electrodes. Bard and Faulkner stated that the critical dimension in 

order to define an UME operationally to be 25 µm as the maximum 

length of the radii of the electrode [3]. Further studies in bibliography 

have been performed with UMEs of 100 nm, while when decreasing over 

the size towards 10 nm they should be called nanodes [4]. Although 

there is a wide variety of UMEs: disk, spherical, hemispherical, band and 

cylindrical; the most common is the disk UME and is the one used along 

this thesis (chapter 4). Then further explanation on its properties and 

functioning would be proposed on disk UMEs. 

 

UMEs are widely used in sensing techniques since they offer an 

alternative tool for the design of (bio)sensors providing with stationary 

currents without forced convection and very low capacitative current. 
The most interesting feature of UMEs is based on the mode of diffusion 

on the analyte in the bulk solution towards the surface electrode. This 

involves the formation of a concentration gradient associated with a 

diffusion flux of the electroactive species. The diffusion mode on a planar 

macroelectrode is considered as perpendicular to the surface and 

consequently planar. Contrary, the diffusion in a UME is considered 

hemispherical (see figure 2.4 A) since it occurs in two dimensions: 

radially and normally to the plane of the electrode (figure 2.4 B). This 

difference offers a heterogeneous arrival to the electrode since the 

electroactive species would arrive earlier to the edge than to the centre 

of the electrode (see the arrows’ length in figure 2.4 A). 
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Figure 2.4 A. Scheme of the lateral view of the diffusion flux at a 

disk UME. B. Geometry of the perpendicular diffusion flux at a disk UME. 

 

The resolution of the Fick’s equations provides with the 

evaluation of the current intensity of an electrochemical reaction 

controlled solely by diffusion. In a disk macroelectrode the flux at the 

electrode surface is proportional to the current intensity [5], and the 

equation that correlated this parameters is referred as Cottrell equation 

for plane diffusion (eq. 2.11). The steady-state current intensity for a 

hemispherical disk UME applies the following equation, eq. 2.12 [6, 7]. It 

should be noted that since the diffusion is hemispherical the current 

intensity in eq 2.12 is independent of time and the steady-state currents 

in a UME can be obtained without the need of mechanical agitation. 

 

����  �  � � � √� ��
√� √�    (eq. 2.11) 

 

���� �   4 �   ! " #$  (eq. 2.12) 

 

where n is the number of electrons transferred in the process, A 

is the electrode area (cm2), r is the electrode radi (cm), D is the diffusion 

coefficient of the oxidised species (cm2·s-1), Ci is the bulk solution 

concentration (mol·cm-3) and t is the diffusion time (s). These equations 

will allow us to determine the analyte of interest in a solution since the 

concentration is linearly related to the current intensity. Moreover, the 

characterisation of the electrode would be performed by using a known 

probe concentration. 
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2.1.3. CHRONOAMPEROMETRY EXPERIMENTS 

 

Amperometric techniques are based on controlled-potential 

experiments by application of a constant potential with further 

measurement of the current intensity vs. time (see Figure 2.5.a). Current 

flows subsequently to maintain the fully condition at the electrode 

surface, the concentration of the electroactive species in the interface 

electrode-electrolyte starts decreasing and a gradient is generated 

(Figure 2.5 b). Both the slope of the concentration profile and the current 

intensity at the surface decrease with time (Figure 2.5 c). These 

experiments were used for the electroanalytical detection and the 

electrosynthetic modification of proteins and this technique is useful to 

record the current in response of a perturbation of the electrode with 

time.  

 

 
 

Figure 2.5. Potential scheme for a chronoamperometry 

experiment. a) waveform for a potential step in which the electroactive 

species O is inactive at E1 but it is reduced at E2. b) Concentration 

profiles. c) General scheme of current intensity vs. time. 
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2.2. ELECTRODES 

 

2.2.1. FABRICATION OF SCREEN PRINTED ELECTRODES 

 

SPGEs were dispatched in terms of the on-going collaboration 

with Dr. Craig Banks’ group at Manchester Metropolitan University. The 

electrodes were fabricated in-house with appropriate stencil designs 

using a microDEK 1760RS screen-printing machine (DEK, Weymouth, UK) 

[8]. A carbon-graphite ink formulation (C2000802D2) was first screen 

printed onto a polyester flexible film (Autostat, 250 µm thickness) 

defining the carbon contacts, CE and WE electrodes. This layer was cured 

in a fan oven at 60 degrees for 30 min. Next a silver/silver chloride 

pseudo-reference electrode (RE) was included by screen printing AgCl/Ag 

paste (C61003P7 Gwent Electronic Materials Ltd, UK) on to the plastic 

substrate, which after curing at 60 degrees for 30 min is ready to use. 

Last a dielectric paste ink (D60202D1, Gwent Electronic Materials Ltd, 

UK) was printed to cover the connections and define the 3mm diameter 

graphite working electrode. After curing at 60 degrees for 30 min the 

screen printed electrode is ready to use, Figure 2.6 A. These electrodes 

consist of 3.1 mm diameter graphite WE with a carbon CE and a 

pseudoAgCl/Ag reference electrode (pseudo-RE) on a flexible plastic 
base, see Figure 2.6 B. Connectors for the electrochemical connection 

were purchased from Kanichi research Services Ltd. (Manchester, UK). 
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Figure 2.6 A. Steps on the fabrication of a SPGE. Source Metters 

et al. Sensors and Actuators B, 2013 [

SPGE, the three components of the electrochemical cell, WE, CE and 

pseudo-RE are indicated. 

 

The electrochemical conditioning of the SPGEs with a 0.5 M 

sulphuric acid solution consisted of anodic treatment cycling the 

between 0 and + 1.75 V vs. pseudoAg

and cathodic treatment cycling the 

pseudoAgCl/Ag at 0.1 V s-1 during 10 scans. Thereafter, the SPGE was 

thoroughly rinsed with deionised water and dried under inert conditions 

for further utilisation. 

 

2.2.2. FABRICATION OF ULTRAMICROELECTRODES

 

UMEs are used for the study of electro

analytical interests. The fact the size of these electrodes is so small 

makes them useful for the utilisation in restricted volume or difficult 

access places. Moreover, their electrochemical properties based on their 

configuration allow obtaining stationary current

conventional forced diffusion, although the main disadvantage is also 

related to their small size as the currents reported (nanoampers or even 

picoampers). Therefore, the requirements of the instrumentation rely on 

a high sensitivity and a good electric isolation. Furthermore, the main

application within these characteristics is the study of 

 

For the fabrication of Au and 

and Pt wires with different diameters 

inside the glass capillary and then sealed b

in Figure 2.7 A. Afterwards; the sealed capillary zone was enlarged by 
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. Steps on the fabrication of a SPGE. Source Metters 

Sensors and Actuators B, 2013 [9]. B. Photographic image of a 

, the three components of the electrochemical cell, WE, CE and 

The electrochemical conditioning of the SPGEs with a 0.5 M 

sulphuric acid solution consisted of anodic treatment cycling the WE 

AgCl/Ag at 0.1 V s-1 during 10 scans, 

and cathodic treatment cycling the WE between 0 and + 1.0 V vs. 

during 10 scans. Thereafter, the SPGE was 

thoroughly rinsed with deionised water and dried under inert conditions 

.2. FABRICATION OF ULTRAMICROELECTRODES 

are used for the study of electrochemical processes with 

analytical interests. The fact the size of these electrodes is so small 

makes them useful for the utilisation in restricted volume or difficult 

access places. Moreover, their electrochemical properties based on their 

llow obtaining stationary current intensities without 

although the main disadvantage is also 

related to their small size as the currents reported (nanoampers or even 

picoampers). Therefore, the requirements of the instrumentation rely on 

a high sensitivity and a good electric isolation. Furthermore, the main 

application within these characteristics is the study of in vivo processes. 

and Pt ultramicroelectrodes (UMEs), Au 

Pt wires with different diameters were used. The wire was placed 

inside the glass capillary and then sealed by heating a filament, as shown 

the sealed capillary zone was enlarged by 
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moving it upwards slowly and simultaneously applying vacuum to 

prevent the formation of glass bubbles. Finally, the part of the Au which 

was not sealed within the capillary was soldered together with a Cu wire 

and filled with Ag paste which permits the completely electrical contact, 

as shown in Figure 2.7 B. Then, the electrode tip was polished using a 

coarse sand paper until the Au wire was exposed, and at this point, the 

metal was polished on wet polishing cloth using alumina slurries 1.0 µm, 

0.3 µm to 0.05 µm during 5 min each. 

 

 
 

Figure 2.7 A. Equipment and set-up for the fabrication of an 

UME. B. Photographic image of an UME with a Cu wire connection. 

 

2.2.3. BORON DOPED DIAMOND AND GLASSY CARBON 

ELECTRODES 

 

BDD has particular characteristics such as low capacitative 
currents, wide potential window and low adsorption of biomolecules and 

is usually selected for working in protein bioelectrochemistry. A circular 

3.0 mm diameter BDD mounted in PEEK and 3.0 mm diameter GC 

electrodes see figure 2.8 A and B respectively. They were used in a 3-

electrode cell configuration with a Pt CE and a standard AgCl/Ag/KCl(3M) 

RE. The pre-treatment of these electrodes was based on the polishing in 

the three types of slurries and sonicated in water for 1 min. In this case, 

BDD was also electrochemically pre-treated to enhance its kinetic rates 

of electrochemical redox processes towards proteins; the cathodic 

activation consisted in cycling the previously polished electrode in 1 M 
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HNO3 for 10 cycles from 0 to - 4.0 V at a scan rate of 0.1 V

anodic activation consisted in the same conditions but positive potential, 

from 0 to + 4.0 V. 

 

Figure 2.8 A. Photographic image of a 

PEEK. B. Photographic image of a GC

 

2.2.4. REFERENCE ELECTRODES

 

Three different reference electrodes are described along this 

thesis, and then this section is focused on the clarification on the 

differences between them. Unless otherwise stated 

reversible AgCl/Ag/KCl(3M) RE is used

own RE which is referred as pseudo

individually for (bio)sensing require from a 

AgCl/Ag RE which is fabricated in

referred further on as miniaturized RE

electrochemical AgCl deposition over the

wire (4- 5 cm in length and 0.5 mm diameter) previously polished and 

clean acted as the WE, while a Pt wire 

immersed in a solution mixture of 0.1 M KCl. The electrodes were 

connected to a power supply with the Pt w

the Ag electrode acting as the anode for 20 min at 

electrodeposit of AgCl on the Ag was rapidly observed as the Ag wire 

turned darker grey since the Ag+ cations rapidly react with Cl

present in the solution. The electrodeposition could be also followed by 
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4.0 V at a scan rate of 0.1 V·s-1, while the 

anodic activation consisted in the same conditions but positive potential, 

 
 

hotographic image of a BBD electrode mounted in 

GC electrode. 

2.2.4. REFERENCE ELECTRODES 

Three different reference electrodes are described along this 

this section is focused on the clarification on the 

Unless otherwise stated a standard and 

RE is used. SPGEs are fabricated with their 

pseudoAgCl/Ag. Finally, UMEs used 

idually for (bio)sensing require from a miniaturization of the 

AgCl/Ag RE which is fabricated in-house as depicted in figure 2.9, 

referred further on as miniaturized RE. The method consisted in the 

electrochemical AgCl deposition over the Ag wire. For this purpose, an Ag 

5 cm in length and 0.5 mm diameter) previously polished and 

a Pt wire acting as RE and CE, were 

a solution mixture of 0.1 M KCl. The electrodes were 

connected to a power supply with the Pt wire acting as the cathode and 

the Ag electrode acting as the anode for 20 min at + 1.5 V. The 

electrodeposit of AgCl on the Ag was rapidly observed as the Ag wire 

cations rapidly react with Cl- anions 

present in the solution. The electrodeposition could be also followed by 
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the cathode H2 evolution at the Pt wire, see eq. 2.13 and 2.14, 

respectively. 

 

Anodic oxidation:  Ag(s) + Cl- → AgCl(s) + e-  (eq. 2.13) 

 

Cathodic reduction:  2H+ + 2e- → H2(g)   (eq. 2.14) 

 

 

 
 

Figure 2.9. Scheme of the in-house miniaturized AgCl/Ag 

reference electrode fabrication. 
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2.3. PREPARATIVE ELECTROSYNTHESIS 

 

Similar electrosynthesis methods were used for the 

electrochemical nitration of Mb and Lyz at BDD in a water-cooled cell at 

278 ± 1 K and 284 ± 2 K, respectively. The potential was fixed at either + 

1.1 V or + 1.05 V vs. a AgCl/Ag/KCl(3M) standard RE, respectively by 

using an Amel Instruments 2053 potentiostat. The WE were BDD 

electrodes with different geometrical areas, 10 cm2 and 4 cm2, for Mb 

and Lyz respectively, which were catholically pre-treated by first 

polishing it in alumina slurry of 1 µm diameter for 5 min, thereafter 

treated in an ultrasonic cleaning bath for 1 min, and then was activated 

by cycling it in acid solution of 1M HNO3 from 0 to - 4 V for 10 cycles at 

0.1 V s-1. Figure 2.10 shows the instrumental scheme where the cathodic 

compartment was a 5 mm diameter cylindrical chamber separated from 

the anodic compartment by a non-selective sintered glass membrane. A 

Pt wire from Goodfellow (0.5 mm diameter, 99.99 % purity) was used as 

the CE for the Mb nitration while a stainless steel wire from Goodfellow 

(2 mm diameter) was used as the CE in the case of Lyz. The cathodic 

compartment was filled with 1mL of buffer solution comprising 50 mM 

Na2B4O7·10H2O and 50 mM NaNO2 adjusted to pH within the range of 8.0 

to 10.0 with H3BO3 or NaOH ; for pH 7 50 mM PBS was used. 
 

 

 
 

Figure 2.10. Scheme of the electrosynthesis cell compartments. 
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Electrosynthetic nitration of both proteins was monitored by 

measuring the charge passed with a Digatron electronic A·h coulometer 

and the absorbance of the protein solutions at 430 nm, 420 nm and 550 

nm were measured using a Helios Unicam UV spectrophotometer. 

(Molar extinction coefficient of nitrotyrosine is 4400 M-1·cm-1 at 430 nm 

and pH = 10.0). 
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2.4. SUPERFICIAL ANALYSIS TECHNIQUES 

 

2.4.1. SCANNING ELECTRON MICROSCOPY 

 

Scanning electron microscopy (SEM) images were obtained from 

a HITACHI S-3000N (HITACHI, Tokyo, Japan) and a JEOL JSM-840 model 

(JEOL, Tokyo, Japan). Vacuum vapour deposition of a thin gold film was 

obtained from BALZERS, model SCD 004. 

 

2.4.2. X-RAY PHOTOELECTRON SPECTROSCOPY 

 

X-ray photoelectron spectroscopy (XPS) chemical analyses were 

performed with a VG-Microtech Multilab electron spectrometer by using 

the Mg/K (1253.6 eV) radiation of twin anode in the constant analyser 

energy mode with pass energy of 50 eV. XPS analysis of the SPGEs were 

performed by precisely separating the WE without any surface damage 

and fully dried in vacuum at room temperature. During the thesis, the 

new XPS equipment, Alpha Thermo-Scientific Fisher XPS spectrometer 

also facilitated the analysis of surface functionalization of SPGEs since 

this equipment scans the desired surface and did not require the 

separation of the WE. 
 

2.4.3. RAMAN SPECTROSCOPY 

 

Raman spectrum are recorded using LabRam (Jobin-Ivon) with a 

confocal microscope (X100 objective) spectrometer with a He-Ne laser at 

632 nm excitation at a very low laser power level 0.9 mW) to avoid any 

heating effect.  
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2.5. BIOPHYSICO-CHEMICAL TECHNIQUES 

 

2.5.1. SPECTROSCOPIES 

 

2.5.1.1. UV-VIS SPECTROSCOPY 

 

Ultraviolet (UV) and visible (Vis) optical spectroscopy plays a 

crucial role in the study of biological macromolecules both as an 

analytical tool and as a probe to determine their structural properties. 

The experimental study of proteins requires first that they are detected, 

determined, separated from other macro/molecules and quantified 

before and after any technique, and also they must be studied in terms 

of their structure which can affect their properties. Purified proteins are 

easily detected and even quantified by their UV absorbance in the 

aromatic region at 280 nm in which they would be linearly correlated to 

their amount and positions of aromatic residues that it contains (Phe, 

Tyr, Trp and cystines). The 280 nm band often obscures the absorption 

band at about 190 nm which is characteristic of amides which is less 

intense for α-helix configurations than that for random-coil forms [10]. 

UV absorption has been used for elucidation of the protein structure, 

spectrophotometric titrations for the determination of the amount of Tyr 
and also Trp, the estimation of the denaturation grade, and the 

concentration determination of the protein by using this equation, (eq. 

2.15): 

C = Abs / (b ε)  (eq. 2.15) 

 

which derives from the combination of Lambert’s and Beer’s 

laws, and where C is the concentration (mol·L-1), Abs is the absorbance or 

optical density, ε is the molar extinction coefficient (M-1·cm-1) and b is 

the cell path length (cm). 

 

Typically, UV-Vis spectrophotometric measurements were made 

with a UV-2401PC model (Shimadzu) spectrophotometer. In this thesis 

UV-Vis spectroscopy was used for the first assessment of nitrated 

proteins such as Mb and Lyz since the level of nitration was determined 

by measuring the absorbance at 430 nm with an extinction coefficient of 

4400 M-1·cm-1 for 3-NT above pH 8.0 [11]. It also helped understanding 

the conformational changes produced by the addition of an oxidizing 

agent to cyt c, by analysing the spectral changes between 650 and 750 

nm, or the decrease and shift in the Soret region at 350- 406 nm [12, 13]. 
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2.5.1.2. FLUORESCENCE SPECTROSCOPY 

 

Fluorescence spectroscopy (FS) is the result of the emission that 

results from the return of the paired electron to the lower orbital after 

the absorption of radiation by a molecule. Proteins do fluoresce as they 

contain intrinsic fluor groups like Trp, Tyr and Phe (which are the same 

groups that absorb UV radiation). If the macromolecule does not contain 

any fluor group it is possible to add an extrinsic fluor group by chemical 

coupling or sample binding, thereby this is the base for a wide range of 

imaging techniques used in biomedicine. The fluorescence emission 

spectrum is the straightforward measurement of the intensity as a 

function of the wavelength. The known effect of quenching is the event 

of collision of the excited molecule with other molecules which may 

cause that part or all of the excitation energy may be lost. 

 

Fluorescence measurements were carried out using a Jasco FP-

6500 spectrophotometer (Jasco, USA) equipped with a 1.0 cm path 

length quartz cell of 3 mL of capacity. The width of the excitation slit and 

the emission slit were set to 10.0 and 13.0 nm, respectively. The 

fluorescence spectra were recorded at 293 ± 2 K, with a wavelength of 

maximum excitation of 280 nm. Buffer solution consisted of PBS pH 7.0. 
In this thesis FS was used to investigate the structural characteristic of 

the nitrated proteins compared to the native proteins by measuring the 

Trp fluorescence emission spectra at 336 nm. 

 

2.5.1.3. DIFFERENTIAL SCANNING FLUORESCENCE 

SPECTROSCOPY 

 

Differential scanning fluorescence (DSF) is a rapid and 

inexpensive screening method to generally indentify low molecular 

weight ligands that bind and stabilize purified proteins. The temperature 

at which a protein unfolds is measured by an increase in the fluorescence 

of a dye with affinity for the hydrophobic parts of the protein, which are 

exposed as the protein unfolds. The range of T over which unfolding 

occurs reports on the flexibility of the protein: step transitions are 

indicative of highly cooperative unfolding, and shallow transitions 

indicate high flexibility. The stability of the protein is related to its Gibbs 

free energy of unfolding (ΔGu) which is T-dependent. The stability of the 

proteins decreases as it does increase T, and the (ΔGu) decreases and 

becomes zero at equilibrium which is considered when the concentration 
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of folded and unfolded proteins is equal, denoted by the melting 

temperature (Tm). The fluorescence intensity is plotted as a function of T 

and generates a sigmoidal curve that can be described by a two state 

transitions and from which inflection point the transition temperature 

(Tm) can be obtained. In this thesis the DSF was used to investigate the 

modification extent caused by the nitration of some proteins [14]. 

 

DSF measurements were carried out using a Cary Eclipse Varian 

fluorescence spectrophotometer (Agilent, USA) equipped with a T 

controller and a quartz cell containing 0.5 mL. The excitation slits were 

set to 280 and 295 nm and the emission slits were set to 312, 325, 345 

nm. The fluorescence spectra were scanned with a temperature ramp 

between 25 to 95 0C with a constant rate of 1 0C per min, the 

measurements being performed at different buffers pH values and a 

concentration of 5 mM. 

 

2.5.1.4. CIRCULAR DICHROISM SPECTROSCOPY 

 

Circular dichroism (CD) is a spectropolarimetric technique which 

can be considered as in between of variable wavelength polarimeter and 

absorption spectrophotometer. It is useful for the study of molecular 
secondary and tertiary structure, and results are highly complementary 

to NMR spectroscopy. The reduction of the circularly/elliptically 

polarized light produces a phase difference and a rotation of the plane of 

polarization [15]. In fact, CD is the difference in absorption coefficients of 

an optical active medium for left and right circularly polarized light. If the 

sample compound has a chromophore adjacent to the chiral center, the 

CD spectrum shows an anomalous rotation, attributed to a special 

combination of unequal refractive indices, known as the Cotton effect 

that will show a band (positive or negative) at the same chromophore 

absorption wavelength [16]. The Cotton effect curve is very sensitive to 

conformational alterations of proteins and polypeptides. This thesis has 

used these curves for the assessment of the α-helical content as three 

characteristic peaks should be observed in the spectrum: a double 

negative peak around 206 and 226 nm, and one positive peak between 

215 and 190 nm. Similarly, β-sheets CD spectrum is performed with a 

positive peak at 197 nm and a negative peak at 218 nm, while the coil-

forms are represented with a negative peak at 200 nm and a positive 

peak at 230 nm [17]. Figure 2.11 shows an example of CD spectra for α-

helices, β-sheet and β-turn in acetic acid medium. 
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Figure 2.11. Far UV CD spectra associated with various types of 
secondary structure: α-helix (open circles), β-sheet (black circles), β-turn 

(open arrows) and poly-L-proline in 0.1 M acetic acid (black arrows). 

Source N.J. Greenfield, Anal. Biochem. 235, 1996 [17]. 

 

Current CD spectrometers measure CD in terms of observed 

ellipticity Θ in degrees (deg), which is often converted into the molar 

ellipticity [Θ], which has the dimensions of deg·cm2·dmol-1 (d=deci) and is 

expressed by eq. 2.16: 

 

[Θ] = (100 Θobs)/(M l)  (eq. 2.16) 

 

where M is the molar concentration of the compound usually in 

mol·L-1 and l is the cell path length in cm. CD are frequently referred to 

[Θ]MRW where MRW stands for the mean residue weight (MRW) which is 

for most proteins 110 and is referred as seen in eq. 2.17.  

 

[Θ]MRW= [Θ]/N   (eq. 2.17) 
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where N is the number of residues in the protein. 

 

CD spectra were recorded using a Jasco J-810 spectropolarimeter 

(Jasco, USA) equipped with a temperature controller. Accordingly, CD 

spectra were corrected for acetate, phosphate or borate buffer solution 

ellipticities. Cells of 1.0 cm path length were used for the 250– 320 nm 

regions and of 0.1 cm path length for the 185– 260 nm far UV regions. A 

step size of 0.1 nm, a bandwidth of 2 nm and a response time of 1 s were 

used at a temperature of 25 0C. The CD readings were expressed as the 

mean residue ellipticity (deg·cm2·dmol-1) using eq. 2.16. Thermal 

unfolding was monitored for native and nitrated Mb at pH 4.0, 7.0 and 

9.0 between 30 and 100 °C, with a scan rate of 1 °C per min, by recording 

the CD signal at 222 nm. The experimental data followed two-state 

denaturation kinetics [18]. Determination of secondary structure was 

performed by the software Dichroweb [19]. 

 

2.5.1.5. NUCLEAR MAGNETIC RESONANCE 

 

Nuclear Magnetic Resonance (NMR) is an important tool to 

determining the 3D structure of macromolecules (proteins are one of the 

case of study in this thesis) at atomic resolution and adds to or equals 
the knowledge obtained through the method of X-ray crystallography. In 

addition, NMR is a powerful technique for investigating time- or 

temperature-dependent chemical phenomena, like intermolecular 

dynamics or reaction kinetics. It is an absorption phenomenon based on 

the energy of the radio-frequency radiation by nuclei exposed to a 

magnetic field which is produced by the motion of electric charge. The 

parameter used for NMR characterisation is the chemical shift (δ) 

expressed in ppm, which could be positive or negative with respect to 

the standard reference 3-(trimethylsilyl) propionate sodium salt (TSP), 

which is chemically inert, soluble at aqueous solutions and magnetically 

isotropic, and gives a single sharp line, as seen in Figure 2.12. 

 

 



EXPERIMENTAL 

97 

 

 
 

Figure 2.12. NMR spectrum for the standard reference TSP. 

 

The resolution of NMR depends on both the magnetic field 
strength and the resonance frequency of the instrument. Modern 

instruments can show the multiplicity of the line shape, revealing more 

details of the nuclear environment, and which is related to spin-spin 

coupling due to three types of interaction: interactions of the electrons 

as moving charged particles in a magnetic field of nuclei, dipole-dipole 

interactions between nuclear magnetic moments and electron magnetic 

moments, and contact potential interactions. Spin-spin coupling in NMR 

is called the spin-spin coupling constant, J, whose units are in the hertz 

and the values vary from 0.05 to 600 Hz. The representation of the NMR 

signal as a discrete sampling sequence in digital form means that 

powerful numerical digital signal processing techniques can be used to 

extract the information content of the signal. The most common 

processing approach is to convert the time-domain signal into a 

frequency-domain spectrum by applying a Fourier transform by the 

application of algorithms, known as pulse NMR. 

 

NMR can be used for example for the determination of protein 

binding towards a ligand, which portions of the protein that show 

changes in chemical shifts in the bound form are likely to be near or in 

the binding pocket. And, by comparing the chemical shifts of the protein 

bound to one ligand with those of the same protein bound to a slightly 

different ligand, the perceived alteration provides an indication about 

the site of the protein-ligand complex. With a series of structurally 

related ligands, an approximate mapping of the ligand in the binding site 

is reasonably established. Although 2-dimensional (2D) and 3-

dimensional (3D) NMR experiments are the most used spectroscopic 
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analyses, homonuclear 1H NMR spectra are very useful for preparatory 

work and identification of complex mixtures of molecules.  

 

Then, in protein NMR, heteronuclear 15N and 1H experiments like 

HSQC (heteronuclear Single Quantum Correlation) [20] and HMQC 

(Heteronuclear Multiple Quantum Correlation) [21], which are the key 

point of most of the 3D heteronuclear sequences of scalar correlation, 

are the most used experiments of protein NMR. Due to every amino acid 

(with the exception of Pro) has a NH group, this kind of experiment, 

HSQC, allows the identification of individual amino acids in the protein 

sequence. Apart of the detection of the NH peptidic bonds, it is also 

possible to determine proton linked to N of lateral chains present in Asp 

and Gln, or other frequencies for nitrogen, like aromatic groups like Trp 

and His. HSQC presents a fingerprint of the protein. Nuclear Overhauser 

Effect SpectroscopY (NOESY) is also interesting for the determination of 

macromolecular structure by analyzing the coupling of dipolar 

interactions between nuclei. NOESY can correlate all the protons 

spatially close to each other even there is no chemical shift. 

 

This thesis deals with the NMR structure determination of Mb 

which has been electrochemically nitrated. NMR samples of Mb (10 mM 
PBS buffer pH 6.4) were concentrated using Amicon Ultra-15 centrifugal 

filter (3 kDa) devices until aproximately 1.4 mM for both native and 

nitrated proteins prior NMR analysis. Potassium cyanide in a molar ratio 

1:2 (protein: cyanide) was added to achieve Fe3+ low spin species, 

allowing the assignment and the interpretation of the hyperfine shifted 

signals. 10 % D2O were added for the lock signal. NMR spectra were 

recorded on a Bruker Avance 600 spectrometer operating at 11.74 Tesla, 

equipped with a triple-resonance TXI probe. 1D 1H NMR experiments 

were performed either by eliminating the water signal with an excitation 

sculpting scheme [22] or by superWEFT pulse sequence [23]. In the first 

case, the recycling rate was 5 s-1, while in the latter each scan was 

recorded in less than 60 ms. Two different mixing times (40 and 100 ms) 

were used in the NOESY experiments. A heteronuclear 1H-13C HMQC 

experiment at 13C natural abundance was also performed. All NMR 

spectra were recorded at 298 K. 

 

In another sense, 1D 1H NMR is also assessing metabolomics, 

which corresponds to a novel discipline that studies globally and 

simultaneously the multiple metabolites concentration profiles and their 
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cellular and systemic fluctuations. Metabolomic studies allow obtaining 

the fingerprint of the complex sample in 4- 5 min. NMR experiments for 

the analysis of the culture media were performed at a Bruker Digital 

Advanced 800 MHz (Bruker, Germany) coupled with a cryoprobe and 

settled at 300 K. A portion of 20 µL of samples was used because this is 

the expected volume in real samples. In order to minimize the dilution of 

the samples, 3 mm NMR tubes (Norell, Landisville, USA) were used. So, 

20 µL of samples were diluted to 150 µL in 0.9 % NaCl, 10 % D2O and 1 

mM of TSP as internal reference which is water-soluble. To analyze low 

molecular weight metabolites, a Carr-Purcell-Meiboom-Gill (CPMG) pulse 

sequence [24] were acquired with 128 scans, spectral width of 20 ppm 

and 65 K data points, experimental time was about 9 min. Then, a 5 s 

relaxation delay was applied between scans. For further analysis of 

metabolites 1D NOESY spectra were used with 10 ms of mixing time, 128 

scans and a relaxation delay of 5 s. For the assignment of the 

metabolites, J-resolved 1H and 2D- 1H-13C heteronuclear HSQC 

experiments were used. Spectra were Fourier transformed and adjusted 

with TopSpin 2.1 (Bruker BioSpin, Rheinstetten, Germany). Spectra were 

calibrated using TSP as a reference, and metabolites were assigned using 

Amix software in combination with the Bruker NMR Metabolic Profiling 

and BioMagResBank [25]. 
 

2.5.1.6. ELECTRON PARAMAGNETIC RESONANCE 

 

Electron paramagnetic resonance (EPR), also known as electron 

spin resonance (ESR) or electron magnetic resonance (EMR), -in this 

thesis and further EPR-, is a sophisticated spectroscopic technique that 

detects free radicals in chemical and biological systems, as it is the 

method of choice of characterizing unpaired electrons in materials. This 

technique is considered a key tool for the detection and quantification of 

radical species (ROS/RNS) in vitro and even in vivo. EPR spectra are very 

useful for the detection of small amounts of radicals, and the different 

types of spectra give an idea on the electronic structure of the radicals. 

The fundamentals of the EPR are based on the magnetic moments 

inherent to the electrons: the paramagnetic electrons orient in a parallel 

or antiparallel to the direction of the magnetic field when this is applied. 

The measurements are obtained due to the relationship between the 

two distinct energy levels and the absorption of the electro-magnetic 

radiation as described in Figure 2.13. As a result of an EPR experiment, 
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figure 2.14 shows the plot of intensity vs. magnetic field strength, 

defined by Gauss (G). 

 

 

 
Figure 2.13. Energy diagram basis for the EPR spectroscopy. 

 

 

 
 

Figure 2.14. EPR typical spectrum. 

 

In this thesis EPR was used for the identification and evaluation 

of the type of radicals generated in the electrochemical and sonication 
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event that provides the nitration of proteins. Immediately after the 

nitration, 0.5 ml of sample was transferred into an EPR quartz cell (60 x 

10 x 0:5 mm3). The spectra were recorded at room temperature (293 ± 2 

K) on a Bruker EMX EPR spectrometer equipped with an ER 041X 

microwave bridge X-band, with 100 kHz field modulation, operating at 

9.79 GHz microwave frequency. The modulation amplitude was usually 

0.75 G, the microwave power level was 1 mW, the time constant was 

20.5 ms, and the sweep width was 100 G. 

 

2.5.2. CALORIMETRY 

 

2.5.2.1. DIFFERENTIAL SCANNING CALORIMETRY 

 

Calorimetry is a universal method used for the investigation of 

processes that involve generation or consumption of heat, produced by a 

chemical reaction or characteristic transition T. Differential Scanning 

Calorimetry (DSC) is used in addition to the measurement of heat; it also 

measures the change of the difference in the heat flow rates (power) to 

the sample and to a reference sample while they are subjected to a 

controlled-T program. In this sense, DSC is used to study irreversible 

thermal folding/unfolding transitions of proteins and the thermodynamic 
mechanisms underlying those reactions. It is considered that the study of 

the protein denaturation (unfolding) pattern is useful for understanding 

the mechanisms of protein folding [26]. The temperature profile of the 

dependence of the excess heat capacity on the temperature has a bell-

shape [27] as shown in figure 2.15, and it is determined by the scanning 

rate, the enthalpy of denaturation, and the values of two parameters of 

the Arrhenius equation k and A. Enthalpy of denaturation does not affect 

the shape of the curve, but plays the role of a scale factor, while the 

energy of activation determines mainly the peak width whereas the 

position of the maximum depends mainly on the values of the transition 

temperature (Tm) and the scanning rate. In this thesis, DSC experiments 

were performed in order to calculate Tm for the native and modified 

proteins and study stabilisation or destabilisation effects.  
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Figure 2.15. DSC profile for a two

model of N (native protein) converting to D (denatured protein).

 

DSC measurements were performed using a Microcal model VP

DSC (TA Instruments), equipped with two cells of 0.5 mL capacity. DSC 

thermograms were acquired at a protein concentration of 1 mg mL

order to check independence from protein concentration, the same test 

measurements were performed for 0.5 mg mL

was kept at pH 7.0; the reference cell was filled with a

buffer solution. Samples and references cells were scanned from 30 

90 0C at a constant rate of 1.0 0C min-1. 

by scanning the buffer solution in both the protein sample and reference 

cells, was subtracted from the sample thermogram in order to minimize 

systematic differences between the cells. 

 

2.5.3. MASS SPECTROMETRY 

 

2.5.3.1. ELECTROSPRAY IONISATION MASS SPECTROMETRY

 

Electrospray ionisation mass spectrometry (ESI

important tool for the analysis of peptides and proteins as protein 

structure can be studied (primary, secondary, tertiary, and quaternary), 

and other applications like the determination of the 

by tandem-MS, the determination of metal binding stoichiometry and 

even, the determination of the subunit stoichiometry of the quaternary 

structure can be implemented. It affords ion transfer of a wide variety of 

ions dissolved in a wide variety of solvents, a

of the chemical and biochemical processes involve ions in solution.

 

HAPTER 2 

 
DSC profile for a two-state (one-step) irreversible 

model of N (native protein) converting to D (denatured protein). 

performed using a Microcal model VP-

), equipped with two cells of 0.5 mL capacity. DSC 

ms were acquired at a protein concentration of 1 mg mL-1. In 

order to check independence from protein concentration, the same test 

measurements were performed for 0.5 mg mL-1. Protein buffer solution 

was kept at pH 7.0; the reference cell was filled with an equal mass of 

ces cells were scanned from 30 0C to 

. A baseline thermogram, obtained 

by scanning the buffer solution in both the protein sample and reference 

cells, was subtracted from the sample thermogram in order to minimize 

systematic differences between the cells.  

ATION MASS SPECTROMETRY 

ation mass spectrometry (ESI-MS) is an 

important tool for the analysis of peptides and proteins as protein 

structure can be studied (primary, secondary, tertiary, and quaternary), 

and other applications like the determination of the MW, the sequencing 

MS, the determination of metal binding stoichiometry and 

even, the determination of the subunit stoichiometry of the quaternary 

structure can be implemented. It affords ion transfer of a wide variety of 

ions dissolved in a wide variety of solvents, and this is important as half 

of the chemical and biochemical processes involve ions in solution. 
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In order to measure the characteristics of individual molecules, a 

mass spectrometer first ionise the sample by heating with an ion source, 

usually to cations by loss of an electron, then the ions are separated 

according to mass (m) and charge (z) in by a m/z ratio, and finally, the 

separated ions are measured and the signal is sent to the data system 

where the m/z ratios are stored together with their relative abundance 

for presentation in a chart of intensity vs. m/z chart. Due to the short life 

of the ions, their formation and manipulation must be conducted in a 

high vacuum. The possibility to obtain the exact and precise molecular 

mass of a sample, like proteins, opens the applicability to a wide number 

of fields like biotechnology, pharmaceutical, clinical, environmental, 

geological and biological sciences. 

 

ESI-MS is known as a soft ionisation method as the sample is 

ionised by the addition or removal of a proton, with very little extra 

energy remaining to cause fragmentation of the sample ions (M). 

Positive ionisation (M + nH)n+ is afforded by the addition of a trace of 

formic acid to aid protonation of the sample molecules, in the negative 

ionisation mode (M - nH)n- the addition is of ammonia or a volatile amine 

to aid the deprotonation of the sample molecules. The m/z values can be 

expressed as designed in eq. 2.18: 
 

m/z = (MW + nH+) / n  (eq. 2.18) 

 

where m/z is the mass-to-charge ratio marked on the abscissa of 

the spectrum, MW is the molecular mass of the sample, n is the integred 

number of charges on the ions and H is the mass of a proton (1.008 Da). 

If the number of charges on an ion is known, then it is a simple 

calculation of m/z, and therefore the final calculation of the mass of the 

sample. See figure 2.16 as an example. 

 

The sample introduction often depends on the ionisation method 

being used, as well as the type and complexity of the sample, to mention 

some of them: Electron Impact (EI), Electrospray Ionisation (ESI) –as 

referred before-, Field Desorption/Field Ionisation (FD/FI), Fast Atom 

Bombardment (FAB), Matrix Assisted Laser Desorption Ionisation 

(MALDI), Thermospray Ionisation. MALDI and ESI are the most common 

methods used for biochemical technique, and they are also the ones 

used in this thesis. 
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Figure 2.16. Multiple charging ESI-MS positive ionisation m/z 

spectrum of the protein hen egg white lysozyme (Acetonitrile /H2O or 

MeOH/H2O with 0.1 % - 1 % formic acid, protein concentration about 1- 

5 µM). 

 

Fractions of the protein samples were re-suspended in 49.5/49.5 

% of water/methanol and 1 % of formic acid to achieve final 

concentration of 1- 3 μM, followed by their direct infusion via an external 

nanospray ionisation source (Advion Biosciences, Ithaca, NY, USA) into a 

7T Thermo Finnigan LTQ FT mass spectrometer (Thermo Fisher Scientific, 

Bremen, Germany). The electrosprayed ions were subjected to the MS 

and MS/MS analysis by infrared multiphoton dissociation (IRMPD) [28, 

29] and electron capture dissociation (ECD) [30] in the ion cyclotron 

resonance ICR cell. Ion isolation was performed in the front-end linear 

ion trap (LTQ). The isolation width was adjusted for isolating the 

modified ions from the remaining unmodified ions. Automatic gain 

control (AGC) was used to accumulate precursor cations in the ion trap 

(target 2x106, maximum fill time 2 s) before transporting them into the 

ion cyclotron resonance (ICR) cell (1 V trapping voltage). Raw MS data 

were analysed by use of Xcalibur 2.05 software (Thermo Fisher 

Scientific), where the Xtract program was used for calculating 

monoisotopic masses (44 % fit factor, 25 % remainder). ProSight PTM 

(https://prosightptm.scs.uiuc.edu) was used to search protein fragment 
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ions in Single Protein Mode. The mass accuracy for the search was set at 

10 ppm. 

 

2.5.4. EXTREME CONDITIONS TREATMENTS 

 

2.5.4.1. ULTRASOUND IRRADIATION 

 

Ultrasound irradiation (US) is the result of the application of 

sonochemistry to a chemical process by the introduction of the vessel in 

an ultrasonic bath or the introduction in the vessel of an ultrasonic 

probe. The main effects are: (i) the microstreaming and formation of 

microjets at phase boundaries [31], and (ii) the generation of cavitation 

bubbles during the cycle of the sound wave, -and even it seems to be a 

physical effects-, where the bubble can grow and adiabatically collapse 

during a compression cycle, generating what is called hot-spot with 

temperatures up to 4000 K and pressures up to 1000 atm [32, 33]. The 

hot-spot formation, which is represented in Figure 2.17, is becoming big 

enough to break bonds and such extreme conditions lead to bond fission 

of the vapours in the bubble and therefore reactive species, like hydroxyl 

radicals, are generated during the sonication of aqueous solutions. The 

sonication was used in this thesis with the purpose of nitrating the 
protein by the generation of hydroxyl radicals, among others. 

 

 
 

Figure 2.17. Scheme of ultrasonic cavitation and further 

formation of bubbles. Source “http://www.organic-

chemistry.org/topics/sonochemistry.shtm” 
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Sonochemical modification of Lyz was performed using an 

ultrasonic bath (40 kHz, 180 W power output) and an input ultrasonic 

intensity of 0.2 W.cm-2. Prior to the insonation of Lyz, the cleaning bath 

was kept at 5 0C and protein solution equilibrated for 2 min at the same 

temperature. Ultrasound field was applied through the glass cell for 

intervals of 5 min in order to keep the temperature below 12 0C. When 

de-oxygenation was required, tetraborate buffer solutions were de-

oxygenated by bubbling Ar before starting experiments. 

 

2.5.5. BIOCHEMICAL TECHNIQUES 

 

2.5.5.1. POLYACRYLAMIDE GEL ELECTROPHORESIS (PAGE) 

 

The electrophoresis is the movement of charged particles (ions) 

when applying an electric field and the basic theory is based on the ionic 

mobility which depends on the charge of the ion and the frictional 

coefficient arising from the resistance of the solution and the strength of 

the electric field. Due to electrostatic forces, ions are always surrounded 

by many other ions of opposite charge which form an ionic atmosphere 

which can affect the conductance and mobility of the central ion in 
different ways, viscous effect, electrophoretic effect, relaxation effect 

and zeta potential. The electrolyte buffer is the most important step in 

the successful run of an electrophoresis; and the two main factors to 

bear in mind are the pH and the ionic strength. The detection methods 

are UV absorption, autoradiography, staining and destaining and 

immunodiffusion. In this thesis the most used detector is the staining 

method with coomassie blue dye. The supporting media presents a wide 

range of options, like agarose, cellulose membranes, paper, 

polyacrylamide gels, starch, but the most used gels in this thesis were 

those based on polyacrylamide gel. Figure 2.18 shows a diagram of the 

components of the instrumentation used in a SDS-PAGE electrophoresis 

and how proteins, in this case, get separated. 
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Figure 2.18. SDS-PAGE gel electrophoresis configuration. Source 

http://ww2.chemistry.gatech.edu/ [34]. 

 

All these combinations gathered together offer different types of 

electrophoresis: microgel electrophoresis, 2D macromolecular maps, 
thin-layer electrophoresis, capillary electrophoresis, affinity 

electrophoresis, paper electrophoresis, agarose gel or polyacrylamide gel 

electrophoresis, among others. Further separation arises when blotting 

analysis is applied, as the resolved sample is extracted from the gel to a 

blotting membrane (nitrocellulose), where the sample is isolated, 

purified and analysed. This technique applied to proteins is called 

Western Blot, and is usually used in conjunction with PAGE that fractions 

the sample and then it is identified in the nitrocellulose membrane with 

specified primary antibodies. 

 

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis, 

(SDS-PAGE), is a technique mostly used in biochemical studies for the 

simultaneous separation and estimation of the molecular weight of 

proteins that are solubilised with the SDS detergent. The detergent binds 

to proteins and form complexes that carry negative charged in the form 

of rods that migrate at different rates when applying the electrophoretic 

field. Larger molecules migrate slowly, whereas small molecules migrate 
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quickly. The estimation of the molecular weight is afforded with the 

introduction of a pre-stained protein standard MW, also called protein 

ladders. 

 

 
 

Figure 2.19. One example of a SDS-PAGE resolved gel. 

 

Coomassie blue is a protein-specific reagent that stains proteins, 

and is useful for quantification of proteins in solution because it forms a 

complex that changes its absorbance from 465 to 595 nm under acidic 

conditions. Figure 2.19 shows an example of an electrophoresis gel 

resolved with Coomassie blue dye. The interaction is not a pure covalent 

bond but an ionic bond through the basic groups and nonpolar van der 

Waals forces of the proteins. Usually Coomassie blue dye (specially R250) 

is used for staining proteins in gels, which consists in making the proteins 

more insoluble and then sticking tightly to the dye, resulting in an 

apparent blue color. With the polyacrylamide gel, approximately 0.1 µg 

of protein can be detected, whereas when using Western-Blot or 2D gels 

based on the stronger interaction of Ag staining, less amount of protein 

can be detected (1 ng). 

 

2.5.5.2. ENZYME-LINKED IMMUNOSORBENT ASSAYS (ELISA) 

 

Enzyme-linked Immunosorbent Assays (ELISA) are plate-based 

assays designed for detecting and quantifying substances such as 

proteins, peptides, antibodies and hormones. The basis of the assay is 

the immobilisation of the antigen in the base of the polystyrene plates 

which complexes with a passively bind antibody that is linked to an 

enzyme, and whose detection is accomplished by the assessment of the 

conjugated enzyme activity via incubation with a substrate to produce a 
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measurable product. The key of the technique involves the selection of 

the best and highly selective antigen-antibody interaction. 

Immunological techniques were used in this thesis for the identification 

of nitrated proteins. 

 

ELISA was performed in 96-well plates coated with 100 µl of the 

test (1.25 µg·mL-1) protein solution and denatured samples using 

carbonate buffer pH 9.6. The plates were then incubated overnight at 4 
oC. Wells were blocked with 130 µL 5 % skimmed milk powder (SMP) in 

PBS for 1 h at 37 oC. Following blocking the plates were washed with 

buffer (PBS and 0.05 % Tween 20) three times. Polyclonal rabbit anti-3-

NT antibody (Ab) (at optimal dilution as determined by checkerboard 

analysis) was then added and incubated for 2 h at 37 oC. All antibody 

dilutions were made in incubation buffer (PBS pH 7.4 with 0.05 % Tween 

20, 1 % BSA (unless otherwise stated) and 5 % SMP). The plates were 

then washed as above. Goat anti-rabbit IgG (whole molecule alkaline 

phosphatase conjugate), 1:5000 in incubation buffer, was added and 

incubated for 2 h at 37 oC. Following washing as above, substrate (p-

nitrophenol phosphate substrate, 1 mg.mL-1 in 0.1 M diethanolamine 

buffer, pH 10.3) was then added. The plates were placed in the dark at 

room temperature for 15 min to allow the colour to develop. The 
reaction was stopped using 100 µL of 0.75 M sodium hydroxide, and the 

absorbance was then read at 405 nm using an Anthos reader 2001. 

 

2.5.5.3. DOT BLOTTING INMUNODETECTION 

 

Dot Blotting, whose fundamentals are basically the same than 

those explained for ELISA, was also used in this thesis for the 

identification of nitrated proteins. Nitrated protein samples (4 µL, 1 
mg·mL-1) were pipetted onto hybond C nitrocellulose membrane which 

had been equilibrated in Towbin buffer (3.03 g Tris, 14.4 g glycine, 200 

mL methanol and made up to 1 L with doubly distilled water). The 

samples were allowed to air dry, the membrane was then blocked with 3 

% SMP in phosphate buffered saline (PBS pH 7.4; 8 g sodium chloride, 0.2 

g potassium chloride, 2.8 g disodium hydrogen phosphate (ortho) 

decahydrate, 0.2 g potassium dihydrogen (ortho) phosphate made up to 

1 L) overnight at 4 oC. Once blocked the membrane was incubated for 1 h 

at room temperature in a solution of polyclonal rabbit anti-3-

nitrotyrosine antibody (3-NT Ab), at optimised dilution, in PBS with 2 % 

BSA. Following a thorough wash in PBS, the membrane was then placed 
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in a solution of goat anti rabbit IgG alkaline phosphatase conjugated 

antibody (1:5000 in PBS with 0.5 % BSA) and incubated for 45 min at 

room temperature. The membrane was again washed in PBS followed by 

rinsing with doubly distilled water to remove any residual phosphate. 

The presence of 3-NT-containing proteins was detected colourimetrically 

by the addition of fast 5-bromo-4-chloro-3-indolyl phosphate/nitro blue 

tetrazolium (BCIP/NBT) substrate, and incubation of the membrane in 

the dark. The reaction was stopped by rinsing the membrane with doubly 

distilled water. Denatured samples were also run following addition of 

urea (final concentration 8 M) and mercaptoethanol (to 0.5 % (v/v)) to 

samples of electrochemically and sonically nitrated lysozyme and 

incubation at 37 oC for an optimal time (48 h). 

 

2.5.5.4. ENZYMATIC ACTIVITY ASSAY 

 

Lyz activity was measured by a turbidimetric assay [35], with hen 

egg white lysozyme (HEWL) as a standard. It is a method that emerged 

from the isolation of highly purified crystalline lysozyme that suggested 

the possibility for assaying Lyz [36]. Fleming, the discoverer of the 

enzyme, observed the lytic activity of Lyz either as clear zones on agar 

plates seeded with Micrococcus lysodeikticus or as a clearing suspension 
of the same organism [37]. After incubation these mixture were left for 

growth and turbidity of the tubes was observed. This procedure was 

applied to obtain the dilution of egg white lysozyme capable of 

producing inhibition or sterilization of different organism. 

 

Cell walls from lyophilized Micrococcus lysodeikticus (0.3 mg·mL-1 

in 0.1 M K2HPO4, pH 6.2) were used as substrate in a turbidimetric assay 

for lytic activity of Lyz. To do this, 0.03 mL of a solution containing 1 

mg·mL-1 of protein in 0.1 M K2HPO4 at pH 6.2, was added to 0.97 mL of 

cell-wall substrate and the absorbance was recorded at 450 nm over 20 

s. In control experiments, native Lyz samples exposed to the electrode 

conditions without NO2
- present were likewise dialyzed and freeze dried 

for activity measurement. Assays were performed in a Shimadzu UV-

2401 spectrometer. All experiments were carried out at 25 ± 2 0C. One 

unit of the enzyme is defined as the amount that will produce a change 

in absorbance at 450 nm of 0.001 per min under the experimental 

conditions described above [26]. 
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2.5.5.5. DIALYSIS MEMBRANES 

 

Pieces of a 3.5 kDa cut off dialysing membrane were used to 

adjust the nitrated protein solution pH from the initial 9.0 to, various 

alternative values either pH 4.0, 7.0, 9.0 or 10.5 and also to remove 

unreacted NO2
- from the electrochemical nitration procedure. After 

dialysis protein samples were filtered through 0.2 µm filter and 

centrifuged for 5 min at 33.700 RCF before spectroscopic measurements. 

Protein solutions were also dialysed against 10 mM ammonium acetate 

pH 6.2 with a 3.5 kDa cut off membrane before applying mass 

spectrometry. 

 

2.5.5.6. METHODS FOR PROTEIN CONCENTRATION 

DETERMINATION 

 

Lowry and Bradford protein assays were used for the 

determination of protein concentration by spectroscopic methods. Lowry 

assay [38] is based on the reactivity of the nitrogen atom of the peptidic 

bond with the Cu+ ions under alkaline conditions (buffered at pH 10- 

10.5) and the subsequent reduction of the Folin- Ciocalteay reagent 

phosphomolybdicphosphotungstic acid to heteropolymolybdenum blue 
by the cooper-catalyzed oxidation of the aromatic residues (mainly Trp 

and Tyr). Similarly, Bradford method utilises Coomasie blue dye (G-250), 

for the quantification of the protein by the binding to primary basic and 

aromatic (Arg) residues and its spectroscopic analysis at 595 nm. Protein 

detection with both methods was applicable to 0.01- 2.0 mg·mL-1. BSA 

protein solutions were used for obtaining the calibration curves for both 

methods. 
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2.6. CHROMATOGRAPHY-BASED ANALYTICAL TECHNIQUES 

 

High-performance liquid chromatography (HPLC) is designed to 

differentiate migration rates of biomolecules mixtures that go through a 

column of specific packing material, in accordance of what needs to be 

separated the column would be chosen. Regarding the mechanism of 

separation of the mixture and the interaction with the stationary phase, 

there are four main types of columns: ion-exchange, liquid-liquid 

(adsorption), liquid-liquid (normal or reversed phase) and size-exclusion 

chromatographies. The selection of the detector is challenged by the 

nature of the mixtures we want to separate. The types of detectors most 

frequently used in HPLC are UV-visible photometric detector, 

fluorescence detector, refraction index detector (RID), differential 

refractometers [39] and mass spectrometers and electrochemical 

detectors. In this thesis several detectors are shown for the detection of 

different species (proteins, organic acids, amino acids, carbohydrates) 

demonstrating the wide applicability of this technique. 

 

2.6.1. HPLC COUPLED TO UV-VIS DETECTOR 

 

Here the experimental procedure for the analysis of a wide 
number of compounds using HPLC-UV-Vis chromatograph is described. 

Lactic and pyruvic acid concentrations were determined by HPLC 

(Agilent 1100 series, Santa Clara, U.S.A.) coupled with an UV-Vis 

detector. The mobile phase consisted of 20 mol·L-1 NaH2PO4 aqueous 

solution adjusted to pH 2.5 with H3PO4. The column used was a C18 

Hypersil octadecylsilane (ODS), 4.0 mm of internal diameter x 250 mm 

length, 5 µm of particle size, with the temperature set up at 25 0C. Flow 
rate was 0.5 mL·min-1 with a wavelength of 210 and 220 nm, although in 

both cases more sensitive signals were obtained for 210 nm. After a 

proper ten-fold dilution with water, injection volume was 20 µL.  

 

The amino acids analysis corresponding to: Asp, Glu, Ser, Gly, 

Asn, Gln, Ala, Pro together with the di-peptide Ala-Gln and Tau, was 
preceded by the albumin protein removal. Human Serum Albumin (HSA) 

contained in the culture medium was precipitated with ethanol as a co-

solvent and then centrifuged in a microcentrifuge at 14000 rpm or RCF of 

573 g for 15 min. Finally, the supernatant was removed and samples 

were filtered through a 0.45 µm PTFE filter prior to analysis. The amino 

acids were chemically derivatised off column by the use of 2 µL of 
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phenylisothiocyanate (PITC), as described by Heinrikson and Meredith 

[40], the derivatisation implied incubating the samples for 30 min at 37 
0C. In order to ensure a high recovery of amino acids and fully 

derivatisation step was carried out in an excess of derivatising agent. 

Then samples were applied to a HPLC-UV-Vis (Agilent 1100 Series) 

measuring at a wavelength of 254 nm with a C18 Hypersil ODS column of 

4.0 mm internal diameter x 250 mm length and 5 µm of particle size. A 

gradient mode consisting of two mobile phases was used: mobile phase 

A was 0.050 mol·L-1 sodium acetate adjusted to pH 5.5 with acetic acid, 

and phase B which was acetonitrile. The column was eluted under linear 

gradient conditions at a constant flow rate of 1.0 mL·min-1 as presented 

at Table 2.1. A flow of 100 % acetonitrile was used during 26 min to wash 

the column and remove the unreacted PITC. After a proper dilution of 1 

to 7.2, injection volume of the derivatised sample was 5 µL. 
 

 

Linear Gradient Composition 
a 

time (min) A, % B, % 

0.0 100.0 0.0 

21.0 96.5 3.5 

29.0 96.5 3.5 

40.5 92.5 7.5 

42.5 92.5 7.5 

45.5 0.0 100.0 

65.5 0.0 100.0 

76.0 100.0 0.0 
a Solvent composition A: 0.050 mol·L-1 

sodium acetate adjusted to pH 5.5 with 

acetic acid, B: acetonitrile. 

 

Table 2.1. Gradient used for amino acids HPLC-UV-Vis separation 

and determination. 

 

The course of the electronitration of Mb was followed by HPLC 

using a phenyl gel hydrophobic interaction column (HIC), TSK Phenyl-

5PW of 7.5 cm × 7.5 mm and 10 μm of particle size (LKB Bromma) at 410 

nm. The flow rate was 1.0 mL·min-1 and the gradient used was from 100 
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% of mobile phase A to 100 % of mobile phase B in 60 min. Mobile phase 

A was 0.1 M sodium phosphate pH 7.0 with 2 M ammonium sulphate 

and phase B was 0.1 M sodium phosphate pH 7.0.  

 

The nitration of Lyz either by electrochemical or sonication 

methods was followed by HPLC with an Agilent 1100 Series system using 

a strong cation exchange column IEC SP-825 column, 8 mm internal 

diameter, 75 mm length (Shodex). A gradient from mobile phase A (100 

% A) up to mobile phase B (100 % B) in 60 min. with a 1 mL·min-1 flow 

rate was used, where mobile phase A was 20 mM sodium phosphate (pH 

7.0) and mobile phase B consisted of mobile phase A plus 0.5 M NaCl 

[41]. The eluate was monitored at both 280 and 430 nm. The reaction 

products were also separated by fast protein liquid chromatography 

(from Äkta Purifier from Amersham Pharmacia Biotech) using the same 

cation exchange column.  

 

2.6.2. HPLC COUPLED TO REFRACTION INDEX DETECTOR 

 

Simultaneous determination of glucose and organic acids (lactic 

and pyruvic) was not viable as glucose concentrations were below the 

detection limit; glucose absorption wavelength is below 210 nm and 
additionally has a very small extinction coefficient. However, HPLC-RID is 

an establish technique for the determination of sugars in different 

samples [42, 43]. However, our preliminary determination of glucose 

using HPLC-RID presented one main drawback related to interferences of 

hyaluronic acid (HA), lactic and pyruvic acids present in the culture 

medium with retention times similar to that for glucose. 

 

2.6.3. HPLC COUPLED TO MASS SPECTROMETER DETECTOR 

 

HPLC coupled to a mass spectrometer (HPLC-MS) is an 

instrumental highly powerful technique able to qualitatively and 

quantitatively identify a complex sample. Mass spectrometry (MS) has 

become recently a powerful, sensitive and accurate technique for 

determining the primary structure and exact molecular weight of 

proteins. The sample concentrations required are very small (1 pmol·L-1), 

sample do not need to be homogenous and the mass-to-charge ratios 

can be measured to an accuracy of 1 part in 10.000 up to approximately 

15.000 Da/charge. 
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Glucose analysis was carried out with HPLC coupled with a mass 

spectrometer (Agilent 1100 LC/MSD Trap SL model) with a positive ion 

polarity in the electro spray ionisation [44]. The column used was a 

LichroCART, with LichroSpher as stationary phase, 4.0 mm internal 

diameter x 250 mm length, 5 µm of particle size, (Agilent technologies). 
The mobile phase consisted of a mixture of acetonitrile/water 75 : 25 v/v 

+ 0.1 % formic acid, and an isocratic flow rate of 0.5 mL·min-1. Injection 

volume after dilution up to ten-fold with water was 10 µL. Positive 
ionisation was chosen for glucose determination and in all cases before 

glucose determination, calibration curves were performed following the 

ion abundance of 203-mass corresponding to the mass of the adduct 

[Glucose + Na]+. Calibration curves for determination of glucose were 

performed along days in order to follow the possible variations of the 

equipment associated to electro spray conditions, type of source or 

sample contamination. 

 

2.7. MATERIALS AND CHEMICALS 

 

Analytical reagents and biocomponents characteristics, solution 

preparation, consumable, software and instrumentation details are 

shown in Annex I. 

 

 

  



CHAPTER 2 

116 

 

2.8. REFERENCES 

 

[1] A. J. Bard, L. Faulkner, Introduction and overview of electrode 

processes in Electrochemical methods: Fundamentals and applications, 

2nd ed., Wiley, New Jersey, 2001, 1-43. 

[2] A. J. Bard, L. Faulkner, Polarography and Pulse Voltammetry in 

Electrochemical methods: Fundamentals and applications, 2nd ed., 

Wiley, New Jersey, 2001, 261-304 

[3] A. J. Bard, L. Faulkner, Basic potential step methods in Electrochemical 

methods: Fundamentals and applications, 2nd ed., Wiley, New Jersey, 

2001, 156-225. 

[4] C. Amatore in Physical Electrochemistry, I. Rubinstein, Ed. Marcel 

Dekker, New York, 1995, 131-208. 

[5] F. G. Cottrell, Z. Phys. Chem. 1902, 42, 385. 

[6] Y. Saito, Rev. Polaro. (Japan) 1968, 15, 177-187. 

[7] K. B. Oldham, J. Electroanal. Chem. 1981, 122, 1-17. 

[8] P. M. Hallam, D. K. Kampouris, R. O. Kadara, C. E. Banks, Analyst 2010, 

135, 1947-1952.  

[9] J. P. Metters, M. Gómez-Mingot, J. Iniesta, R. O. Kadara, C. E. Banks, 

Sens. Actuat. B- Chem 2013, 177, 1043-1052. 

[10] S. F. Sun, Electronic and Infrared Spectroscopy in Physical Chemistry 

of Macromolecules. Basic Principles and Issues. 2nd ed. Ed. Wiley Inter-

Science, 2004 

[11] J. P. Crow, H. Ischiropoulos, Methods Enzymol. 1996, 269, 185-194.  

[12] T. M. Florence, J. Inorg. Biochem. 1985, 23, 131-141. 

[13] R. Radi, L. Thomson, H. Rubbo, E. Prodanov, Arch. Biochem. Biophys. 

1991, 288, 112-117. 

[14] F. H. Niesen, H. Berglund, M. Vedadi, Nat. Protoc. 2007, 2, 2212-

2221.  

[15] G. D. Fasman (ed), Circular Dichroism and Conformational Analysis of 

Biomolecules, Plenum Press, 1996. 

[16] A. Rodger, B. Norden, Circular Dichroism & Linear Dichroism, Oxford 

University Press, 1997.  

[17] N. J. Greenfield, Anal. Biochem. 1996, 235, 1-10. 

[18] E. S. Awad, D. A. Deranleau, Biochem. 1968, 7, 1791- 1795. 

[19]http://dichroweb.cryst.bbk.ac.uk/html/home.shtml, July 2012. 

[20] G. Bodenhausen, D. J. Ruben, Chem. Phys. Lett. 1980, 69, 185-189. 

[21] V. Sklenar, A. Bax, J. Magn. Reson. 1987, 71, 378-383. 

[22] T. L. Hwang, A. J. Shaka, J. Magn. Reson. A 1995, 112, 275- 279. 

[23] T. Inubushi, E. D. Becker, J. Magn. Reson. 1983, 51, 128- 133. 



EXPERIMENTAL 

117 

 

 

[24] S. Meiboom, D. Gill, Rev. Sci. Instr. 1958, 29, 688-691. 

[25]http://www.bmrb.wisc.edu/, January 2013. 

[26] V. N. Uversky, Biochem. 1999, 64, 250-266. 

[27] A. E. Lyubarev, B. I. Kurganov, Study of irreversible thermal 

denaturation of proteins by differential scanning Calorimetry in Methods 

in Protein Structure and Stability Analysis: Conformational Stability, Size, 

Shape and Surface Protein Molecules, Editors: V. Uversky, E. Permyakov, 

Nova Publishers, 2007, 109-145. 

[28] D. P. Little, J. P. Speir, M. W. Senko, P. B. O’Connor, F. W. McLafferty, 

Anal. Chem. 1994, 66, 2809-2815. 

[29] R. L. Woodin, D. S. Bomse, J. L. Beauchamp, J. Am. Chem. Soc. 1978, 

100, 3248-3250. 

[30] R. A. Zubarev, N. L. Kelleher, F. W. McLafferty, J. Am. Chem. Soc. 

1998, 120, 3265-3266. 

[31] D. J. Walton, S. S. Phull, Sonoelectrochemistry. In: Advances in 

Sonochemistry, 1996, Ch. 4, 205-278. 

[32] B. E. Noltingk, E. A. Neppiras, Proceedings of the Physical Society of 

London, Section B, 1950, 63, 674-685. 

[33] H. G. Flynn, Physical Acoustics, Ed. W.P. Mason, Academic Press, 

New York, 1964. 

[34]http://ww2.chemistry.gatech.edu/, March 2013. 

[35] A. N. Smolelis, S. E. Hartsell, J. Bacteriol. 1949, 58, 731-736.  

[36] G. Alderton, L. H. Fevold, J. Biol. Chem. 1946, 164, 1-5.  

[37] A. Fleming, Proc. Roy. Soc. 93, 306-317. 

[38] O. H. Lowry, N. J. Rosenbrough, A.L. Farr, R.J. Randall, J. Biol. Chem. 

1951, 193, 265-275. 

[39] S. F. Sun, High-Performance Liquid Chromatography and 

Electrophoresis in Physical Chemistry of Macromolecules. Basic Principles 

and Issues. 2nd ed. Ed. Wiley Inter-Science, 2004. 

[40] R. Heinrikson, S. C. Meredith, Anal. Biochem. 1984, 136, 65-74. 

[41] P. G. Richards, B. Coles, J. Heptinstall, D. J. Walton, Enzym. Microb. 

Technol. 1994, 16, 795-801. 

[42] E. Giannoccaro, Y. J. Wang, P. Chen, Food Chem. 2008, 106, 324-330. 

[43] E. Moro, R. Majocchi, C. Ballabio, S. Molfino, P. Restani, Am. J. Enol. 

Vitic. 2007, 58, 279-282. 

[44] Y. Liu, S. Urgaonkar, J. G. Verkade, D. W. Armstrong, J. Chromat. A 

2005, 1079, 146-152. 

 

 



CHAPTER 2 

118 

 

 

 

 

 



3. BIOELECTROCHEMISTRY OF 

PROTEINS

3





BIOELECTROCHEMISTRY OF PROTEINS 

121 
 

3. BIOELECTROCHEMISTRY OF PROTEINS 

 

As pointed out in the introduction of this thesis, proteins are one 
of the big families of biomolecules that are affected by oxidative damage 
caused by ROS/RNS. The interaction of ROS/RNS with proteins can 
modify their structure, dynamics and stability which would affect the 
intermolecular ET of the proteins in cells. Consequently, the above ET 
processes are responsible of controlling cell membrane processes like ion 
pump regulation, ion channels function and protein- protein interaction. 
These modifications or changes in proteins caused by oxidative stress 
agents are directly related to a wide range of diseases or common 
processes like ageing. Thus, studies on structural and functional 
consequences of covalently modified proteins and immobilisation of 
proteins are vital as means of constructing biomimetic systems which are 
able to reproduce biological mechanisms. 

 
In this chapter, oxidation and nitration of three model proteins 

are performed in vitro with the aim of mimicking in vivo conditions. The 
possible consequences from the modification of these proteins derived 
from the attack of ROS/RNS are studied by biophysical chemistry 
techniques. More in detail, oxidation of a common redox protein (cyt c) 
is examined under an electrochemical approach with screen printed 
graphite electrodes. A fundamental study of the phenomena occurring at 
the interface protein- electrode with pH as well as a kinetic study of the 
ET rate is presented. Then, the immobilisation of this protein is 
satisfactorily obtained which allows the assessment of different 
conformational states stable at the interface of the electrode. Finally, the 
oxidation of the protein is followed when the protein is in solution or 
either immobilised onto the surface of the electrode. 

 
This chapter also deals with the selective electrochemical 

nitration of Mb, and the sub- sequent changes produced by this nitration 
are studied by biophysico- chemical techniques. Finally, the 
electrochemical nitration of Lyz is also tackled and comparisons on the 
nitration method are performed towards the sonochemical procedure. 
Similarly, the biophysical and biochemical characterisation of the 
changes produced by nitration is obtained. 
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3.1. BIOSTUDIES OF CYTOCHROME C ELECTRON TRANSFER AT 

INTERFACES 

 
The direct electrochemistry of cyt c at SPGEs exhibits quasi- 

reversible voltammetric responses without the need for any chemical or 
electrochemical pre- treatment, use of mediators or nanomaterials. 
Results on the response of cyt c after different electrochemical pre- 
treatments are shown to be detrimental or ineffective. In this section a 
deep study on the interaction of cyt c and its different conformational 
equilibrium and non- equilibrium states with the novel screen printed 
carbonaceous platforms is presented. A study on the electrochemical 
behaviour of cyt c is offered for a wide range of pH values, from 2.0 to 
11.0. At pH 3.5 the apparition of a new species, in cooperation with the 
native conformation, is examined via the voltammetric responses. 
Immobilisation of the protein is satisfactorily obtained under specific 
electrochemical conditions and pH solution, which allow us to relate the 
voltammetric response of cyt c to conformational states of the protein 
and to obtain amperometric responses for immobilised cyt c due to its 
useful pseudo peroxidase activity.  

 

3.1.1. Characterisation of the SPGE surface. 
 
Superficial techniques have been used for the characterisation of 

the SPGE surfaces. SEM images show the roughness and heterogeneity of 
the surface (Fig. 3.1). 
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Figure 3.1. SEM images for the SPGE surface.

 
Raman spectroscopy (Fig. 3.2) 

surface and a very disordered and heterogeneous carbon. Optical 
microscope shows some shiny areas of the surface which correspond to 
basal planes of carbon and some other
edge irregular areas of carbon. Highly ordered graphite has only a couple 
of Raman- active bands visible in the spectra
the graphite lattice (G band) at 1580
caused by the graphite edges (D band) at around13
energy of 2.33 eV. Moreover, a 2D or 
The relative intensity ratio of D/G is almost 1 which 
is very disordered [1, 2].  
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SEM images for the SPGE surface. 

Raman spectroscopy (Fig. 3.2) also shows the roughness of the 
surface and a very disordered and heterogeneous carbon. Optical 

areas of the surface which correspond to 
some others that do not, which correspond to 

Highly ordered graphite has only a couple 
active bands visible in the spectra: the in- phase vibration of 

80 cm- 1 and a weak disorder band 
caused by the graphite edges (D band) at around1328 cm- 1 for a laser 

2D or G´ band appeared at 2677 cm- 1. 
/G is almost 1 which indicates the sample 
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Figure 3.2. Raman spectrum for the SPGE surface. 

 
Then, XPS analysis is performed to the surface showing the high 

grade of functionalization. XPS reveals the presence of 77.2 % atomic 
carbon, 4.8 % atomic oxygen, 7.5 % atomic chloride and 10.4 % atomic 
sodium. From the deconvolution of the C1s band (77.2 %) it is revealed 
the presence of 68.4 % corresponded to C1s graphitic, C- C- and C- H 
bonds with a band of 284.4 eV, 24.8 % to alcohol and carbonyl groups 
with C- O, C=O, - O- C- bonds at 286.2 eV and finally 6.3 % to carboxylic 
acid at 288.1 eV. 

 
In order to gain an insight into why the SPGEs provide an 

exemplary response towards cyt c, their behaviour is assessed with the 
Fe(CN)6

3- /4- redox system since it is well- known to be very sensitive to 
functionalization of the electrode surface [3]. Fig. 3.3 shows the typical 
CV for 0.5 mM Fe(CN)6

3- /4- and 0.1 M KCl when depositing a drop of 50 µL 
into the SPGE surface. The scans presented correspond to successive 
scans at increasing scan rates (υ) ranging from 20 to 500 mV·s- 1. The 
reproducibility of the different electrode batches tested showed a 
relative standard deviation (RSD) of 2 %. 
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Figure 3.3. Typical CV for 0.5 mM Fe(CN)6

3- /4- . Scans correspond 
to increasing υ from 20 to 500 mV·s- 1. 

 
3.1.2. Evaluation of the anodic and cathodic pre- treatments of 

the surface. 

 
Figure 3.4 depicts the observed voltammetric behaviour for the 

anodic and the cathodic pre- treatments in the presence of 1 mM 
Fe(CN)6

3- /4- in PBS solution. The dashed line in figure 3.4 reveals the 
voltammetric profile for the non pre- treated electrode whereas the solid 
line depicts the electrochemical response after the pre- treatment. The 
non pre- treated SPGEs show a peak- to- peak separation (ΔEp) of 141 mV 
(fig 3.2Aii, dashed line) which increases to 274 mV (fig 3.4Aii, solid line) 
following anodic pre- treatment indicating slower ET rates. In the case of 
the cathodic pre- treatment a ΔEp of 122 mV (Fig. 3.4.Cii, solid line) is 
observed indicating a modest improvement in the ET rate. Phosphate 
buffer background scans recorded in pH 7.0 are also depicted in Fig. 
3.4.Ai and 3.4.Ci anodic and cathodic pre- treatments in acidic 
conditions, respectively. It is important to note that CVs obtained over 
the range - 0.2 and + 0.2 V reveal a change of the surface state of the 
SPGE, although the increase in the capacitative current is less remarkable 
for the cathodic pre- treatment and thereby it is in a good agreement 
with the expected behaviour of cyt c after the cathodic conditioning (see 
Fig. 3.4.Cii, solid line). All these observed changes using Fe(CN)6

3- /4- redox 
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couple are in good agreement with that reported by Marken et al. [8] 
and Granger 

et al. [4] using BDD electrode which have been attributed to 
changes of the functionalization of the electrode surface. 
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Figure 3.4. CVs for the SPGEs before (dashed line) and after (solid 

line) for the anodic (A) and cathodic (C) pre- treatments. Electrochemical 
profiles for the anodic and cathodic pre- treatments in 0.1 M phosphate 

buffer solution (Ai, Ci, respectively) and in the presence of 1 mM 
Fe(CN)6

3- /4- (Aii, Cii, respectively). Scan rate of 50 mV·s- 1. 
 

3.1.3. Characterisation of the ET of cyt c. 

 
The voltammetric responses of the SPGEs were first explored in a 

pH 7.0 phosphate buffer solution containing 162 μM cyt c (which 
corresponds to the conversion of the usual concentration unit used for 
proteins, in this case 2.0 mg·mL- 1). As depicted in Fig. 3.5, well- defined 
and quantifiable voltammetric responses are observed. Note that this is 
achieved with no pre- treatment or use of chemical surface modifiers or 
nanomaterials as is commonly utilised throughout the literature. In cyt c 
the structural unit responsible for the electron exchange is a heme unit 
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with an iron redox centre which gives rise to the voltammetry observed 
in figure 3.5 as described by the following equation (eq. 3.1): 

 
Fe(III)(cyt c)  +  e -   →  Fe(II)(cyt c)  (eq. 3.1) 
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Figure 3.5. Typical CV profile recorded in pH 7.0 buffer solution 

containing 162 µM cyt c using SPGEs. Scan rate: 50 mV·s- 1. 
 
The value of the formal potential of 9 mV (228 mV vs NHE) is in 

good agreement with that reported in the literature with 258 mV vs. NHE 
using optically transparent electrodes in pH 7.0 phosphate buffer [5] and 
with Haymond et al. (270 mV vs NHE) using nanocrystalline BDD 
electrodes [6]. The heterogeneous rate constant, k0

, is determined using 
the Nicholson method [7], using a diffusion coefficient value of                 
6 ± 2 x10- 11 m2·s- 1 as reported previously [8], which is found to 
correspond to 2.5 (± 0.4) x10- 3 cm s- 1. This value agrees well with that of 
1.5 (±0.4) x10- 3 cm·s- 1 obtained using polycrystalline silver electrode 
with a cathodic pre- treatment [9], 1.66 x10- 3 cm·s- 1 reported on silicon 
dioxide nanoparticles [10], and 1.0 x10- 3 cm·s- 1 using a nanocrystalline 
BDD electrode [6]. Thus it is clear that the electrochemical response 
observed at the SPGEs is quantifiably similar to many literature reports 
without the need for pre- treatment or recourse to the use of 
nanoparticles. It is then clearly shown that carbonyl and carboxylic 
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surface oxygenated species likely residing at edge plane like- 
sites/defects of the graphite comprising the SPGEs are responsible for 
the favourable interaction of the cyt c with that of the screen printed 
electrochemical sensing platform. 
 

The effect of υ is explored over the range 10 to 300 mV·s- 1 where 
the peak potential is observed to gently shift with increasing scan rates 
indicating a quasi- reversible ET process. A plot of peak height against 
square- root of scan rate reveals a linear response (Ip /A = 5.3 x10- 7 A/(V 
s- 1)1/2 – 5.9 x10- 7 A; R2 = 0.995) indicating a diffusion- controlled process 
rather than an adsorption- controlled process 

 

3.1.4. Effect of the SPGE surface pre- treatments on the cyt c 

response. 

 
The effect of employing pre- treatments to the electrode surface 

on the electrochemical response of cyt c is explored. Figure 3.6 depicts 
the voltammetric profile of cyt c at the bare SPGE (trace A), and those 
observed for after the anodic (trace B) and cathodic (trace C) pre- 
treatments. Following the anodic pre- treatment, no electrochemical 
response for the cyt c is obtained (trace B), which is in agreement with 
previous reported results on BDD electrode [8]. By contrast, the peak- to 
peak potential separation of the voltammetric behaviour of cyt c after 
cathodic treatment (trace C) is 66 mV though the CV is greatly influenced 
by the background scan (Fig. 3.4 Ci, trace B). The underlying cause for the 
change in ΔEp as observed in Fig. 3.4ii via anodic surface conditioning has 
been established to be due to a change in the surface state of the SPGEs.  
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Figure 3.6. Cyclic voltammetric profile of 162 μM cyt c in pH 7.0 at SPGEs 

(trace A), after anodic electrode pre- treatment (trace B) and after 
cathodic pre- treatment (trace C). Scan rate: 50 mV·s- 1. 

 
Different functionalization with a higher or lower proportion of 

oxygenated species influences ET [11] which is more remarkable when 
using proteins where pH- dependent charge state on the surface of the 
protein as well as the interaction of the protein with different hydrophilic 
or hydrophobic regions of the SPGE might influence the ET rates.  

 
Following an anodic pre- treatment, XPS reveals that the surface 

has 71.3 % atomic carbon, 10.7 % atomic oxygen, 7.2 % atomic chloride 
and 10.8 % atomic sodium. It is clearly evident that the anodic pre- 
treatment has increased the amount of oxygenated species. Exploring 
this in more detail, the deconvoluted XPS spectra of the anodically pre- 
treated electrodes is found to be graphitic, carbonyl and carboxylic 
groups at 284.6 (64.3 %), 286.2 (26.4 %) and 288.0 (9.1 %) eV, were 
found respectively. The slight increase in percentage of carbonyl groups 
from 24.8 to 26.4 % is evident as well as carboxylic groups from 6.3 to 
9.1 % resulting from the anodic pre- treatment.  
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As observed in Fig. 3.6, the anodic pre- treatment is detrimental 
for the electrochemistry of cyt c. Thus it is highly likely that the SPGE 
surface, when fabricated has a beneficial mix of surface oxygenated 
species which likely reside on edge plane like- sites/ defects [12], and 
provides a favourable interaction with the redox centre which has nine 
positive charges at pH 7.0 [13]. However, when this surface oxygenated 
species content is increased, through the application of an 
electrochemical pre- treatment; this ‘balance’ is likely overcome and 
becomes detrimental likely through an unfavourable interaction.  

 
While the exact origin of the above is not completely known, the 

fact that such a response is also mimicked on BDD electrode [8] suggests 
that there are no extra additives in the ink that are responsible and 
rather it is down to surface charge from the oxygenated species and 
additionally this results in a change of the surface state in the form of 
hydrophilic/ hydrophobic regions. Note that oxygen functionalities 
residing at edge plane like- sites/defects on SPGEs have been evaluated 
previously by Zen et al. for simultaneous determination of dopamine, 
uric acid and ascorbic acid where favourable interaction could also be 
obtained when the carbon- oxygen content of the SPGE surface is 
changed [14] adding weight to our argument. Last it is gratifying to 
consult work on exfoliated graphite by Rikhie and Simpath [15] who have 
reported that carbonyl groups on exfoliated graphite electrodes are 
essential to promotes adsorption facilitating an orientation conducive for 
reversible ET to occur. Clearly it is evident that surface oxygenated 
species are the key towards favourable ET with cyt c and in the case of 
our screen printed electrodes they exhibit a favourable response without 
the need for chemical and electrochemical pre- treatment like that 
required for BDD electrode [8] or single- walled carbon nanotubes [16]. 

 
3.1.5. Study on the electrochemical behaviour of cyt versus pH. 

 
The pH- dependent voltammetric signatures of 0.08 mM cyt c at 

SPGEs is first explored in a wide pH range from 2.0 to 11.0, as depicted in 
Fig. 3.7, where Fig. 3.7 A shows the response for pH values between 2.0 
and 3.0, Fig. 3.7 B between 3.5 and 5.0, Fig. 3.7 C between 6.0 and 8.0 
and, finally, Fig. 3.7 D between 9.0 and 11.0. Previous work from the 
authors has demonstrated that well- defined and quantifiable 
voltammetric responses are readily observed at physiological pH [17]. 
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Figure 3.7. Cyclic voltammetric profiles of 0.08 mM cyt c/SPGE in 
0.1 M PBS at different pH values: (3.7 A) 2.0 and 3.0, (3.7 B) from 4.0 to 

5.0, (3.7 C) from 6.0 to 8.0 and (3.7 D) from 9.0 to 11.0. Data were 
obtained from the CVs at a scan rte of 50 mV·s- 1. 
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CVs presented in Fig. 3.7 are analysed in terms of the potential 
peak separation (∆Ep), formal potential (E0’) and ET rate constant (ks) 
with variation of pH (Fig. 3.8). As a summary, Fig. 3.8 shows the 
dependence of these parameters upon pH where the ∆Ep values remain 
almost unchanged as it ranges from 30 mV (at 50 mV·s- 1) at pH 2.0 to 75 
mV at pH 7.0 - Fig. 3.8 A- , whereas the E

0’ ranges from 235 mV vs. 
pseudoAgCl/Ag at pH 2.0 to 174 mV vs. pseudoAgCl/Ag at pH 7.0 - Fig. 3.8 
B. In alkaline solutions from pH 8.0, the shape of the peak broadens and 
the ∆Ep is enlarged (Fig. 3.8 A) until pH values higher than 9.0 where no 
redox peaks are obtained (Fig. 3.7 D). The direct ET rate constant (ks) 
calculation method is described by Laviron [18] for experimental 
conditions with ∆Ep smaller than 200 mV and assuming that the number 
of electrons in the process is n = 1 and the charge- transfer coefficient α 
is 0.5 for 50 mV·s- 1. Fig. 3.8 B shows that the ks value at pH 7.0 is 0.7 s- 1, 
while a decrease in ks values is clearly observed at high pH values as 
denoted by a more irreversible ET process, 0.3 s- 1 at pH 9.0. On the 
contrary, ks values increase at lower pH values, leading for example to 
values of 2.4 s- 1 and 1.1 s- 1 at pH 2.0 and 3.5, respectively. As stated 
before, Fig. 3.8 B correlates very well the variation of the ∆Ep with ET 
rate ks along pH. Furthermore, Fig. 3.8 C shows how the Ipc/Ipa ratio 
varies with pH with a tendency towards 1.0 at extreme pH values (pH 
value 2.0 and 7.0) whereas it shows a minimum value of 0.5 at pH 3.5. 
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Figure 3.8. Dependence of current peak separation (ΔEp, open 

triangles) and formal potential (E0’, dark squares) over pH (Fig.3.8 A) and 
the ET constant variation (ks) vs. pH (Fig. 3.8 B). Plot of Ipc / Ipa ratio vs. 

pH (Fig.3.8 C). Results obtained for 50 mV·s- 1. 
 
Heterogeneous rates of ET have been reported to a wide range at 

bare metallic electrode surfaces ranging from slow ET i.e. irreversible, to 
very fast ET, i.e. reversible utilising chemically modified electrodes. Bond 



BIOELECTROCHEMISTRY OF PROTEINS 

135 
 

and collaborators described a microscopic model to explain the ET 
kinetics of proteins and electrodes [19, 20]. This model overwhelmed the 
previously considered macroscopic approach which interpreted the 
protein being transported to the surface by linear diffusion followed by 
quasi- reversible ET. The microscopic model implied that the redox 
proteins and enzymes interacted only with the electroactive sites of the 
electrode resulting in a fast rate, which may be similar to the protein- 
protein or enzymes interactions that occur in nature. They claimed that 
the electrochemistry of cyt c could be postulated by a stabilisation layer 
of oriented adsorbed proteins in the surface and the other molecules in 
the solution, which means that the process is a mixture of reversible 
(diffusion- controlled) and irreversible (adsorption- controlled) pathways. 
This is well- noticed by Fig. 3.9 where the representation of the charge 
transfer coefficients have a tendency towards 1.0 at low pH values 
corresponding to a adsorption- controlled process whereas at higher pH 
values these coefficients tend towards a more diffusional process. 

 
Any variation of the solution pH would induce conformational 

changes at the protein and would resonate the active site since the 
redox centre of cyt c is embedded within a rigid 34 Å diameter shell with 
nine positive charges at pH 7.0 with a considerable dipole moment [21- 
24]. At pH 7.0 the dominant state of cyt c is III (His18 and Met80 in axial 
positions of the heme) [25, 26, 27], whereas at pH close to pKa 9.5 a 
conformational transition occurs between states III and IV which involves 
the substitution of Met80 from the heme, presumably by Lys79 [28]. The 
conversion of cyt c due to variation of pH from extreme values (Fig. 3.7) 
reflects a remarkable effect on the ET kinetics, activity of the protein and 
partial misfolding mechanisms. The progressive loss of voltammetric ET 
at alkaline pH values (see Fig. 3.7 C) could be correlated to the 
decoordination of the axial His18 and Met80 ligands in the heme pocket. 

 
At extreme acidic conditions (pH 2.0), the electrochemical 

response of the protein showed a clear oxidation- reduction peaks. 
Parameters obtained from the voltammetric profiles such as ΔEp, E0’ and 
ks were similar for pH values of 2.0 and 3.0. This indicates that the 
experimental conditions of buffer solution concentration (0.1 M PBS) 
kept the heme surroundings intact and therefore the protein is not 
denaturalised at pH 2.0 [29, 30]. As shown above, with the increase of 
the solution pH from 2.0 to 8.0, E0’

 shifted very slightly to lower values 
giving a variation of 65 mV. Moreover, it is remarkable that Ipc / Ipa ratio 
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- extracted from Fig. 3.7- showed a minimum value of 0.5 at around pH 
3.5- 4.0 which would be in agreement with the plausible explanation that 
two species in equilibrium were oxidised. 

 
Furthermore, considering that carboxylic groups pKa values are 

near to 4.5, acidic pH values up to 5.0 provided a neutral protonated 
surface. This protonated surface favourably interacts with positively 
charged amino residue groups in the protein, whereas at pH values 
higher than 5.0 and when the protein isoelectric point - pI 10.5- is 
reached the carboxylated groups on the surface start to compensate the 
NH3

+ groups and the repulsive charges between negatively charged 
surface and global negative charge of the protein made the interfacial ET 
processes unviable.  

 
The effect of υ is explored over the range from 1 mV·s- 1 until        

1 V·s- 1 where the peak potential is observed to increase with increasing 
υ. Table 3.1 shows detailed data about the slopes, intercepts and 
regression coefficients of the plots regarding anodic and cathodic peak 
currents (Ipa and Ipc, respectively) vs. both υ and the square- root of the 
υ (υ1/2) as a function of pH. Clearly, from Table 3.1, pH range between 2.0 
and 3.0 resulted to be governed by adsorption- controlled process, while 
pH 4.0 resulted to be the lower limit for the diffusion- controlled process. 
Also the low intercept value for the plots of Ip vs. υ1/2 also denotes 
diffusion- controlled process, though the non zero interception is 
regarded as the contribution of adsorption kinetic process.  
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pH Plot of Ip vs. υ Plot of Ip vs. υ1/2 
 Slope 

anodic/ 
cathodic 
(nA* s / 
mV) 

Intercept 
anodic/ 
cathodic 
(nA) 

R
2 anodic/ 

cathodic 
Slope 
anodic/ 
cathodic 
(nA* s1/2 
/ mV1/2) 

Intercept 
anodic/ 
cathodic 
(nA) 

R
2 anodic / 

cathodic 

2.0 1.6/- 1.8 24/- 18 0.989/0.995 52/- 56 - 180/202 0.907/0.904 
2.5 2.5/- 1.0 42/56 0.994/0.992 78/- 56 - 263/170 0.903/0.945 
3.0 2.3/- 2.0 74/- 20 0.993/0.999 72/- 65 - 213/235 0.930/0.919 
3.5 1.0/- 1.0 120/- 50 0.981/0.983 58/- 35 - 121/95 0.976/0.968 
4.0 1.2/- 0.7 121/- 43 0.958/0.980 39/- 22 - 46/47 0.990/0.972 

5.0 0.5/- 0.3 75/- 42 0.905/0.922 18/- 11 - 4/5 0.996/0.991 
6.0 0.3/- 0.3 67/- 50 0.808/0.871 12/- 9 12/- 8 0.962/0.983 
7.0 0.4/- 0.3 76/- 60 0.842/0.853  13/- 10 17/- 12 0.983/0.987 
8.0 0.2/- 0.2 45/- 32 0.846/0.926 7/- 6 12/- 5 0.976/0.978 

 
Table 3.1. Equation parameter (slopes, intercepts and regression 

coefficients) obtained from representation of Ipa and Ipc vs. υ and υ1/2 as 
a function of pH from 1 to 1000 mV·s- 1. 

 
Fig. 3.9 depicts the analysis of the gradient obtained from plots of 

log10 Ip vs. log10 υ recorded over the pH range studied. It is clear that at a 
range pH values between 5.0 and 8.0, the corresponding plot exhibits a 
charge transfer coefficient near 0.5 which is that expected for diffusion- 
controlled electrochemical process. As the pH is turned acidic, the 
observed charge transfer coefficient tends towards 1 which indicates 
greater contributions of absorption (a gradient of 1 is expected for an 
adsorbed electrochemical process). Thus, in acidic conditions the 
electrochemical process of cyt c is under mixed processes of both 
diffusion and adsorption. 
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Figure 3.9. Representation of the gradient obtained from plots of 

log10 Ip vs. log10 υ over pH. 
 
3.1.6. Simultaneous and cooperative ET of native and MG cyt c 

conformational states. 

 
While the presence of a single species adsorbed in the electrode 

is evidenced as the native forms are oxidised and reduced on the 
electrode, another species are observed when pH is decreased to pH 
near 3.5. This effect is well- observed in Fig 3.7 B where an anodic 
shoulder at about - 72 mV vs. the pseudo reference occurs, being more 
noticeable at low υ. In this respect and close to these pH values- 
between 3.0 and 4.0- two well- defined cathodic and anodic peaks are 
revealed at low υ, whilst at moderately higher scan rates a typical 
shoulder can be discerned on the left of the “classic peak” at about + 0.1 
V. Fig. 3.10 shows the simultaneous and cooperative direct ET response 
for N and another acidic- dependent species with a different 
conformational state for different pH values, 2.5 (Fig. 3.10 A), 3.0 (Fig. 
3.10 B), 3.5 (Fig. 3.10 C), and 4.0 (Fig. 3.10 D) at low scan rates (1 mV·s- 1), 
please refer to Fig. 1.7 in introduction.  

 
Table 3.2 describes the potential peaks for these voltammetric 

profiles. Similarly, for the oxidation process I- O, the potential peak 
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remains almost constant at pH values of 2.5 and 3.0 with Ep close to 50 
mV whereas at pH 3.5 and 4.0 the Ep decreased to a value of 28 mV. 
Nevertheless, ∆Ep resulted to be close to the theoretical ca. 59 mV for 
one electron process. The presence of a new reduction peak (II- R) 
became to discern at pH 3.5 and made out clearer at pH 4.0 at a 
potential peak of about - 144 mV and - 154 mV, respectively. At the same 
time, at these pH values, the most striking characteristic of this study is 
the apparition of a second oxidation peak (II- O) which appeared at - 90 
mV (close to the anodic shoulder shown in Fig. 3.7 B at pH 3.0), and most 
remarkably the ∆Ep for both processes I and II resulted to be 54 mV at 
pH 3.5. However, at pH 4.0, ∆Ep resulted to be ca. 67 V for the process I 
and ca. 62 V for the process II. Moreover, under deoxygenated 
conditions, the electrochemical behaviour of cyt c at pH 2.5, 3.0, 3.5 and 
4.0 figured out the same CVs trace to that described in Fig. 3.10.  
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Figure 3.10. Cyclic voltammetric profiles of 0.08 mM cyt c/SPGE 
in 0.1M PBS at different pH values: 2.5 (A), 3.0 (B), 3.5 (C) and 4.0 (D) 

under low υ (1 mV·s- 1). Dotted line represents CV of the background 0.1 
M PBS at the corresponding pH values. 
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Figure pH value Ep(I- O)/mV Ep(I- R)/mV Ep(II- O)/mV Ep(II- R)/mV 

4A 
4B 
4C 
4D 

2.5 
3.0 
3.5 
4.0 

+ 42 - 38  
+ 47 - 21 
+ 24 - 29 - 90 - 144 
+ 24 - 43 - 92 - 154 

 
Table 3.2. Peak potential for the CVs at pH values, 2.5, 3.0, 3.5, 

and 4.0 at low υ (1 mV·s- 1). Data obtained from Fig. 3.10. 
 
 
It is demonstrated as shown in Fig. 3.7 B and further on at lower 

scan rate (Fig. 3.10) the apparition of a pH- dependent protein 
conformation which may be a stable acidic conformation of cyt c in 
equilibrium with cyt c native forms (N state), hypothesized as the MG 
state. MG state has a compact secondary structure and a largely 
disordered tertiary structure which lacks well- packed side chains but 
retains the hydrophobic core as in the N state; please refer to the 
introduction section 1.3.1 for more details. The most remarkable fact is 
the apparition of a “second” anodic peak (II- O) at a potential peak of - 
0.1 V (Fig. 3.10 C). It might be assumed that cyt c molecules in solution 
partially exist in an N state and some other may exist in MG 
conformation and thereby it can reflect a certain cooperative ET process 
between these different species. 
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3.1.7. Immobilisation of cyt c at SPGE without the need of 

mediators. 

 
We turn up to exploring the response for the immobilisation of 

cyt c at different pH values, as can be depicted in Fig. 3.11. Figs. 3.11 A 
and 3.11 B show an increased electrochemical profile after the 
immobilisation process (curve b) compared to the third cycle of CV 
response when the protein is in solution (curve a), meaning that at these 
pH values - 2.0 and 3.0- , the protein is adsorbed forming multilayers 
which are stable and remain at the surface. Furthermore, under the 
same experimental conditions as those applied in Fig. 3.11 A and 3.11 B, 
the adsorbed protein at pH 4.0 (Fig. 3.11 C) shows that after the 
immobilisation process (curve b) the CV response is lower than the 
observed in the third scan before immobilisation (curve a). Also note that 
the redox peaks related principally to II- O and in a lesser manner to II- R 
clearly observed at this pH (curve a) are discarded in the voltammetric 
signature of adsorbed cyt c, suggesting that this conformation is not as 
stable as the native one. Unfortunately, adsorption of cyt c at pH 7.0 
turned out to be unsuccessful (Fig. 3.11 D). The surface coverage (Γ) of 
the protein is calculated according to the Laviron equation (eq. 3.2): 

 
Ip = n

2 
F

2 
A υ Г / 4 R T = n F Q υ / 4 R T  (eq. 3.2) 

 
where Г (mol·cm- 2) is the average amount of adsorbed cyt c on 

electrode surface, A is the electrode area (cm2), n is the number of 
electron transferred, Q is the charge involved in the reaction and F is the 
Faraday’s constant. For a typical υ of 50 mV s- 1, surface coverage 
calculation method [31] of cyt c provided values of 4.44 x10- 11 mol cm- 2, 
3.39 x10- 11 mol cm- 2 and 4.31 x10- 12 mol cm- 2 at pH 2.0, 3.0 and 4.0, 
respectively. Coverage values denoted multilayers of adsorbed cyt c onto 
the SPGE platform, considering a coverage value of 1.40 x10- 12 mol·cm- 2 
for a theoretical monolayer of cyt c [32¡Error! Marcador no definido., 33], 
resulting then in a surface coverage of 32, 24 and 3 times the theoretical 
value. These results are in agreement with the fact that at low pH values 
the ET process is controlled by adsorption. In contrast, no redox peaks 
could be observed for the adsorption experiments carried out at pH 7.0 
(Fig. 3.11 D) meaning that the N conformation present at this 
physiological pH is not prone to adsorb on the surface of the electrode.  

 



CHAPTER 3 

144 
 

-0.1 0.0 0.1 0.2
-3

-2

-1

0

1

2

3

4

5

6

-0.1 0.0 0.1 0.2
Potential /V vs. Ag/AgCl

3 µΑ

 

 

b

C
u

rr
en

t 
In

te
n

si
ty

 /
 µ

A

Potential / V vs. pseudo AgCl/Ag

a

A

 

-0.1 0.0 0.1 0.2

-2

-1

0

1

2

3

4

-0.1 0.0 0.1 0.2

1 µΑ

Potential /V vs. Ag/AgCl

 

 

a

C
u

rr
en

t 
In

te
n

si
ty

 /
 µ

A

Potential / V vs. pseudo AgCl/Ag

b

B

 



BIOELECTROCHEMISTRY OF PROTEINS 

145 
 

-0.2 -0.1 0.0 0.1 0.2
-0.4

-0.2

0.0

0.2

0.4

0.6

-0.2 -0.1 0.0 0.1 0.2
Potential /V vs. Ag/AgCl

0.5 µΑ C

 

 

b

C
u

rr
en

t 
In

te
n

si
ty

 /
 µ

A

Potential / V vs. pseudo AgCl/Ag

a

 

-0.2 -0.1 0.0 0.1 0.2 0.3

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

-0.2 -0.1 0.0 0.1 0.2
Potential /V vs. Ag/AgCl

0.3 µΑ
D

 

 

a

b

C
u

rr
en

t 
In

te
n

si
ty

 /
 µ

A

Potential / V vs. pseudo AgCl/Ag
 

 

Figure 3.11. CVs of 0.08 mM cyt c/SPGE in 0.1 M PBS before (a) 
and after the immobilisation procedure at 50 mV·s- 1 (b) at different pH 
values: 2.0 (A), 3.0 (B), 4.0 (C) and 7.0 (D), always shown the 3rd stable 

scan. Dotted lines show the CV of the background 0.1 M PBS solution in 
the absence of protein. Inset figure shows the 1st, 50th and the 100th 

scans from the immobilisation procedure at 100 mV·s- 1. 



CHAPTER 3 

146 
 

Structure conformation of cyt c is also intimately related to 
immobilisation of cyt c onto the SPGE platform. At acidic pH the Ip 
showed generally a linear response as a function of υ, denoting an 
adsorption- controlled process. Conformational state II, where Met80 
decordinates and is presumably replaced by a molecule of H2O, is 
becoming more significant and dominant at lower pH. Consequently, the 
heme pocket is more exposed to the solvent providing a higher 
hydrophobic interaction and probably higher interactions protein- 
protein that made possible the formation of multi- layers. The surface 
coverage of cyt c is determined according to Q = nFAΓ and is found to 
result in values 32, 24 and 3 times the theoretical monolayer coverage 
for pH values of 2.0, 3.0 and 4.0 in 0.1 M PBS [18]. 

 

3.1.8. Conclusions. 

 
SPGE are shown to be explored as novel platforms with unique 

properties due to the oxygenated species that allow the study of aspects 
of cyt c regarding structure and function with no need of modifying the 
surface and then, presenting an easy and rapid experimental design. The 
signal- to- noise ratio presented in the CVs indicates clearly the utility of 
these electrodes for this purpose. This favourable response towards cyt c 
is likely due to carbonyl groups, and to a certain extent carboxylic 
groups, likely residing at edge plane like- sites/defects providing 
favourable electrostatic interaction with the cyt c which is highly 
positively charged. Note that increasing the proportion of oxygenated 
species results in a detrimental effect towards cyt c indicating that 
surface oxygenated species are fundamental to protein electrochemistry. 
The effect of pH on the electrochemical response of ET process of cyt c 
even at very extreme acidic and alkaline conditions has been examined. 
Furthermore, and accordingly to the literature, it can be concluded that 
the reversible behaviour observed for cyt c at pH 2.0 is caused by a high 
buffer concentration, while the impeded ET that occurs at pH higher than 
8.0 can be due to electrostatic impediments. It has also been shown the 
striking co- existence of two conformations of cyt c at pH values between 
3.5- 4.0 as means of a shoulder at high υ and a clear apparition of a 
“second redox pair of peaks” at low υ at slightly more negative 
potentials.  
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3.2. CHEMICAL AND ELECTROCHEMICAL OXIDATION OF 

PROTEINS. 

 

3.2.1. Study on the oxidative modification of cyt c in solution by 

H2O2. 

 
The activity of the cyt c towards the presence of H2O2 is explored 

as a model system which is widely reported due to its peroxidase activity 
and use in biosensors. Figure 3.12 depicts the voltammetric response of 
0.162 mM cyt c in 0.1 M PBS pH 7.0 in the absence of H2O2 (curve A) and 
after the addition of 0.318 mM from a solution of 10 mM H2O2. ΔEp’s of 
70 and 77 mV are observed for traces before (A) and after (B) the 
addition of H2O2 respectively. Moreover, formal potentials E0’ of cyt c are 
+ 9 and - 241 mV vs. pseudo AgCl/Ag, respectively; therefore, the 
addition of H2O2 up to twice the cyt c concentration produced a formal 
potential shift of + 250 mV.  
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Figure 3.12. CV of 0.162 mM cyt c in pH 7.0 at SPGEs in the 
absence (trace A) and presence of 0.318 mM of H2O2 (trace B). Scan rate: 

50 mV s- 1. 
 
Figure 3.12 reveals a slight increase in the cathodic wave 

indicating a poor catalytic effect of cyt c in solution suggesting that cyt c 
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is not denaturated/unfolded on the SPGE surface. The effect on the 
reference electrode stability due to the oxidizing conditions is discarded 
since very well- defined reversible ET of 1 mM ferricyanide/ ferrocyanide 
redox couple in 0.1 M PBS solution remained unchangeable to the 
addition of H2O2 for the same H2O2 concentrations tested. Moreover the 
same shift in potential is obtained when the experiment is repeated with 
an external AgCl/Ag/KCl(3M). 

 
The chemical oxidation of cyt c by H2O2 gives rise to the 

production of radical species located mostly at tyrosine residues via the 
formation of an oxoferryl intermediate state [34]. Generated radical 
species at cyt c by H2O2 further leads to the oxidation and 
oligomerization of the protein [35]. These findings demonstrate that the 
formal potential of the oxidised cyt c by H2O2 is - 241 mV, which 
corresponds to a more negative potential than that observed for the 
unmodified one in solution (+ 9 mV vs. pseudo AgCl/Ag obtained from 
Fig. 3.12, trace A) and 60 mV (vs. SCE) according to Henderson et al. and 
Hawkridge and co- workers [36, 37]. This potential shift to more negative 
potentials is likely due to a change in the coordination of heme group 
from hexacoordinated to pentacoordinated. This could be consistent 
with the appearance of a state II where the heme iron exists in a mixture 
of five coordinated high spin and six coordinated low spin configurations 
obtained from the cyt c adsorption studies in silver [38]. 

 
Similar experiments were recorded for the investigation on the 

effects of H2O2 towards cyt c with time. For this purpose the addition of 
16.2 µL of H2O2 to a solution with cyt c 0.1 M PBS pH 7.0 is placed in a 
SPGE and scans were recorded for 15 min. Figure 3.13 shows the 
consecutive scans for the electrochemical behaviour with time.  
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Figure 3.13. CV of 60 µL 2 mg/mL cyt c solution (0.162 mM) in 1 
mL of PBS pH 7.0 at SPGEs after the addition of 16.2 µL of H2O2 showing 
the electrochemical behaviour in successive scans, along 15 min. Scan 

rate: 50 mV·s- 1. 
 
Figure 3.14 shows the variation of the E

0’ of the oxidative 
modifications of H2O2 to cyt c over time for two concentrations of H2O2, 
0.0644 mM and 0.160 mM. It is worthy to note that E

0’ shifts to more 
negative potentials with H2O2 concentration in solution although there 
are no significant changes in the cathodic Ip and after 70 min the 
voltammetric profile converges to the first scan of the native behavior. 
Hysteresis of the process vs. time observed at Figure 3.14 could likely be 
related to changes in solvation or in the molecular conformations 
yielding to an open conformation of the heme pocket.  
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Figure 3.14. Plot of E0’ of 0.162 mM of cyt c in PBS pH 7.0 over time at 

0.064 mM (■) and 0.160 mM (▲) of H2O2 at scan rate of 50 mV·s- 1. 
 
3.2.2. Oxidative modification of immobilised cyt c by H2O2. 

 
The effect of the oxidative damage on the protein immobilised in 

the electrode surface was examined in order to get an insight on the ET 
response of the protein and the electrode. Immobilisation conditions at 
pH 4.0 were selected as resulted to be the optimum pH value where the 
protein would be mainly at conformational state III and where 
adsorption is satisfactory obtained. Once the protein is adsorbed 
according to experiments carried out in Fig. 3.11 C at pH 4.0, the 
voltammetric behaviour of the cyt c adsorbed in the SPGE is evaluated 
for different concentrations of H2O2 at 0.1 M PBS pH 7.0 (Figure 3.15). 
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Figure 3.15. CV response of cyt c immobilised in the SPGE (at pH 

4.0) at 0.1 M PBS pH 7.0 and with increasing concentrations of H2O2: 
0.032 mM, 0.048 mM, 0.064 mM and 0.08 mM. 
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Figure 3.16. Scavenging effect on the oxidation of cyt c (solid 
lines) at 0.1 M PBS pH 7.0 by 0.064 mM of H2O2 (dashed lines) in the 

presence of: (a) azide and (b) imidazol at a scan rate of 50 mV·s- 1. 
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Results presented similar voltammetric profiles as the N state 
whereas a large shift towards more negative potentials of 200 mV is 
observed for a H2O2 concentration in the drop of 0.08 mM. Further 
findings regarding the inhibition of potential oxidative damage of H2O2 
are summarised in Fig. 3.16. The scavenging effect due to the presence 
of antioxidants like sodium azide (curve a) precluded the shifting of the 
E

0’ under the chemical attack of H2O2 at different concentrations, while 
the presence of imidazole (curve b) which coordinates to Fe in the heme 
prevented the catalysis of the Fenton reaction.  

 
The response of cyt c immobilised on the SPGE towards the effect 

of increasing amounts of H2O2 is performed by CVs in order to study the 
oxidative modification induced. Although the literature reports on the 
possible intervention of residual metals and enzymes to catalyze a range 
of side- reactions and produce non- specific oxidative damage via radical 
production, here the protein immobilisation procedure prevented metals 
or impurities such as protein oligomers to be present in the experiments. 
Due to this, it is surmised that these assays evidence the effect of the 
oxidative modification of cyt c due to the interaction with the Fe in the 
heme pocket and the H2O2 following catalysis of Fenton reaction. 

 

3.2.3. Conclusions 

 
The activity of the cyt c towards the presence of H2O2 has been 

briefly explored in this section. However, structural changes of 
chemically oxidised cyt c by H2O2 produced a formal potential of 200 mV. 
These findings denoted a conformational change of presumably the 
heme region and therefore produced electrostatic interaction between 
different conformational states in solution phase at the thermal 
equilibrium. The exploration of the cyt c peroxidase activity or sensing 
applications of H2O2 is addressed more deeply in Chapter 4. 
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3.3. ELECTROCHEMICAL NITRATION OF PROTEINS 

 

3.3.1. ELECTROCHEMICAL NITRATION OF MYOGLOBIN AT 

TYROSINE 103 

 
Nitration in proteins is a physiologically relevant process and the 

formation of 3- nitrotyrosine (3- NT) is first proposed as an in vivo marker 
of the production of reactive nitrogen species in oxidative stress. No 
studies have been published on structural changes associated with 
nitration of Mb. To address this deficiency the electrochemical nitration 
of equine skeletal muscle native Mb (referred further on as nat- Mb) at 
amino acid tyrosine 103 (referred further on as NO2- Mb) has been 
investigated, please refer to experimental section 2.3 for more details. 
The evaluation and characterization of structural and thermal stability 
changes has been examined. Y103 in Mb is one of the most exposed 
tyrosine residues and it is also close to the heme group. Effects of Y103 
nitration on the secondary and tertiary structure of Mb Y103 have been 
studied by UV- Vis, circular dichroism, fluorescence and NMR 
spectroscopy and by electrochemical studies. At physiological pH, subtle 
changes were observed involving slight loosening of the tertiary 
structure and conformational exchange processes. Thermal stability of 
the nitrated protein is found to be reduced by 5 0C for the nitrated Mb 
compared with the native Mb at physiological pH. Altogether, NMR data 
indicates that nitrated Mb has a very similar tertiary structure to that of 
native Mb, although with a slightly open conformation. 

 
3.3.1.1. Secondary and tertiary structure and stability. 

 

The Soret region of nat- Mb and NO2- Mb at pH 7.0 is investigated 
first in order to illustrate differences in protein conformation. 
Electronitration of Mb at BDD electrodes is carried out in the presence of 
NO2

- at alkaline pH, where a colour shift is produced from brownish to 
green brownish colour ascribed to the nitration of Y103 in Mb. In 
contrast, chemical nitration of Mb in the presence of NO2

- and H2O2 gives 
a colour change due to both nitration of the heme vinyl groups and the 
Tyr residues [39]. 

 
Figure 3.17 represents the comparison of nat- Mb and NO2- Mb 

UV Vis spectra at pH 7.0. It is well- established that nat- Mb presents a 
sharp Soret band at 409 nm, Q bands at 504 and 534 nm and a charge 
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transfer band at 632 nm (Fig. 3.17 B), and this pattern is characteristic of 
a six- coordinated high spin configuration [40]. The molar extinction 
coefficient at 409 nm in the NO2- Mb spectrum diminished compared to 
the one observed in the nat- Mb spectrum but showed no shift in the 
Soret band. Moreover, there is no change in the region of tyrosine and 
tryptophan absorption (280 nm). The spectra highlights the presence of 
two absorption peaks at 503 and 635 nm assigned to the ferric state of 
Mb (met- Mb), whereas the appearance of bands at 541 nm and 576 nm 
are assigned firstly to the oxygenated ferrous Mb (O2- Mb). The NO2- Mb 
also produced a slight increase in the extinction coefficient at 541 nm 
denoting a moderate formation of O2- Mb species. 

300 400 500 600

0

20000

40000

60000

80000

100000

450 500 550 600 650 700
0

2500

5000

7500

10000

12500

15000

E
xt

in
ct

io
n 

co
ef

fic
ie

nt
 /

 M
-1
 c

m
-1

Wavelength / nm

A

 E
xt

in
ct

io
n 

co
ef

fic
ie

nt
 /

 M
-1
 c

m
-1

B

Wavelength / nm

 
Figure 3.17. (A) UV- Vis spectra of 20.0 µM nat- Mb (dashed line) 

and 25.6 µM NO2- Mb (solid line) at pH 7.0. (B) Zoom of the spectra 
recorded between 420 and 700 nm. 

 
UV-Vis, CD and fluorescence spectroscopies noted slight 

structural changes for the NO2- Mb in comparison with the nat- Mb 
observed at physiological pH and it is deduced that they were mainly due 
to the nitration of Y103 previously demonstrated by mass spectrometry 
[41]. Particularly, the comparison of CD spectra between nat- Mb and 
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NO2- Mb showed more remarkable differences under acidic conditions at 
room temperature for both tertiary and secondary structure. 

 
Differences between NO2- Mb and nat- Mb in terms of retention 

time when using a hydrophobic interaction column were found. The 
interaction of NO2- Mb (23 min retention time, Fig. 3.18 peak b) with the 
phenyl- like stationary surface of the column is slightly stronger than that 
for the nat- Mb (21 min, Fig. 3.18 peak a). Furthermore, the dialysis of 
protein mixture against 0.1 M phosphate buffer plus 2 M ammonium 
sulphate pH 7.0 and further application into the HIC column, with a 
higher concentration in protein solution, led to the chromatogram profile 
as shown in the figure 3.19. The anodically polarised Mb in the absence 
of nitrating agent by maintaining the electrode at the same potential, 
showed similar behaviour as that for the nat- Mb.  
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Figure 3.18. Chromatogram of a Mb solution after the nitration 

process showing : nat- Mb (a) and NO2- Mb (b) with the hydrophobic 
interaction column (HIC), injected volume 20 µL of 0.5 mg/mL in 0.1 M 

phosphate buffer plus 2 M ammonium sulphate pH 7.0. Absorbance 
recorded at λ 410 nm. 
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Figure 3.19. Chromatogram of the dialysed protein mixture after 

nitration against 0.1 M phosphate buffer plus 2 M ammonium sulphate 
pH 7.0 at the HIC column, injected volume 1 mL at a high concentration 

of protein. 
 
According to this finding, it is estimated that there is some native 

Mb which is not nitrated. Moreover, it could be corroborated by mass 
spectrometry studies of the protein before (see figure 3.20) and after 
(see figure 3.21) for the electro- oxidative nitration.  
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Figure 3.20. Polyisotopic mass spectrum of native 

Spray ionisation coupled to Fourier Transform Ion Cyclotron Resonance 
(ESI- FTICR). Charge state Z= 21

 

 

Figure 3.21. Polyisotopic mass spectrum of protein mixture after 
nitration by using Electro Spray ionisation

Ion Cyclotron Resonance (ESI-
 
Next, the influence of nitration on the secondary and tertiary 

structure of Mb is investigated. Figure 
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Polyisotopic mass spectrum of protein mixture after 
ionisation coupled to Fourier Transform 

- FTICR). Charge state z= 18+ . 

influence of nitration on the secondary and tertiary 
. Figure 3.22 shows CD spectra of nat- Mb 
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and NO2- Mb in the far UV region (Fig. 3.22 A, B, C) and in the near UV 
region (Fig. 3.22. D, E, F ) at different pH values.  
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Figure 3.22. Far UV CD spectra at different pHs comparing nat- 

Mb (dashed line) and NO2- Mb (solid line) at pH 4.0 (A), pH 7.0 (B), pH 9.0 
(C), and near UV CD spectra at pH 4.0 (D), pH 7.0 (E) and pH 9.0 (F). 

 

The far UV CD spectrum is used to evaluate the potential 
contribution of the interaction of Mb with the carbonaceous electrode 
under polarised conditions of 1.05 V vs. AgCl/Ag/KCl(3M), resulting in 
unchanged secondary and tertiary structures of Mb (results not shown). 
Figure 3.22 A shows the CD signals for nat- Mb and NO2- Mb at pH 4.0. 
From the secondary structure simulations, the helix content reduction of 
NO2- Mb is 25.0 % compared to that of the nat- Mb. By contrast, at pH 
7.0, fig. 3.22 B reveals that the α- helix content of NO2- Mb increases 
slightly, 2.1 %, compared to the nat- Mb. Figure 3.22 C, however, shows 
the behaviour at alkaline pH (pH 9.0) with similar results for both 
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proteins. The increase of α- helix content observed in the NO2- Mb 
protein at pH 7.0 may appear at odds with the hypothesis of a less 
compact tertiary structure of Fe(III)- Mb after nitration.  

 
In contrast, acidic pH can dramatically perturb the secondary 

structure of NO2- Mb compared to the nat- Mb. Native Mb conformation 
at pH 4.0 shows a characteristic near UV CD spectrum with four peaks at 
265, 270, 285 and 305 nm as shown in Fig. 3.22 D. However, the absence 
of peaks in the NO2- Mb spectrum indicates that the tertiary structure is 
partially lost, at least close to the Trp residues. Furthermore, in the near 
UV CD spectra at pH 7.0 (Fig. 3.22 E) the main residue ellipticity at 275 
and 282 nm, associated to the Tyr residue chromophore, decreased for 
NO2- Mb. Moreover, Trp fine structure for native and nitrated Mb is 
different at pH 7.0. Sharp bands appearing at 288 nm due to Trp 
absorption are moderately intense for the NO2- Mb protein denoting 
that it is slightly more exposed to the solvent. Thus, Tyr and Trp 
chromophores denote clearly significant structural changes in their 
surroundings and this fact is again corroborated by the CD signal loss of 
Phe sharp fine structure between 255 and 270 nm for the NO2- Mb. 
Generally, in alkaline conditions (pH 9.0, Fig. 3.22 F) the ellipticity 
associated with Trp and Tyr residues decreased for NO2- Mb and even 
Phe fine structure is similar for both, the intensity for NO2- Mb decreased 
relative to the native. 

 
Because of the CD results, further comparisons of Trp 

fluorescence spectroscopy for nat- Mb and NO2- Mb at the physiological 
pH of 7.0 (Fig. 3.23) were performed. The spectrum of NO2- Mb at pH 7.0 
exhibits a slight increase in intensity compared to nat- Mb, with the 
emission wavelength at 336 nm shifting to the red. This increase in 
emission intensity indicates that the protein is slightly more opened and 
therefore Trp residues are more exposed to the solvent. In folded Mb Trp 
residues are partially quenched by the heme group and, consequently, 
unfolded Mb shows a substantial increase in their fluorescence [42¡Error! 

Marcador no definido.]. 
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Figure 3.23. Fluorescence emission spectra of 1.5 μM of nat- Mb 

(dashed line) and NO2- Mb (solid line) at pH 7.0. 
 
An increase in Trp fluorescence in NO2- Mb at pH 7.0 is consistent 

with a more opened structure where the Trp would be further from the 
heme group, decreasing its quenching effect. In this regard, differences 
between NO2- Mb and nat- Mb in terms of retention time when using a 
hydrophobic interaction column were observed. The interaction of NO2- 
Mb (23 min retention time, Fig. 3.18. peak b) with the phenyl- like 
stationary surface of the column is slightly stronger than that for the nat- 
Mb (21 min, Fig. 3.18. peak a). The anodically polarised Mb in the 
absence of nitrating agent showed similar behaviour as that for the nat- 
Mb. 

The addition of a nitro group at Y103 can cause a dramatic 
decrease of α- helix content as shown at pH 4.0, or a very slight increase 
in α helix content as noted at neutral pH. Nitration may presumably 
affect the global structure of the Fe(III)- Mb pocket at low pH, hence, the 
stability of the protein changes as a function of the solvent- protein 
contacts (i.e., hydrogen bonding and hydrophobic interaction) [13]. By 
comparing the dichroic signals of NO2- Mb as a function of pH, a dramatic 
difference at acidic conditions where the eventual heme release may not 
have resulted in a remarkable change in the secondary structure but it 
would result in a partial loss of the tertiary structure of NO2- Mb 
compared to the native Mb, as shown in fig. 3.22 D. Further, the sharper 
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bands for NO2- Mb appearing at 288 nm due to the Trp absorption are 
likely due to the changes affecting the helical structure and may be 
generated by the refolding of fractions of loop regions. This possibility is 
correlated to fluorescence experiments with native and NO2- Mb 
proteins at pH 7.0. Thus, the increase in Trp emission intensity indicated 
that the protein is slightly more opened and probably Trp are more 
exposed to the solvent. The results are consistent with both near and far 
CD data. In this regard, the fluorescence obtained from tryptophan 
represents a slight change in the conformational structure. 

 

3.3.1.2. Thermal stability. 

 

The influence of the temperature on the CD signal for both nat- 
Mb and NO2- Mb is studied in the first instance in the range between 25 
and 100 0C at pH 7.0 and 9.0 (Fig. 3.24). Figure 3.24 A compares the 
thermal stability of nat- Mb (dashed line) and NO2- Mb (solid line) at pH 
7.0 following the CD signal at 222 nm when a shift from melting 
temperature (Tm) of 81 0C to 75 0C is observed. Subsequently, it is 
demonstrated that at pH 9.0 slighter changes were obtained in terms of 
Tm for the nat- Mb and NO2- Mb, 73.5 and 70 0C, respectively (Fig. 3.24 
B). Results obtained at moderate alkaline pH were related to the small 
changes observed from the comparison of the near CD signal (Fig. 3.22 
F). However, in acidic conditions at pH 4.0, significant reduction of Tm 
values of 64 0C and 67 0C for nat- Mb and NO2- Mb, respectively (Fig. 
3.25) is obtained. Accordingly, lower the pH causes greater 
destabilisation. 
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Figure 3.24. Variation of CD spectra towards temperature of nat- Mb and 

NO2- Mb at different pHs: pH 7.0 (3A) and pH 9.0 (3B). 
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Figure 3.25. Variation of CD spectra towards temperature of nat- 

Mb (dashed line) and NO2- Mb (solid line) at pH 4.0. 
 
These findings at physiological pH are in agreement with 

reported work on DSC, where the thermal profile of nat- Mb in water 
exhibits an single endothermic peak typical of protein unfolding [43] and 
a Tm of 75.3 0C for native- Mb in water [44]. In our DSC experimental 
conditions, at pH 7.0 in the presence of moderate ionic strength (0.1 M 
phosphate buffer), a denaturation temperature of nat- Mb is 80.3 0C, in 
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contrast the NO2- Mb presented a lower temperature 77.6 0C. DSC 
experiments of the anodically polarised Mb provided a denaturation Tm 
similar to the nat- Mb at 80.0 0C (Fig. 3.26). 
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Figure 3.26. Differential scanning calorimetry experiments of 1.0 
mg mL- 1 nat- Mb (dashed line) and NO2- Mb (solid line). 

 
DSF experiments showed ΔTm values similar to the above 

following the dichroic signal at 222 nm (Fig. 3.27). Though Tm values 
obtained in DSF experiments were slightly higher than those obtained by 
CD measurements, ΔTm values were 5 0C and 4 0C for experiments carried 
out at pH 7.0 and 9.0 (Fig. 3.27 A and B, respectively) with the NO2- Mb 
having the lower values, denoting again that the addition of NO2 group at 
Y103 destabilises the holoprotein.  
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Figure 3.27. DSF spectra of nat- Mb (dashed line) and NO2- Mb (solid line) 

at different pHs: pH 7.0 (A) and pH 9.0 (B). 
 
In the thermal stability experiments at pH 7.0, a denaturing 

temperature of about 80 0C is obtained for the native protein. The 
covalent modification at Y103 induces significant changes in the thermal 
profile and a shift of about 5 0C is observed compared to the reported 
bibliography. Tertiary structure stability of NO2- Mb at pH 9.0 and 7.0 in 
particular, will depend on the folding of the polypeptide chain and the 
extension of α- helix segments, so nitration of Y103 will contribute to the 
partial loss of the protein stability. Again, it is presumed that the acid- 
induced heme release observed in the near CD spectrum (Fig. 3.22 D) is a 
result of different aspects of conformational changes in tertiary 
structure. The slight increase of the midpoint of unfolding for NO2- Mb at 
pH 4.0 could be related to the increased hydrogen bond interactions. 

 
3.3.1.3. Electrochemical behaviour at pH 4.0. 

 

Figure 3.28 shows the voltammograms of the background, native- 
Mb and NO2- Mb at a BDD electrode pH 4.0. The reduction wave for the 
nat- Mb at - 330 mV appeared to increase from 8 µA to 31 µA when 
bubbling O2 gas into the solution. The peak now seems to shift to- 340 
mV for the NO2- Mb with a decrease in current intensity up to 24 µA, 
revealing that both reduction waves are ascribed to the direct ET 
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between the protein complex MbFe(II)O2 and BDD in acidic conditions as 
in agreement with Zhang and Oyama [45]. However, when purging the 
protein solution with an inert gas such as argon, the protein showed no 
substantial electrochemical response (Fig. 3.28) in comparison with the 
background at the same conditions.  
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Figure 3.28. CVs for electrochemical reduction nat- Mb (dashed line), 
NO2- Mb (solid line) and background (dotted line) at a BDD electrode at 

pH 4.0 and O2 saturating conditions, scan rate of 50 mV s- 1. 
 
Both electrochemical waves observed in Fig. 3.28 are 

consequently regarded firstly as the direct electrochemical reduction of 
Mb, according to the following equation (eq. 3.3): 

 
MbFe(III)  +  e -  →  MbFe(II)    (eq. 3.3) 

 
and further O2 diffusion and binding to MbFe(II) 

electrochemically formed on the electrode to yield MbFe(II)O2 which can 
be electrochemically reduced according to the following redox process 
(eq. 3.4):  

 
MbFe(II)O2  +  2 H+  + 2 e -  →  MbFe(II)  +  H2O2 (eq. 3.4) 
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This behaviour has only been studied at acidic conditions as 2H+ 

are involved in the mechanism proposed and it is impossible to 
investigate the electrochemical behaviour of nat- Mb and NO2- Mb at 
neutral and alkaline pHs mainly because of the interference of dioxygen 
reduction on BDD. The reduction wave for NO2- Mb shown in figure 3.28 
appeared at a similar potential as that for the nat- Mb although it is less 
defined and had lower current intensity. 

 
3.3.1.4. Nuclear magnetic resonance. 

 

The one dimensional 1H NMR spectra of cyanide native and NO2- 
Mb derivatives at pH 6.10 are shown in Figure 3.29. Hyperfine shifted 
signals of nitrated Mb appear duplicated, indicating the existence of two 
species. One set of signals corresponds to nat- Mb while the other 
corresponds to complete NO2- Mb, i.e. that nitration has not been 
completed. In fact, according to NMR data between 30- 70 % of nitration 
is reached for various samples studied under different level of nitration 
per mole of Mb. This relatively low ratio of NO2- Mb is due to its low 
stability when the protein is concentrated, i.e., the nitrated protein is 
partially lost in this process. 

 
NOESY spectra with 100 ms of mixing time for both species (Fig. 

3.29) display the same pattern for both sets of signals, confirming that 
both species have the same three dimensional structures in the 
proximity of the metal ion. The NO2- Mb shows slightly broader signals 
than those of nat- Mb, suggesting slower correlation times for this 
species, which would be related to a slightly open structure, according to 
results obtained with the other spectroscopic techniques. The fact that 
all NO2- Mb hyperfine shifted signals are slightly lower than those of nat- 
Mb suggests weaker Fe ligand interactions in the nitrated Mb. 
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Figure 3.29. 1D 1H NMR spectra of cyanide nat- Mb (A, C) and 
NO2- Mb (B, D) derivatives performed in relative slow conditions (water 

suppression with excitation sculpting scheme, A, B) and with fast 
recycling times (superweft pulse sequence, C, D spectra). Stars in spectra 

B and D indicate signals specifically corresponding to the nitrated 
species. 

 
Figure 3.30 shows 1H 13C HMQC spectra of both species are 

superimposed and tertiary structure has not changed when Mb is 
nitrated. The decrease of the pH at the high concentrations of the NMR 
experiments produced protein precipitation, preventing its study. On the 
other hand, no relevant variations among signals were found at higher 
pH values. Altogether, NMR data indicates that NO2- Mb has an almost 
identical tertiary structure as that of nat- Mb, although with a slightly 
more open conformation surrounding the heme pocket. 

 
One of the physicochemical properties brought about by the 

nitration of tyrosine is the reduction of pKa in the phenolic group (10.1 
for the tyrosinate and 7.2 for the nitrated tyrosine) [46]. Consequently, 
at physiological pH, 3- NT is only charged 50 %, whereas tyrosine 
residues remain neutral. However, at acidic pH, the hydroxyl group of 3- 
NT is uncharged, acquiring a more hydrophobic character. 
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Figure 3.30. Superimposition of the 100 ms NOESY spectra 
performed on the native (blue) and the nitrated (red) Mb. Stars indicate 

the NOESY crosspeaks arising from signals of nitrated Mb. 
 
This has important consequences, for example, on the diminution 

of retention times on the HPLC profile of nitrated proteins using an ion 
exchange column [47]. In contrast, the hydrophilic character increases 
with alkaline pH [48]. A change in the local hydrophobicity surrounding 
residue Y103 can lead to local conformational changes as a function of 
pH and thereby a change in the electrochemical behaviour of Mb. The 
increase in peak potential seen in the electrochemical reduction of 
MbFe(II)O2 could be correlated with a conformational change in NO2- Mb 
at Y103 that may affect the reversible binding of dioxygen to the central 
iron of the heme group. The diminution of the electrochemical reduction 
wave for the dioxygen protein complex NO2- MbFe(II)O2 shown in Figure 
3.28, could be also ascribed to either aggregation of the protein in acidic 
conditions or to detrimental changes of accommodation state of the 
dioxygen molecule at the heme group. 

 

  

*
* *
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3.3.1.5. Conclusions. 

 
This work provides insight into the possible conformational 

changes associated with the selected nitration of Mb at Y103. Any effect 
of the interaction of the protein with the BDD electrode during nitration 
is discounted since the 2D NMR spectra, DSC, CD and the HIC retention 
times are exactly the same for both nat- Mb and anodically polarized Mb. 
It is unable to perform the purification of pure NO2- Mb, so the second 
peak of Figure 3.18 and from 3.19 ascribed to nitrated Mb led to a mix of 
unnitrated and nitrated Mb according to NMR experiments. Under such 
extreme ionic strength used for the separation and purification of Mb 
the authors hypothesized about some protein interactions between the 
native state and the nitrated form. Other possible events such as 
spreading of nitrated Mb through the column or aggregation are not 
discarded. NO2- Mb changes its conformation at low pH in respect to the 
native protein. At higher pH values (7.0 and 9.0) the three dimensional 
structure of both proteins differ slightly. However, these results have 
crucial consequences in the thermal stability of the nitrated protein 
which is reduced by about 5 0C at physiological pH, in agreement with 
results of DSF and DSC. Slight changes were observed for the reduction 
of the dioxygen binding to MbFe(II) from the comparison of nat and NO2- 
Mb, with a less defined and lower current intensity for the NO2- Mb than 
that of the nat- Mb. NMR results demonstrated a slightly more open 
conformation in NO2- Mb than in the native protein. The differences are 
more pronounced at acidic pH where the protein is less stable. 

 
The fact that nitration of Mb leads to a protein with a slightly 

altered conformation may have consequences in vivo since protein 
nitration is also a patho- physiological process. With small changes in 
tertiary structure, the effect on the interaction of nitrated proteins with 
other proteins may be slight, giving rise, very slowly, to pathological 
consequences. In this respect, NO2- Mb shows a greater affinity and 
hence greater retention time with a hydrophobic surface in HIC than 
does the native protein. This would give a greater affinity to bind to 
denatured or partially denatured proteins. Nitration has been found in 
protein precipitates, in such disease states as Alzheimer’s, Creutzfeldt–
Jakob disease and other dementias [49, 50, 51, 52, 53] where proteins 
adopt an alternative conformation over long periods of time. The protein 
precipitates themselves may be the agents, or simply markers, of 
disease. Nitration could be a contributor to the initiation of this process. 
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3.3.2. ELECTROCHEMICAL VERSUS SONOCHEMICAL NITRATION 

OF LYSOZYME 

 
The initial aim of this work is to examine the effects of ultrasound 

(US) on the selectivity of Tyr nitration in Lyz during electrochemical 
oxidation (EC) in the presence of NO2

- and further comparison of the 
electronitration without the presence of US. Solutions containing Lyz and 
NO2

- were exposed to ultrasonic irradiation in order to study possible 
sonochemical modifications. This is the first demonstration of the 
nitration of Tyr residues at Lyz (further on 3- NT) by the use of an 
ultrasonic field alone. Sonochemically nitrated Lyz is detected using the 
immunochemical techniques. The sonically oxidised and nitrated protein 
solutions were analysed by FT- ICR/MS. Hydroxylated species were found 
in the absence of NO2

- , whereas nitration is the major modification in 
the presence of nitrating agent, implying a competing mechanism 
between hydroxyl radicals and NO2

- . CD experiments indicated that the 
ultrasonic experimental conditions chosen in this study had little effect 
on the tertiary and secondary structure of Lyz. Whilst enzymatic assay 
showed that the presence of NO2

- provided a protective effect on the 
inactivation of the protein under US, nevertheless partially purified, 
sonically nitrated Lyz showed a dramatic decrease in lytic activity. 

 
3.3.2.1. Conformational effects. 

 
Fig. 3.31 A shows the nitration level of Lyz under US at varying 

times in 50 mM Na2B4O7 buffer plus 50 mM NaNO2 adjusted to pH 9.0 
with H3BO3 in the presence of oxygen. The rate of protein nitration is 
independent of the concentration of NaNO2 in the range between 20 and 
50 mM. The ultrasonic irradiation is applied in 5 min bursts in order to 
minimize the Lyz thermal inactivation, during which time the 
temperature of the protein solution increased from 5 to 12 0C, although 
it has been pointed out by several authors [54, 55] that Lyz is very stable 
to heat treatment. The rate of nitration is not affected by prior de- 
oxygenation of the buffer. No nitration of Lyz is achieved in the absence 
of NaNO2 under the ultrasonic irradiation conditions, showing that the 
nitration is only associated with the presence of NO2

- . The level of 
nitrated Lyz was determined by measuring the absorbance at 420 nm 
with an extinction coefficient of 4400 M- 1.cm- 1 for 3- NT. Inset Fig. 3.31 A 
shows the electrochemical nitration of Lyz. In both sonochemical and 
electrochemical cases, nitrated Lyz reaches the level of nitration up to ca. 
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0.16 mol of 3- NT per mol of protein. However, the rate of 
electrochemical nitration is some tenfold greater than that of the 
sonically nitrated Lyz.  
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Figure 3.31 A. Absorbance spectrum of sonochemically nitrated 
Lyz as a function of insonation time recorded at λ 420 nm. Inset figure 

shows the evolution of the electrochemical nitration of Lyz at + 1.05 V vs. 
AgCl/Ag reference electrode vs. time using a BDD electrode. Protein 

concentration 1.0 mg·mL- 1. 
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Figure 3.31 B. UV- Vis spectra of 1.0 mg·mL- 1 of Lyz before (solid 
line) and after (dotted line) 35 min of US in the absence on nitrating 

agent. Inset figure shows the same experiment in the presence of 20 mM 
NaNO2. 

 
Spectral changes of Lyz on sonic nitration are shown in Fig. 3.31 

B. The UV–Vis spectrum of 1.0 mg mL- 1 of Lyz under ultrasonic conditions 
in the absence of the nitrating agent apparently denotes no changes in 
terms of structural conformation. In the presence of NO2

- and after 35 
min of ultrasonic irradiation of Lyz, an absorption band appears at 430 
nm ascribed to the absorption of 3- NT residues in proteins. 
Furthermore, circular dichroism spectral changes of Lyz on sonic nitration 
are shown in Fig. 3.32. Both far and near UV spectra show that the 
ultrasonic irradiation of Lyz in our experimental conditions had little 
noticeable effect on the conformation of the protein (Fig. 3.32 A and B). 
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Figure 3.32. Near (curve A) and far (curve B) UV circular 
dichroism of 0.25 mg·mL- 1 in PBS pH 7.2 of control sample (solid line), 

ultrasonic irradiation sample (dot line).  
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3.3.2.2. Chromatographical behaviour. 

 
Figure 3.33 shows an HPLC chromatogram of the products after 

the electrochemical (EC) nitration of Lyz to 0.16 mol of 3- NT per mol of 
Lyz on a BDD electrode at a potential of 1.05 V (pH 9.0) with 50 mM 
NaNO2. Iniesta et al. recently demonstrated in electrochemical nitration 
[56] that these products were mono- (peak b) and bis- nitrated Lyz (peak 
c) as shown in Fig. 3.33, (dotted line). Moreover, peak b corresponds to a 
single nitration at tyrosine residue Tyr23, whereas peak c is due to bis- 
nitration at Tyr 23 and Tyr 20. HPLC of sonically (US) nitrated Lyz (solid 
line, Fig. 3.33) for 40 min shows similar behaviour to that found in EC 
nitration, with the exception that only the mono- nitrated Lyz peak is 
significantly formed.  

20 25 30 35 40

0.00

0.05

0.10

0.15

0.20

0.25

0.30

b

a

 

 

A
b

so
rb

an
ce

 a
t 

28
0 

n
m

Time / min

c

 
Figure 3.33. HPLC chromatogram of the product nitration mixture after 
US (solid line) and EC (dotted line). Unmodified (peak a), mono- nitrated 

(peak b), bis- nitrated (peak c). Absorbance recorded at 280 nm. 
 
These results were confirmed by monitoring the HPLC at 430 nm 

in which 3- NT has a maximum absorption band in the visible region. 
Although the extinction coefficient at 430 nm is lower than that at 280 
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nm, absorption of sonically nitrated Lyz is negligible for peak c in the 
visible region. There is also negligible formation of a tris- nitrated Lyz 
under ultrasonic irradiation. 

 
3.3.2.3. ELISA immunodetection. 

 
Further evidence supporting the presence of 3- NT in sonically 

treated Lyz is obtained from dot blot immunodetection using anti- 3- NT 
antibody (results not shown) and indirect ELISA as shown in Fig. 3.34. 
Native Lyz did not show any response in ELISA, as expected (Fig. 3.34). 
However, nor did either EC or US nitrated Lyz show any response in 
ELISA, in spite of both showing evidence of nitration from the 
absorbance recorded at 430 nm, where both indicated the same level of 
nitration (0.16 mol 3NT/mol protein). Treating all three samples with 8 M 
urea, 0.5 % (v/v) mercaptoethanol for 48 h at 37 0C to denature them 
showed nitration in the sonically nitrated Lyz but not in the 
electrochemically nitrated Lyz (Fig. 3.34), nor in the control. 
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Figure 3.34. The effect of denaturation on ELISA of nitrated Lyz 
samples: (blue dots) native, (green dots) EC nitrated, (red dots) US 

nitrated.  
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3.3.2.4. Mass spectrometric measurements.

 
Mass spectrometry analysis of the sonically treated 

performed. Fig. 3.35 A shows the FT- 
abundant 9+ ions of sonically treated Lyz

agent. There is no peak corresponding to a mass shift of 
[M+ NO2- H]) in this spectrum indicating that nitration has not occurred. 
However, peaks corresponding to Lyz 
observed. Xtract analysis shows the presence of ions which can be 
assigned to singly oxidized Lyz (M+ O, peak 
Da with respect to the unmodified protein (peak 
has a mass shift of + 36 Da with respect to the mass of the unmodified 
protein. Peak d in Fig. 3.35 A has a mass shift of 
the unmodified protein, and is likely to be produced by the salt adduct of 
unmodified Lyz [Lyz + phosphate]. Peaks 
shift of + 16 and + 36 Da, respectively, in relation to the mass of the 
phosphate adduct, as peaks b and c have with respect to the unmodified 
protonated ions. Peak d’ is further shifted from peak 
therefore probably the protein with 2 bound phosphates.

 

Figure 3.35. A. FT- ICR mass spectrum of the crude mixture of 
sonically oxidised Lyz (9+ charge state)

from the 12+ ions. Native Lyz ions (a) are accompanied by ions with mass 
shifts (b) + 16 Da, (c) + 36 Da, (d) + 98 Da and (d

and (c’) are described in the text. 1
water/methanol (1/1, 1

 
Fragmentation by electron capture dissociation (ECD) [

infrared multiphoton dissociation (IRMPD) [

CHAPTER 3 

ic measurements. 

of the sonically treated Lyz is 
 ICR mass spectrum of the most 

Lyz in the absence of the nitrating 
agent. There is no peak corresponding to a mass shift of + 45 Da (i.e., 

H]) in this spectrum indicating that nitration has not occurred. 
 ions with other mass shifts are 

shows the presence of ions which can be 
O, peak b) with mass increase of + 16 

Da with respect to the unmodified protein (peak a). Peak c in Fig. 3.35 A 
with respect to the mass of the unmodified 

A has a mass shift of + 98 Da with respect to 
the unmodified protein, and is likely to be produced by the salt adduct of 

phosphate]. Peaks labelled b’ and c’ have the same 
36 Da, respectively, in relation to the mass of the 

have with respect to the unmodified 
is further shifted from peak d by + 98 Da and is 
otein with 2 bound phosphates. 

 
ICR mass spectrum of the crude mixture of 

charge state). B. Summary of ECD fragments 
ions (a) are accompanied by ions with mass 

98 Da and (d’) + 196 Da. Peaks (b’) 
) are described in the text. 1–3 µM protein solution in 

water/methanol (1/1, 1 % formic acid). 

Fragmentation by electron capture dissociation (ECD) [57] or 
dissociation (IRMPD) [58] MS/MS of the 9+ Lyz ions 
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is not efficient. A higher but less abundant ion charge state (12+ ) is 
isolated for the MS/MS experiments. However, the lower abundance of 
the 12+ ions prevented complete isolation of the modified protein ions 
(peaks b and c, Fig. 3.35) from the unmodified protein ions (peak a, Fig. 
3.35) prior to the MS/MS analysis. Thus the MS/MS fragments were 
produced from both modified and unmodified protein ions 
simultaneously. The search for fragments is carried out with the 
assumptions that (i) no oxidation had taken place, (ii) there is oxidation 
at Met12, and (iii) there is oxidation at Met105. Summary of the ECD 
MS/MS fragments under assumption (iii) is shown in Fig. 3.35 B. Three of 
the C- terminal fragment ions, z26, z28 and z31, were found with the mass 
shift of + 16 Da, consistent with the oxidation at Met105. In the search 
for fragments containing oxidation at Met12, two N- terminal fragments 
were found with a mass shift of + 16 Da, c30 and c39 (data not shown). 
The small number of fragments containing possible sites of oxidation 
does not provide sufficient information on which of the sites is more 
favourable. No fragments containing oxidation at both Met105 and 
Met102 were found, thus the nature of the ion peak c (mass shift + 36 
Da) remains unclear. The observed mass shift for this peak is higher than 
the expected one for the doubly oxidised protein, + 32 Da.  

 
ESI mass spectrometry of sonically treated Lyz in the presence of 

NO2
- (Fig. 3.36) shows peaks b and c associated with mass shifts of + 16 

and 32 Da, respectively, but with smaller relative intensity than in the 
control sonication (Fig. 3.35). Fig. 3.36 also demonstrates the probable 
appearance of nitrated Lyz in the sample, peak d in Fig. 3.36. The mass 
shift for the monoisotopic mass of the nitrated ions, as calculated by 
Xtract program, appears to be + 46 Da (see Fig. 3.36 B). Nitration should 
show an increase of 45 Da (+ NO2- H). However, the error of 1 Da could 
originate from the incomplete isotopic sequence of the nitrated ions in 
the mass spectrum, which is due to their low abundance. Indeed, the 
nitrated protein constitutes only a very small fraction of the analyte. The 
most abundant ions are those of the unmodified protein. A peak e, 
measured mass shift + 60 Da, is present in Fig. 3.36, probably 
representing a mono- oxygenated nitrated Lyz (expected mass increase 
of + 61 Da). 
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Figure 3.36 A. FT- ICR mass spectrum of the crude sonically 

nitrated Lyz (9+ charge state). B. Xtract results for the masses of the ions. 
Native Lyz ions (a) are accompanied by ions with mass shifts (b) 

(c) + 32 Da, (d) + 46 Da and (e) + 60 Da. 1
water/methanol (1/1 v/v

 
3.3.2.5. Electron paramagnetic resonance

 
Fig. 3.37 shows the EPR measurements of the EPR spectra of the 

spin adduct of 5,5- dimethyl- pyrroline-
of 50 mM Na2B4O7 buffer, (Fig. 3.37 black line
(Fig. 3.37 red line), and buffer solution plus NaNO
An intense 4- line spectrum with an intensity 
The four lines were equally separated by 1.475 mT. These spectra are 
characteristic of the DMPO- OH adduct whe
the previously reported studies [59] carried out at low ultrasound 
frequency. The signal intensity decreased twofold when 
the buffer solution, and this effect is more dramatic in the presence of 
NaNO2 in solution.  
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ICR mass spectrum of the crude sonically 
tract results for the masses of the ions. 

ions (a) are accompanied by ions with mass shifts (b) + 16 Da, 
60 Da. 1- 3 µM protein solution in 
v/v, 1 % formic acid). 

paramagnetic resonance measurements. 

the EPR measurements of the EPR spectra of the 
- 1- oxide (DMPO) in the presence 

black line), buffer solution plus Lyz 
), and buffer solution plus NaNO2 (Fig. 3.37 blue line). 

line spectrum with an intensity ratio of 1:2:2:1 is obtained. 
The four lines were equally separated by 1.475 mT. These spectra are 

OH adduct where the result coincides with 
] carried out at low ultrasound 

frequency. The signal intensity decreased twofold when Lyz is present in 
the buffer solution, and this effect is more dramatic in the presence of 
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Figure 3.37. EPR spectra obtained by US of 50 mM Na2B407, pH 

9.0, in the presence of the spin trap DMPO after 5 min (black line), plus 
1.0 mg ml- 1 Lyz (red line), plus 50 mM NaNO2 (blue line). Spectrometer 

settings were receiver gain, 1.0 x 105; scan time, 42 s; modulation 
amplitude, 0.75 G. Ultrasonic irradiation time = 5 min. 

 
3.3.2.6. Evaluation of the lytic activity. 

 
Measurements of the lytic activity of Lyz and its derivatives were 

made as a sensitive indicator of the effect of treatment on the structure 
of the enzyme active site. Fig. 39 shows the lytic activity of native Lyz and 
crude mixtures of sonically treated protein solutions in the absence and 
presence of NO2

- . Ultrasound (40 kHz, 180 W power output) at ambient 
temperature did decrease the activity of Lyz by some 32 % following 35 
min of irradiation in the absence of NO2

- . Interestingly, when the 
nitrating agent is present in solution, overall enzymatic activity decreases 
very little. However, when the mono- nitrated Lyz is purified, it showed a 
dramatic decrease in lytic activity, some 68 %. This is substantially 
greater than the loss found in mono- nitro- lysozyme following 
electrochemical nitration (about 18 %) [56]. 
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Figure 3.38. Cell wall turbidimetric assay for the measurement of lytic 
activity corresponding to the US treated Lyz. (A) native, (B) US in the 
absence of NO2

- , (C) US treated in the presence of NO2
- , (D) mono- 

nitrated, (E) protein solution from the minimum EC nitration, (F) mono- 
nitrated from electrolysis, * BDD anode, (G) bis- nitrated from 

electrolysis, * BDD anode. n = number of trials, values are given as the 
mean ± the confidence interval (CI) 95 % confidence interval of the 

mean. Temperature = 25 0C. *Data obtained from Ref. [56]. 
 
No significant UV spectral changes were found upon exposure of 

Lyz to ultrasound (Fig.3.31 B). Furthermore, from the far and near UV 
circular dichroism, the ultrasonic irradiation of Lyz in our experimental 
conditions had apparently little effect on the conformation of the 
protein. Lyz molecule consists of a single polypeptide chain of 129 amino 
acids strongly stabilised by the presence of four disulfide bonds buried 
inside the hydrophobic core of the protein [60, 61]. Consequently, either 
mechanical and/or chemical effects of ultrasonic irradiation of aqueous 
solutions [62] had no dramatic consequences on the conformation of 
Lyz. Moreover, in our experimental conditions of 35 min sonication 
length and an input acoustic power of 0.2 W cm- 2 obtained from 
calorimetric measurements, stable shell protein microbubbles were not 
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formed from native Lyz ultrasound irradiation irrespective of the 
presence of NO2

- in solution. These findings are in agreement with those 
presented by Cavalieri and co- workers [63] where they stated no 
observation of microbubbles by sonication of native Lyz at a higher 
acoustic power of 200 W cm- 2 for 30 s. 

 
Oxidation of the most exposed amino acids in Lyz could lead to 

changes in function. There are a number of residues that are 
electrochemically (redox) active [64]. Thus methionine can be oxidised to 
the sulfoxide (mass increase + 16 Da) or the sulfone (+ 32 Da). 
Tryptophan residues can be hydroxylated (+ 16 Da) and tyrosine residues 
hydroxylated (+ 16 Da) or dihydroxylated (+ 32 Da). The generation of OH 
radicals by ultrasound is well- known, particularly at low temperature 
where the ultrasonic input is higher [65]. Generally, H and OH radical 
species drive further oxidation processes of a wide number of amino 
acids in proteins [66]. It is speculated here that the oxidation of Lyz could 
be attributed to methionine residue oxidation via hydroxyl radicals or 
H2O2. Thus the rate constant for the reaction of OH radicals with 
methionine at pH 7 in water is 7.4 – 8.5 x 109 (expressed in dm3·mol- 1·s- 

1), whereas the H radical has a rate constant of 3.5 x 108 dm3·mol- 1·s- 1 in 
acidic conditions [67]. On the other hand, peroxynitrite (ONOO- ) reacts 
rapidly with methionine residues only in acidic or neutral conditions and 
gives rise in the first instance to the sulfoxide derivative [68]. The 
observed mass changes in Lyz with ultrasound and NO2

- could potentially 
occur via the formation of OH radicals and NO2 radicals, generated by 
the reaction of OH* and NO2

- ions. Munoz and co- workers assumed that 
the loss of lytic activity of Lyz under ultrasonic irradiation at moderate 
pressures and temperatures is due to the oxygenation of methionine 
residues and formation of thienyl groups [54]. Our mass spectrum also 
shows a mass shift of + 36 Da with respect to the unmodified Lyz. This 
mass shift may be produced by a second oxidation event and 
simultaneous reduction of two disulfide bonds in Lyz by OH* and H*, 
respectively.  

 
Ultrasound, as applied in this work, had very little effect on the 

overall activity of Lyz when NO2
- is present (98 % retention of activity, Fig. 

3.38). However, in the absence of NO2
- , the activity loss due to 

ultrasound is much greater (68 % retention, Fig. 3.38). Mass 
spectrometry shows significant peaks ascribed to oxygenation (M + 16 
and M+ 36 Da in Fig. 3.35) in the later case, whereas during nitration (Fig. 
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3.36) the peaks are much reduced and there is the appearance of a 
nitration peak at M + 46 Da. When this peak is purified, it is found to 
have lost much of its activity (32 % retention). This is in contrast to the 
previously demonstrated retention of activity (82 %, Fig. 3.38) in mono- 
nitrated Lyz produced during electrosynthesis. Since nitration per se 
therefore does not decrease enzyme activity to the same extent as 
nitration with ultrasound does, there must be some other structural 
change in the protein during sonication. However, this change does not 
affect the Lyz which remains unaltered in mass (as shown in the 98 % 
activity retained on ultrasound treatment with NO2

- (Fig. 3.38), therefore 
it must be that the oxygenated species, shown to be significant in Fig. 
3.35, also suffer substantial loss of activity. The presence of NO2

- , 
however, reduces the apparent oxygenation of Lyz, according to mass 
spectrometry Fig. 3.36, which is in agreement with the retention of 
enzymatic activity in the sonically nitrated protein solution (Fig. 3.38). 
There is some evidence for simultaneous mono- nitration and mono- 
oxygenation of Lyz (peak at 14,355.6 Da, i.e. M + 61 Da) in Fig. 3.36 B, 
although none for di- oxygenation and nitration. The mono- oxygenated, 
nitrated species may be enzymically inactive, but, even if it did co- purify 
with the mono- nitrated Lyz in HPLC, it would not account for all of the 
68 % activity loss of this peak even if the nitrated Lyz were to retain all of 
its activity.  

 
An electron paramagnetic resonance (EPR) DMPO- OH spin 

adduct signal [69] is detected following ultrasonic irradiation for 5 min in 
the presence of 50 mM DMPO (Fig. 3.37), which is consistent with the 
known generation of hydroxyl radicals from water by ultrasound. This is 
significantly reduced when 50 mM NaNO2 is added (Fig. 3.37 blue line), 
indicating that NO2

- ions scavenge OH* [68], thus the OH* are quenched 
by the presence of NO2

- ions in solution which leads to generation of 
NO2

*. Moreover, Reszka et al. [70] showed that NO2 radicals themselves, 
generated by a myeloperoxidase/H2O2/NO2

- system, can also degrade the 
DMPO/OH radical adduct. The DMPO spin adduct signal is even further 
attenuated in the presence of Lyz (Fig. 3.37 red line), presumably 
indicating some reaction with the protein.  

 
The mechanism of nitration is well- described for heme proteins 

by using ONOO- [71] or the system myeloperoxidase/H2O2/NO2
- [72]. A 

possible alternative pathway for non heme proteins, where hydroxyl 
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radicals are generated in- situ by ultrasound, provides a tentative 
mechanism for the ultrasonic nitration of Lyz as follows:  

 
(a) Formation of H and OH radicals by ultrasound (eq. 3.5). 
 

H2O → H*+ OH*    (eq. 3.5) 
 
(b) Formation of tyrosinylate radicals in protein from tyrosinate 

anion in alkaline solution (eq. 3.6). 
 

Protein- Tyr- + OH* → protein- Tyr* + OH-  (eq. 3.6) 
 
(c) Formation of NO2 radicals (eq. 3.7) 
 

NO2
- + OH* → NO2

* + OH-    (eq. 3.7) 
 
The hydroxyl radical will react with Lyz forming tyrosyl radicals as 

a minor product. The reaction of NO2 and the protein tyrosyl radical is 
diffusion limited, yielding 3- NT (eq. 3.7).  

 
Protein- Tyr* + NO2 → Tyr- NO2   (eq. 3.7) 

 
*NO may also be formed (eq. 3.9) 
 

NO2
- + H* → *NO + OH-   (eq. 3.9) 

 
NO radicals can subsequently react with tyrosylate radicals to 

form, in the first instance, the 3- NT derivative, and finally, via further 
oxidative pathways, 3- NT. It is likely that at least some of the 3- NT 
formed in vivo is made through the NO pathway [73]. 

 
That 3- NT is produced in Lyz during sonication and is shown by 

the production of a yellow colour (Absorbance at 430 nm), by its elution 
in cation exchange chromatography and by a small peak in the mass 
spectrum. Confirmation using antibody against 3- NT is obtained but it is 
not straightforward. A positive reaction for 3- NT is found in dot blotting, 
but here the protein is exposed to 20 % (v/v) methanol and is dried onto 
the membrane, procedures likely to lead to denaturation. Indeed, it is 
previously shown that Lyz is partially denatured, to reveal methionine, in 
20 % acetonitrile [74]. In comparison, no signal is found in ELISA with 
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nitrated Lyz from either US or EC (Fig. 3.34) unless denaturing conditions 
(urea/mercaptoethanol) were applied. Even then a positive signal is only 
found in the sonically nitrated Lyz but still not in the electrochemically 
nitrated protein. That Lyz, with 4 disulfide links, is difficult to degrade has 
been previously noted when nozzle skimming in mass spectrometry did 
not fragment the protein [41], although Mb, with no disulfides, is 
sensitive to fragmentation under similar conditions [75]. Here, the 
electrochemically nitrated Lyz, with or without prior treatment with 
urea/mercaptoethanol, is not sufficiently denatured to make 3- NT 
available to the antibody in ELISA. In contrast the ultrasonic- nitration did 
denature the nitrated Lyz significantly in terms of loss of activity (Fig. 
3.38), presumably sufficient to render it susceptible to antibody binding 
following further treatment with urea/mercaptoethanol. 

 
Oxidation of many aromatic residues can result in the 

incorporation of polar or charged groups (e.g. hydroxyl- or peroxy- 
modifications, amongst others) which can result in changes in protein 
conformation [76, 77]. The incorporation, for example, of a nitro group 
into tyrosine shifts the pK value of the hydroxyl group from 10.1 in 
tyrosine to 7.2 in 3- NT [78], thus the hydroxyl group of 3- NT is about 50 
% charged at physiological pH which is why the nitrated Lyz elutes earlier 
in cation exchange chromatography than does the native protein (Fig. 
3.33). When the hydroxyl group is uncharged, 3- NT is more hydrophobic 
than tyrosine itself which may tend to shift the residue away from 
aqueous solvent. Moreover, 3- NT can participate in hydrogen bonding 
to neighbouring amino acids, possibly restricting accessibility of the nitro 
group in nitrated proteins. The poor antibody signal of nitrated Lyz is 
ascribed to the low accessibility of the anti- 3- NT polyclonal antibody to 
the nitro group. Thus, a pre- treatment and pre- incubation of 
ultrasonically nitrated Lyz samples with mercaptoethanol and urea 
facilitated amplification of the ELISA response.  

 
It is apparent that sonication in the presence of NO2

- does lead to 
Lyz nitration and that this could potentially be an alternative method to 
electrosynthesis in the general production of nitrated proteins, with their 
significance in oxidative stress- based disease. However, it is also 
apparent that there must be some denaturation of Lyz arising from the 
sonication, as shown by the loss in enzymic activity, although not by the 
physical measurements of structural integrity. This does not occur in 
electrooxidative nitration, rather activity is retained, moreover the rate 
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of nitration is greater in electrosynthesis therefore it is unlikely that 
sonication would be used in any preparation of nitrated protein for 
biological studies. 

 
3.3.2.7. Conclusions. 

 
Ultrasonic irradiation using a conventional ultrasonic cleaning 

bath (40 kHz, 180 W power output) of Lyz solutions in alkaline conditions 
(pH 9) led to partial loss of enzymatic activity. This is caused mainly by 
the modification of some amino acid residues via reaction with reactive 
oxygen species (ROS). The presence of NO2

- ions acted to protect against 
the reactivity of ROS species, as demonstrated by mass spectrometry, 
presumably by scavenging hydroxyl radicals. Under these conditions, 
nitration at low levels can be achieved in Lyz but with consequent loss of 
enzymatic activity of the isolated, mono- nitrated species which, if it 
reflects a change in conformation, does not lead to the availability of 3- 
NT for antibody binding in an ELISA assay. However, pre- treatment to 
denature protein does improve the sensitivity of the immunochemistry 
technique ELISA in the detection of nitro- tyrosylated proteins. 

 
The site(s) of nitration (i.e. selectivity between tyrosine residues) 

and the state of oxidation of possibly competing amino acid residues 
such as methionine and cystine following insonation have not yet been 
determined and this will be a matter of further studies. Whilst ultrasonic 
nitration yields Lyz with lower activity, this is nevertheless an entirely 
novel method of preparation which is potentially applicable to all 
susceptible proteins.  
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4. ANALYTICAL AND ELECTROANALYTICAL STUDIES OF 

BIOLOGICAL COMPLEX MEDIA 

 

4.1. DETERMINATION OF BIOMARKERS: METABOLOMIC 

STUDIES USING HPLC AND NMR 

 

The aim of this section is to combine well-known analytical 

techniques such as HPLC-UV-Vis, HPLC-MS and a more powerful 

technique such as high field 
1
H (800 MHz) NMR spectroscopy to separate 

and determine a complex commercially available cell culture medium. 

Moreover, partial validation of this method enhancement has been 

carried out taking into consideration the following issues: sensitivity, 

selectivity, limit of detection, limit of quantification, linearity and range. 

The IVF medium is constituted among others by glucose, organic acids: 

lactic and pyruvic, amino acids: aspartate (Asp), glutamate (Glu), serine 

(Ser), glycine (Gly), asparagine (Asn), glutamine (Gln), alanine (Ala), 

proline (Pro), as well as the dipeptide alanyl-glutamine (Ala-Gln) and 

taurine (Tau), and other compounds such as hyaluronic acid (HA) and 

proteins like human serum albumin (HSA). Herein, this work presents a 

combinatorial approach for the overall determination of analytes in this 

complex medium by sensitive, rapid, simple and selective techniques 

which allow the exclusion of interferences. The major achievement of 

this part of the thesis for the embryological community will be supported 

on the determination of wide number of analytes. Such results could be 

used for the evaluation and further comparison of the real culture 

medium after the embryo incubation process and therefore to the 

optimised embryo selection yielding in an improved implantation. 

 

This section exploits HPLC as a routine and accessible technique 

at many chemical and biological laboratories for the determination of 

ten amino acids previously via derivatisation as well as glucose and two 

organic acids, lactic and pyruvic acids. Simultaneously, we take 

advantage of mass spectrometry and NMR as complementary techniques 

to LC. In this respect, due to the complexity of isolation of interferences 

such as hyaluronic acid (HA, an anionic, non-sulphated 

glycosaminoglycan) present in the culture media, glucose required the 

use of LC coupled to mass spectrometry. Furthermore, NMR 

spectroscopy is a powerful, interdisciplinary method and a non-

destructive technique which can provide information on molecular 

structure of both pure compounds and complex mixtures as well as 
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information of absolute or relative concentrations. In particular, the 

NMR results obtained here, using 800 MHz for the first time, contribute 

simultaneously to both the determination of new molecules and act as 

general fingerprint of the whole metabolomic profile of the culture 

medium. 

 

A simple, rapid, sensitive and selective procedure based on the 

combination of HPLC-UV-Vis and HPLC-MS has been developed and 

single laboratory partially validated for the determination of a set of 13 

analytes present in a commercially available IVF medium utilising small 

sample volumes (20- 30 µL). The composition fingerprint of the complex 

sample obtained by NMR spectroscopy in 11 minutes provided 

identification based on a screening of the metabolomic profile. HPLC-MS 

allowed accurate glucose-sodium adduct to be measured and the 

working and linear ranges achieved were 0.028 - 0.389 mmol·L
-1 

with a 

detection limit of 13 µM. HPLC-UV-Vis allowed accurate concentrations 

of pyruvic and lactic acids with linear ranges over 0.005 – 0.1 mmol·L
-1

 

with a limit of detection of 28 µM for pyruvic acid to be determined in 8 

minutes, while lactic acid presented a linear range over 0.1 - 2 mmol·L
-1 

with a limit of detection of 1.2 mM. The use of HPLC-UV-Vis allowed a 

chromatographic separation of 8 amino acids (aspartate, glutamate, 

serine, glycine, asparagine, glutamine, alanine, and proline), the 

dipeptide alanyl-glutamine and taurine previous to a chemical 

derivatisation, providing a total run time of 40 minutes. The method was 

partially validated to show a linear range studied of 0.028 - 0.280 

mmol·L
-1 

with detection limits ranged between 1- 30 µM. Development 

of the analytical approach provided determination and quantification of 

a set of 13 analytes from a very complex sample. Although well-

established analytical techniques were used here, combined methods 

were partially validated for the first time to this purpose. The novelty of 

the combination of techniques relies on a screening tool and a strategy 

for the future evaluation and an improved assessment of human embryo 

viability. 

 

4.1.1. Assignment by 
1
H NMR. 

 

Figure 4.1 presents the CPMG spectra showing the metabolic 

profile of IVF culture medium with several peaks derived from its 

complex composition. Table 4.1 summarise the metabolites, their 

chemical shifts and the assignation of the peaks for the 
1
H NMR 
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spectrum. Peaks for the eight amino acids: Ala, Gln, Asp, Asn, Gly, Ser 

and Pro, and the dipeptide Ala-Gln and Tau were observed as well as 

peaks for lactic and pyruvic acids and glucose. Additionally, peaks at 2.55 

and 2.70 ppm were assigned to citric acid; however no assignation for 

lipoic acid was possible. 

 

Figure 4.1. Full CPMG spectra. A total of 14 metabolites can be 

identified: 1) Lactic acid; 2) Ala; 3) Ala

Gln; 7) Citric acid; 8) Asp; 9) Asn; 10) Tau; 11) Gly; 12) Glucose; 13) Ser; 

14) Pro.

  

ELECTROANALYTICAL STUDIES 

195 

spectrum. Peaks for the eight amino acids: Ala, Gln, Asp, Asn, Gly, Ser 

Gln and Tau were observed as well as 

and pyruvic acids and glucose. Additionally, peaks at 2.55 

and 2.70 ppm were assigned to citric acid; however no assignation for 

 
Full CPMG spectra. A total of 14 metabolites can be 

; 3) Ala-Gln; 4) Glu+ Gln; 5) Pyruvic acid; 6) 

Gln; 7) Citric acid; 8) Asp; 9) Asn; 10) Tau; 11) Gly; 12) Glucose; 13) Ser; 

14) Pro. 
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 Analyte Chemical shift (ppm) 

 TSP 0.00 

1 Lactic acid 4.11 (CH); 1.33 (CH3) 

2 Ala 1.45 (CH3) 

3 Ala-Gln 1.55 (CH3); 2.00 (CH2); 2.33 (CH2) 

4 Glu+ Gln 2.15 (βCH2) 

5 Pyruvic acid 2.37 (CH3) 

6 Gln 2.40; 3.72 (αCH) 

7 Citric acid 2.55 (CH2); 2.70 (CH2) 

8 Asp 2.62 (βCH2), 2.64 (βCH2); 3.86 (αCH) 

9 Asn 2.79(βCH2), 2.81 (βCH2) 

10 Tau 3.25 (CH2); 3.41 (CH2) 

11 Gly 3.48 (αCH2) 

12 Glucose 3.46; 3.50; 3.52 (CH2) 

13 Ser 3.85; 3.91 (βCH2) 

14 Pro 4.20 (αCH) 

 

Table 4.1. Metabolites and their chemical shifts of assigned peaks 

for the 
1
H NMR assignment. 

 

NMR metabolomics is a new, fast and incredibly useful tool for 

obtaining the medium metabolomic fingerprint, which gives a quick idea 

of its profile. The NMR analyses are non-invasive as the sample is diluted 

with saline solution and the length of the analysis is very short (9 min). 

Therefore, if a small amount of sample is acquired it can be difficult to 

perform enough measurements to obtain the required information 

without significant dilution and here as the sample is not destroyed it 

may be recovered and used in further analyses. Advantageously, in these 

experiments there is no need of deproteinization procedures as pulse 

sequences are designed for lifting the proteins. The use of an 800 MHz 

NMR equipment is not a common facility and it also requires high costs. 

Although lower field equipments (400, 500 and 600 MHz) can be used, 

numerous of disadvantages appear as acquisition times grow, higher 

sample volumes are needed and resolution power decreases. 
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4.1.2. Determination of glucose by HPLC-MS. 

 

Determination of glucose is first considered in the culture 

medium. Simultaneous detection of glucose together with the organic 

acids (lactic and pyruvic acids) determination was not viable as glucose 

concentrations were below the detection limit; glucose absorption 

wavelength is below 210 nm and additionally has a very small extinction 

coefficient. However, HPLC-RID is an establish technique for the 

determination of sugars in different samples [1, 2]. However, our 

preliminary determination of glucose using HPLC-RID presented one 

main drawback related to interferences of HA, lactic and pyruvic acids 

present in the culture medium with retention times similar to that for 

glucose. Consequently, glucose determination turned out to be relatively 

higher than previously reported [3].¡Error! Marcador no definido. 

Therefore, mass spectrometry was used to determine glucose 

concentrations as a precise and selective technique for metabolomics 

studies. 

 

Figure 4.2 depicts the mass spectrum for the culture medium 

analysed for the monitoring of glucose. A positive ionisation polarity was 

chosen and three adducts were detected, + H
+ 

 (m/z = 181), + Na
+ 

 (m/z = 

203), and + K
+ 

 (m/z = 219) but overall the selected target mass and most 

abundant was that corresponding to the 203-mass respective to the 

[Glucose +  Na]
+ 

 adduct. Glucose retention time for these conditions was 

11.41 minutes and a linear calibration curve in ultra pure H2O over a 

range of 0.028 - 0.389 mmol·L
-1

 was obtained with a slope of 168.067 

mmol
-1

·L (R
2
 = 0.9996). The final concentration of glucose of this IVF 

medium was calculated to be 0.461 ± 0.004 mmol·L
-1

 (in all cases using t-

Student for 95 % of probability and a sample of n = 8) from the 

calibration plots and achieved a detection limit of 13 µM and limit of 

quantification of 44 µM. 
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Figure 4.2. Zoom of the chromatogram (A) and mass spectrum (B) 

of the IVF culture media. 

 

Attempts on the direct infusion to the mass spectrometer of the 

IVF medium were contemplated as one feasible analytical approach in 

order to decrease analysis time. Although we diluted the sample with 

water, the high osmolality (between 270 - 290 mOsm in physiological 

media) provoked capillary blocking. Hence, the use of a carbohydrate 

HPLC column benefited the separation of salts and complex analytes 

mixtures and it targeted glucose with no need for deproteinization. Once 

glucose was separated, this was identified and quantified with the mass 

spectrometer following either scan mode or secondary ion mass 

spectrometry (SIM) mode. Within a scan range between 35 - 500 m/z no 

additional carbohydrates were found. Furthermore, SIM mode was used 

successfully for the quantification of the sodium-glucose most abundant 

adduct with a higher sensitivity.  

 

Glucose determination can be also followed by enzymatic assay 

using ultramicrofluorescence where glucose is first converted via 

enzymatic catalysis to glucose-6-phosphate in the presence of ATP [4]. 

Further, the later compound is converted enzymatically to 6-

phosphogluconolactone with the additional production of the 

nicotinamide adenine dinucleotide phosphate (NADPH). Although this 
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fluorimetric method requires a small portion of sample, 1 - 2 μL, the 

protocol involves generally extensive analyses time. Different strategies 

for the determination of glucose in cell culture or biological fluids are 

now emerging. Electrochemical devices and microdevices focused on the 

monitoring of different analytes involved in cell growth and this 

development has been commercialised. For example, Pereira and 

collaborators measured the real-time monitoring of glucose in cell 

culture by using microfluidic electrochemical biochips [5]. Nevertheless, 

the rapid determination of glucose with an electrochemical commercial 

device commonly used by diabetic people was unfeasible and the 

authors speculate that the surface was quickly blocked. 

 

4.1.3. Determination of lactic acid and pyruvic acid by HPLC-UV-

Vis. 

 

The analysis of lactic and pyruvic acids is addressed in the culture 

medium utilising HPLC-UV-Vis detector. Figure 4.3 depicts a typical 

chromatogram arising from the IVF culture medium at a dilution of 1 to 

10 in PBS pH 7.0 for an injection volume of 20 µL. As depicted in figure 

4.3., peak A corresponds to pyruvic acid and peak B to lactic acid, based 

on comparison with analytical standards. Calibration curves for pyruvic 

acid were obtained in an aqueous solution consisting of 20 mM 

phosphate buffer pH 2.5 and measured at 210 nm wavelength which 

exhibits a retention time of 5.69 minutes. A linear response to increasing 

concentrations of pyruvic acid over a range of 0.005 – 0.1 mmol·L
-1

 was 

obtained with a slope of 1276.2 mmol
-1

·L (R
2
 = 0.9998). Lactic acid was 

found to exhibit a retention time of 7.20 minutes giving a linear response 

over the concentration range studied, 0.1 - 2 mmol·L
-1

 with a slope of 77 

mmol
-1

·L  (R
2
 = 0.9999). The chromatographic characterisation for pyruvic 

and lactic acids determination was: resolution factor (Rs) of 6.564, 

capacity factor (k’) of pyruvic acid was 0.317 and for lactic acid, 0.671, 

and the selectivity factor (α) for the two peaks was found to be 2.116. 

The analytical utility of the HPLC for the quantification of these two 

organic acids has been proven and at concentration of 0.395 ± 0.008 

mmol·L
-1

 (t-Student 95 %, n = 8) of pyruvic acid and 19.9 ± 0. 3 mmol·L
-1

 

(t-Student 95 %, n = 8) of lactic acid has been calculated for the culture 

medium from the calibration plots, showing detection 

limits/quantification limits of 28 / 92 µM and 1.2 / 3.9 mM, respectively. 
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Figure 4.3. Typical chromatogram of the IVF culture medium 

clearly demonstrating the eluted peaks of pyruvic acid (A, tr= 5.742 min) 

and lactic acids (B, tr = 7.284 min). 

 

Despite the protein HSA is present at a high concentration in the 

culture medium of 5 mg·mL
-1

 deproteinisation was not required for the 

inter-day determination of both organic acids. Furthermore and as 

previously mentioned in the experimental section, the only sample 

preparation which needed deproteinisation with ethanol was the 

determination of the amino acids. The effect of pH in the range between 

2.0 and 3.0 was evaluated to observe the potential effect on the 

resolution of the pyruvic acid peak but a pH of 2.5 was found to be the 

optimum pH. Rapid determination of lactic and pyruvic acid was 

achieved in 8 minutes without further purification or elimination of 

macromolecules such as HA and HSA. 

 

Pyruvate has been commonly investigated via fluorescence 

methods, electrochemical detectors coupled with HPLC, spectroscopic 

methods or enzymatic reactions. Wulkan and co-workers used HPLC 

coupled to a fluorescence detector to analyse pyruvate in a complex 

matrix of blood [6]. Recently, Wolff [7] and collaborators compared HPLC 

with two detection methods: fluorescence versus enzymatic assay to 

measure pyruvate in blood in clinical practices, taking into account that 
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the florescence method required a derivatisation step. Alternatively, 

enzymatic assay is based on the reduction of pyruvic acid to lactic acid by 

lactate dehydrogenase at pH 7.5 with the nicotinamide adenine 

dinucleotide (NADH) in excess. The concomitant oxidation of NADH is 

then measured by fluorimetric detection [4] or spectrophotometrically at 

340 nm. The later procedure presents several drawbacks since the 

recovery can be insufficient and therefore is considered as estimation for 

pyruvate in blood [8]. 

 

HPLC-RID has also been postulated as an analytical option for 

lactic acid determination in a wide variety of media such as blood 

plasma, serum, and wine [9]. Likewise, electrochemical and fluorimetric 

detectors are also commonly used for the determination of lactic acid of 

different media natures [10, 11]. On one hand, electrochemical detectors 

require working at isocratic flow as well as relative conductive mobile 

phases, presenting a main drawback and passivating carbonaceous 

electrodes [12]. On the other hand, the use of microfluorimetric 

detectors requires derivatisation of most samples [13]. Here, the rapid 

determination of lactic and pyruvic acids concentration is crucial as this 

allows us to determine the lactic acid to pyruvic acid ratio in this culture 

medium, which is biologically significant as this reflects the cellular NADH 

to NAD
+
 ratio. This factor named the relative redox potential can be used 

as an indicator of the redox status and the kinetics of the embryo 

development [14]. 

 

4.1.4. Determination of amino acids, taurine and alanine-

glutamine by HPLC-UV-Vis. 

 

The amino acids analysis was preceded by HSA removal which is 

described in the experimental section (2.6.1). The amino acids were 

chemically derivatized off column by the use of PITC, as described by 

Heinrikson and Meredith [15]. 

 

Figure 4.4 depicts the response for eight amino acids identified in 

the IVF culture media Asp, Glu, Ser, Gly, Asn, Gln, Ala, Pro, the dipeptide 

Ala-Gln and Tau when analysed by HPLC-UV-Vis at 254 nm. Table 4.2 

presents the correlation of peak number (N), the analyte assignment, 

and retention time (tr) as well as the calibration curves slopes (a), the y-

intercept value (b) and its regression coefficients (R
2
) over a range 

studied of 0.028 – 0.280 mmol·L
-1

 for the cited amino acids. 
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Figure 4.4. Zoom of the chromatogram of the IVF culture medium 

showing the eluted peaks of the amino acids: 1) Asp; 2) Glu; 3) Ser; 4) 

Gly; 5) Asn; 6) Gln; 7) Tau; 8) Ala; 9) Pro; 10) Ala-Gln. 

 

N Analyte tr / min a / mmol
-1

·L b
 

R
2
 k’ α 

1 Asp 10.95 939.219 12.649 0.9901 3.380 1.311 

2 Glu 13.58 994.09 19.655 0.9803 4.432 1.238 

3 Ser 16.22 1075.040 16.610 0.9852 5.488 1.127 

4 Gly 17.96 3437.387 52.219 0.9849 6.184 1.050 

5 Asn 18.74 1371.424 20.155 0.989 6.496 1.155 

6 Gln 21.26 1156.226 17.352 0.9877 7.504 1.109 

7 Tau 23.30 2597.375 26.857 0.9914 8.320 1.192 

8 Ala 27.29 694.865 12.743 0.9821 9.916 1.090 

9 Pro 29.52 4980.587 37.885 0.9912 10.808 1.209 

10 Ala-Gln 35.18 3783.921 36.560 0.9902 13.072 -0.076 

 

Table 4.2. Amino acids analysis parameters for the analysis. 
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Accordingly, the concentration of each analyte in the IVF culture 

medium with this method was calculated from the calibration plots to be 

Asp 0.670 ± 0.002 mmol·L
-1

, Glu 0.540 ± 0.001 mmol·L
-1

 , Ser 0.565 ± 

0.003 mmol·L
-1

, Gly 0.2616 ± 0.0004 mmol·L
-1

, Asn 0.3879 ± 0.0005 

mmol·L
-1

, Gln 0.1070 ± 0.009 mmol·L
-1

, Tau 0.364 ± 0.001 mmol·L
-1

, Ala 

0.880 ± 0.003 mmol·L
-1

, Pro 0.2734 ± 0.0006 mmol·L
-1

 and Ala-Gln 0.570 

± 0.001 mmol·L
-1

 (in all cases using t-Student for 95 % of probability and a 

sample of n = 7). The detection / quantification limits achieved with this 

separation totally assure the suitability of this technique for the analysis 

of this complex medium, as referred before and following the same 

order of apparition they are: 8 / 27 µM for Asp, 4 / 14 µM for Glu, 9 / 30 

µM for Ser, 1 / 4 µM for Gly, 2 / 5 µM for Asn, 30 / 102 µM for Gln, 3 / 12 

µM for Tau, 10 / 32 µM for Ala, 2 / 7 µM for Pro and finally, 4 / 12 µM for 

Ala-Gln.  

As mentioned in the experimental section, the deproteinization 

step was essential in the amino acids determination, so it was carried 

using ethanol as co-solvent. It is well-known that PITC can react with N-

terminus of proteins as well as amino groups of lateral chains in amidic 

amino acids [15]. There are two types of amino acids, essential and non-

essential, and depending on the embryo developmental stage they could 

be intake by cells, where they undergo further degradation, i.e. catabolic 

processes, or used as a nitrogen source. The uptake and depletion of 

amino acids are related to the growth and development of human 

embryos [16]. 

 

4.1.5. Analysis of data set. 

 

In this step the summary of the results obtained by the four 

determinations required to get an insight of the nature of the culture 

medium are joint together with the time of analysis and the feasibility of 

the measurements. Figure 4.5 shows the global scheme for a complex 

medium analysis. This figure emphasizes on the analytical platform 

developed, where generally in IVF the sample volumes are between 20 - 

30 µL after human embryo retrieval. The first step tackles the qualitative 

and fingerprint analysis of the sample, which does not require any 

chemical modification. Thereafter, the whole sample could be redirected 

to the chromatographic measurement for the quantitative determination 

of analytes, in this case organic acids and glucose. Amino acids 

determination step is placed at the end of this platform since it involves 

the chemical modification of the sample. In conclusion, the analytical 
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platform manages the identification and quantification of the sample 

and provides the analyst the metabolomic profile of the micro IVF fluid 

after retrieval of embryos. Furthermore, this analytical platform could be 

applied to many kind of culture media commonly used. The analytical 

platform requires a minimal chemical modification and furthermore it 

involves an easy sample manipulation. Overall this has important 

consequences for the data discussion and the final decision of the 

embryologist. 

 

 
 

Figure 4.5. Scheme of the steps required for a completion of the 

combinatorial analytical platform. 

 

 

4.1.6. Conclusions. 

 

The objective of this study was to determine the composition of a 

commercial embryo culture medium. It has been shown the versatility of 

HPLC-UV-Vis, HPLC-MS and 
1
H NMR spectroscopy as well as the 

appropriate procedure optimisation in order to analyse as many analytes 

as possible present in 20 - 30 μL of real sample after embryo 

development. Although the presence of interferences such as proteins 

and glycosaminoglycans and the high level of osmolality of the IVF 

media, just a conditioning procedure based on a derivatisation step was 
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required for the amino acids analysis. Additionally, LC is exploited as a 

routine, easy and accessible technique for not expertise technicians at 

chemical and biological laboratories, and the NMR as a powerful 

technique which contributes simultaneously to both determine new 

molecules and provide the whole metabolomic profile of the culture 

medium. 

 

A rapid composition determination could be achieved relatively 

fast as the analysis took no longer than 12 minutes for glucose 

determination, 8 minutes for pyruvic and lactic acids quantification and a 

completely separation of ten amino acids in 70 minutes. Furthermore, 

the possibility of obtaining an NMR fingerprint by screening the global 

sample composition was shown in order to get a glance on it in just 11 

minutes which was not possible with any chromatography. This 

combinatory approach provides a versatile methodology which would 

help the embryologist in the evaluation or assessment process of the 

embryo viability.  

 

The results of this section have been exploited in collaboration 

with a private company from the biomedical sector. A more extensive 

NMR study has been performed using a wide set of real biological 

samples. Moreover, that study has been performed with the help of the 

research services of the University of Barcelona, Spain, and funded by 

the Ministry of Science of Spain. The NMR examination of the whole set 

of real samples has brought about a number of biomarkers and 

metabolites deeply correlated to the metabolism of cells. The amino acid 

Met that is present in culture media has emerged as a potential 

biomarker of oxidative stress. ROS/RNS species can rapidly attack Met 

sulphur atom (see table 1.2) providing Met sulfoxide (MetSO) and 

sulphone (MetSOO) species, among others, with + 4 and + 8 oxidative 

states in the sulphur atom, respectively. Therefore, the depletion of Met 

or the appearance of MetSO and MetSOO correspond to an indirect 

biomarker for oxidative stress in vivo. Although Met and its sulphur 

derivatives are extensively monitored and analyzed by chromatographic 

and spectrometric techniques, electroanalytical methods play an 

important role since they offer fast, real-time and in-situ determination 

of Met and its derivatives. The electrochemical characteristic properties 

of the chemistry of sulphur atom make possible the determination of 

Met in complex biological samples. Section 2 of this chapter dedicates its 

effort for that purpose. 
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Finally, NMR results on the study of the real biological IVF 

samples are still under confidential agreement between the company 

and the University of Alicante. 
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4.2. ELECTROCHEMICAL SENSOR OF METHIONINE AS A 

POTENTIAL OXIDATIVE STRESS BIOMARKER 

 

Combination of chromatographic and spectroscopic techniques 

has been used for the analysis of a wide pool of metabolites in a complex 

biological sample. A deep examination of large data sets from real 

biological samples has been obtained as a result of the collaboration of a 

private company and the University of Alicante. A profound metabolomic 

study has been carried out using both HPLC and NMR spectroscopy 

methods. Along with the different collaboration agreements, three in 

total, the investigation methods have passed through the use of distinct 

commercially available culture media and hence, different formulations 

and compositions were faced. A clear example is the incorporation of the 

amino acid Met in the culture media by the time NMR experiments were 

performed and that is the reason why it is not shown in previous HPLC 

analyses.  

 

The direct electrochemical oxidation of methionine has been 

achieved at bare carbon based electrodes and for the first time at screen 

printed graphite electrodes in aqueous solutions. Due to scales of 

economy and intended use as a potential point-of-care sensor, the 

quantification of methionine was explored at screen printed electrodes, 

allowing linear ranges over the range 0.05 to 5.0 mM with a detection 

limit of 95 x 10
-6 

mol L
-1

 possible in model solutions. Application of this 

sensor was used for the determination of methionine in a 

pharmaceutical product containing a complex mixture of vitamins, amino 

acids, chelated minerals and additional factors with the results agreeing 

with the manufacturers’ specification suggesting that this sensing 

platform holds promise as a rapid, sensitive and disposable sensor for 

methionine determination. 

 

Methionine is a potent scavenger since it reacts with of ROS/RNS 

in vivo. As mentioned above Met is postulated as a scavenger for the 

neutralization action of 
*
NO radical, H2O2 or even ONOO

-
. For those 

reasons stated above, the electrochemical miniaturization and 

development of an electrochemical sensor of Met are of vital importance 

for the correlation between depletion in biological samples and indirect 

oxidative stress measurements.  
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4.2.1. Direct oxidation of methionine at SPGEs. 

 

The direct oxidation of methionine at a range of carbon based 

electrode substrates was considered first. Figure 4.6 depicts the 

voltammetric response of a GC (Fig. 4.6 A), BDD (Fig. 4.6 B) and SPGE 

(Fig. 4.6 C) obtained in a solution of 1 mM methionine in pH 7 phosphate 

buffer. The DP voltammetric signatures of methionine at GC exhibit an 

oxidation peak at + 1.26 V (vs. AgCl/Ag), compared to that obtained at 

BDD appearing at + 1.44 V (vs. AgCl/Ag). In contrast, a bare screen 

printed electrode displays a well-defined peak at a slightly lower 

oxidation potential + 1.1 V (vs. pseudoAgCl/Ag) and such a response is 

likely due to the higher global average of edge planes/like-sites/defects 

which constitute excellent conditions for this electrode as the basis of a 

methionine sensor. Insets depicted in Fig. 4.6 show the response of 

increasing additions of methionine into pH 7 PBS over the range 0.25 to 2 

mM (Fig. 4.6 A) for GC (Ip / (µA cm
-2

) = 61.264 / mM +  2.5095 (µA cm
-2

); 

R
2
= 0.9974), over the range 0.1 to 5 mM (Fig. 4.6 B) for BDD                      

(Ip / (µA cm
-2

) = 15.501 / mM +  4.4298 (µA cm
-2

); R
2
= 0.9923) and over 

the range 0.1 to 2 mM (Fig. 4.6 C) for SPGE (Ip / (µA cm
-2

) = 17.533 / mM 

+  10.396 ; R
2
= 0.9917). 
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Figure 4.6. Comparison of the DPV of different carbonaceous 

electrodes: GC (A), BDD (B) and SPGE (C) for the direct oxidation of 1 mM 

methionine in pH 7 0.1 M PBS. Inset figures, calibration plots for 

concentration ranges between [0.25 - 2] mM for A, [0.1 - 5] mM for B, 

[0.1- 2] mM for C. 
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The effect of scan rate was explored over the range 4 to 100      

mV·s
-1

 using a fixed concentration where the peak potential was 

observed to gently shift with increasing scan rates. A plot of peak height 

against scan rate reveals a linear response (Ip / A = 1.97 x 10
-4

 A / (V·s
-1

) – 

2.27 x 10
-5

 A; R
2
 = 0.9703). Additionally the peak current was found to 

increase with increasing scan rates with a plot of Ip/υ 
½
 vs. log υ clearly 

indicated the electrochemical process is adsorption controlled [17]. 

Experimental adsorption of the methionine on the SPGEs was 

electrochemically performed by measuring with differential pulse 

voltammetry of 1 mM methionine in pH 7 PBS. After adsorption of 

methionine, the SPGE was gently rinsed with Millipore water and dried, 

after this the electrode was cycled with pH 7 PBS and a decrease of ~ 69 

% of the current peak height was obtained. 

 

4.2.2. Effect of the pH solution on the response to methionine 

at SPGEs. 

 

Next, attention was turned to exploring the effect of solution pH 

upon 1 mM methionine. Figure 4.7 depicts the absence of a pH 

dependence response for measurements carried out, as can be observed 

from the voltammetric response obtained in pH 2 (solid line) and pH 7 

(dotted line) PBS. Experiments for methionine oxidation at pH 12 

(dashed line) did not show a well-defined oxidation peak so 

consequently no more trials at intermediate pHs were performed. No 

reduction waves are observed in the accessible potential window 

consistent with the methionine likely undergoing a chemically 

irreversible reaction.  
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Figure 4.7. Effect of the pH in the DPV response for the direct oxidation 

of methionine 1 mM at PBS pH 2 (solid line), pH 7 (dotted line) and pH 12 

(dashed line).  

 

Previous research from Pingarron’s group have reported that at 

gold modified carbon paste electrodes that pre-adsorption on the gold 

surface occurs followed by the oxide-catalyzed oxidation to the sulfone 

where the mechanism has a pH dependant response involving 4 

electrons and 4 protons [18]. By contrary it is observed pH non-

dependence for the oxidation of methionine at the SPGE and adsorption 

is noted and it is surmised that the electrochemical mechanism might be 

as described as referred to eq. 4.1 and eq. 4.2: 

 

CH3SR
’
COOH +  H2O → CH3SR

’
COO

-
 +  H3O

+ 
 (eq. 4.1) 

 

2 CH3SR
’
COO

-
 → CH3SR

’
 +  CO2 + 2e

-
  (eq. 4.2) 

 

which is similar to that suggested by Tan and co-workers [19] at 

C60-fullerene modified gold electrodes. Reproducibility of the response 

of methionine in SPGEs was checked by performing repetitive 

measurements of 1 mM methionine at phosphate buffer, yielding a % 

Relative Standard Deviation (RSD) of 2.04 % (n = 5). 
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4.2.3. Electroanalytical approach to the determination of 

methionine. 

 

Figure 4.8 A depicts the linear calibration graph of methionine at 

pH 2 PBS obtained by DPV in the (0.05 - 5.0) x 10
-3

 mol L
-1

 concentration 

range, showing two different linear ranges, (0.05 - 0.75) x 10
-3

 mol L
-1

 

with a slope of 24.11 ± 1.13 µA / mM (R
2
= 0.9982) ( 95 % probability) Fig. 

4.8 B and Fig. 4.8 C (1.0 - 5.0) x 10
-3

 mol L
-1

 with a slope of 5.375 ± 0.114 

(R
2 

= 0.925). A limit of detection was found, based on 3-sigma, to 

correspond to 95 µM (n = 4). This is in comparable with literature 

reports, for example with that obtained by Pingarrón and co-workers 

who reported a limit of detection of 59 µM using gold nanoparticles 

modified electrodes [18]. 
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Figure 4.8 A. Typical calibration plot for methionine at a SPGE in 

pH 2 PBS for increasing concentrations of methionine. B and C graphs 

show the analysis of the peak current as a function of concentration at 

two intervals of concentration, from 0.05 to 0.8 mM and 1.0 to 5.0 mM 

of Met, respectively. 
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4.2.4. Study of the interferents. 

 

An interference study for analytes that might likely appear was 

executed. DP voltammograms of the possible interferents were explored. 

These were: citric acid, lactic acid, glucose, pyruvic acid; amino acids: 

glycine, alanine, glutamate, aspartate, asparagines, cysteine; vitamins: 

vitamin B6, vitamin C, vitamin B5. When applying the same conditions as 

above for the electrochemical oxidation of methionine it was found that 

out of these possible interferents, only cysteine at about + 1.34 V and 

pyruvate at about + 0.96 V were found to exhibit electrochemical 

responses close to that of the direct oxidation of methionine in pH 7 PBS 

while in pH 2 PBS there is no response of pyruvate and cysteine shown a 

non-defined oxidation peak around + 1.40 V; consequently pH 2 was 

chosen as the optimum solution pH. 

 

4.2.5. Applicability to the detection of methionine in real 

samples. 

 

The analytical utility of the SPGEs in the determination of 

methionine in real samples is tested as the electrode was found to be the 

most suitable in terms of not only sensitivity, repeatability, 

reproducibility but also due to its disposable and easy-to-use nature for 

the direct oxidation of methionine. Since Met detection in the culture 

media of interest could not been shown due to confidential agreement, a 

pharmaceutical product that contains Met is analysed. 
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Figure 4.9. A. Pharmaceutical product dilution 1:10 in pH 2 PBS. 

B. Standard additions of ascorbic acid (vitamin C). C. Standard additions 

of pyridoxine hydrochloride (vitamin B6). D. Standard additions of 

methionine using an extraction procedure. 
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Figure 4.9 A depicts typical DPV of the pharmaceutical product 

diluted to a factor of 10 in pH 2 phosphate buffer with a simple 

extraction procedure (see annex I, section 3). It was found that three 

constituents of the tablet exhibited voltammetric responses which were 

ascorbic acid (vitamin C) at + 0.3 V, pyridoxine hydrochloride (vitamin B6) 

at + 0.9 V and methionine and at about + 1.1 V; clearly there is sufficient 

resolution between the peaks to allow quantitative measurements to be 

performed. Figure 4.9 B shows DP voltammetric profiles resulting from 

the additions of ascorbic acid and Figure 4.9 C from the additions of 

pyridoxine hydrochloride, vitamin B6, (both at a dilution factor of 1000 in 

PBS pH 2) and Figure 4.9 D from the additions of methionine after the 

extraction procedure (see experimental section for details; dilution 

factor of 50 using PBS pH 2). The matrix effect of the tablet was 

demonstrated by comparing the slopes from the result of standard 

additions for the case of just pH 2 buffer solution exhibiting a response 

of 29.8 (± 0.8) A / mM while for the case of the tablet solution standard 

(no extraction) additions of methionine revealed a value of 28.5 (± 0.3) A 

/ mM, while in the case where extraction is performed a value of 22.4 (± 

2.8) A / mM is observed. Clearly, the matrix effect of the tablet results in 

a loss of sensitivity and hence a higher than expected value to be derived 

and hence to obtain meaningful results an extraction procedure needs to 

be implemented. As shown in Figure 4.9 D, the concentration of the 

tablet was determined by the addition standard method for 3 replicates 

yielding a mean of methionine concentration of 6.3 ± 0.7 mM which is in 

good agreement with the manufacturers’ value (8 mM, 60 mg per 

tablet). The RSD obtained for this determination was 8 %. 

 

4.2.6. Conclusions. 

 

The electrochemical behaviour of a range of carbon based 

electrode substrates for the direct oxidation of methionine is explored 

and the use of bare screen printed electrodes is reported for the first 

time. It is demonstrated that SPGEs are a suitable tool for the 

development of a potentially commercial sensor in terms of economy 

and analytical characteristics. The use of this SPGE is demonstrated to be 

possible for the determination of methionine in real samples such as 

pharmaceutical products and culture media. Further applications would 

be performed for the sensing of methionine in real biological media and 

peptides containing Met as an indirect sensing for the oxidative stress 

grade.  
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4.3. ELECTROCHEMICAL SENSORS/(BIO)SENSORS OF ROS/RNS 

 

As mentioned in the introduction, ROS/RNS regulate vital 

functions of cell life and some of the oxidizing and nitrating agents such 

as H2O2, O2
*-

, 
*
NO and ONOO

-
 are specially considered as key molecules 

from signaling events. Electrochemical techniques are a logical choice of 

tackling the analysis and monitoring of cellular redox communication 

with the cell surroundings [20]. 

 

Systematic monitoring of the complex and interrelated events in 

the microenvironment of biological cells represents a non-trivial 

challenge. Responses to signaling molecules are dependent on the 

identity, location, and state of the responding cells, and on the nature, 

concentration, as well as the spatial and temporal distribution of the 

soluble chemical signals [21]. The electrochemical sensors/biosensors 

offer immense possibilities of design in concordance on what you wish to 

measure and where in terms of the nature of the complexity of the 

medium. Basic requirements that they should overcome are: good 

sensitivity, good selectivity, fast response, long-term stability, small size, 

non-invasive approach and ease of handling. There are different 

architectures for the design of sensors/biosensors employed for the 

quantification of ROS/RNS:  

 

1. Direct oxidation or reduction of the analyte at the 

electrode surface which is covered with an additional membrane(s),  

2. Modification of the electrode surface with metallic 

complexes which facilitate the electro-catalytic oxidation or reduction of 

the analyte where the impact of the interferences is reduced by 

additional coating,  

3. Direct ET of the active site of a selective enzyme for 

ROS/RNS towards the electrode where the protein is immobilised,  

4. Mediated electron transfer from the biological 

recognition element for ROS/RNS via redox hydrogel modified with redox 

relays, 

5. Use of a conducting polymer to produce an ET from the 

enzyme to the electrode. 

 

Commonly used biological recognition elements for ROS are 

enzymes like cyt c, which catalyses the reaction of O2
*-

 to molecular 

oxygen, superoxide dismutase which reduces O2
*-

 to H2O2, or horseradish 
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peroxidase which is typically employed for H2O2 sensing as it converts to 

water molecules via 2 electrons. For short-lived species such as ROS/RNS, 

very sensitive sensors are required which offer a very short response 

time [22, 23]. Here, three different sensors and biosensors are 

constructed for the detection of three of the most important ROS/RNS 

involved in signalling, H2O2, O2
*-

 and 
*
NO. The first device is based on a 

SPGE macro electrode, and the other two are “tip-based” since they are 

constructed over ultramicroelectrodes (UMEs) for the simple reason that 

small, portable and reliable devices are required to measure in vivo 

samples. 

 

Sub-section 4.3.1 of this chapter presents the response of the 

biosensor constructed by the procedure 3 explained above, which is 

based on the direct ET of a selective enzyme (cyt c) for H2O2 towards the 

electrode where the protein is immobilised. The novelty of the 

immobilisation procedure is the fact that no need of mediators or pre-

treatments of the SPGE surface is required unlike with other kind of 

protein immobilisation procedures that require SAMs, CNTs, 

nanoparticles or special coatings of the surface. 

 

Although much has been said in the introduction about ROS/RNS, 

a brief summary of the importance of the detection of the superoxide 

radical (O2
*-

) is presented here. If the level of this radical species exceeds 

the level that systems are able to process for the mere defence, it would 

produce fatal oxidative damage to tissues. There exist numerous of 

medical evidence that O2
*-

 is involved in several diseases development 

[24, 25, 26]. However, the impossibility to analytically measure radicals 

production directly due to their intrinsic properties has supposed a 

barrier in the breakthrough in investigation and correlation of ROS/RNS 

implication in the diseases process and progress. As a consequence, a 

few studies of ROS/RNS in vitro and in vivo have been performed by 

techniques such as EPR, spectrophotometry and chemiluminescence [27- 

29] and since electrochemical platforms have been developed more 

records appear on this field [30- 33]. 

 

Sub-section 4.3.2 of this chapter is focused likewise on the 

detection of O2
*-

 based on the covalent immobilisation of cyt c on the 

surface of an ultramicroelectrode (UME) of Au previously modified with 

a dithiol SAMs –also following the procedure 3 explained above-. The 

production of O2
*-

 was afforded with the cyt c/Xanthine/Xanthine 
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Oxidase (XOD) system in PBS buffer, and the electrochemical 

measurement of the O2
*-

 was achieved at + 0.1 vs. AgCl/Ag. However, the 

sensor per se could not be used to measure the concentration of O2
*-

released into the media, but just to provide its relative concentration 

obtained from the concentration of the added XOD. 

 

One of the most studied intracellular and extracellular molecules 

is 
*
NO which is synthesized from the amino acid L-arginine by a family of 

nitric oxide synthases (NOS) and its functions are related to regulation of 

vascular tone, neuronal signaling and immune response. The three 

isoforms comprise neuronal NOS (NOS-I), inducible NOS (NOS-II), and 

endothelial NOS (NOS-III). The species build up diffusion zones in the 

vicinity of the cells. Their diffusion profile depends on their reactivities, 

diffusion coefficients, and the local microenvironment. 
*
NO can diffuse 

relatively long distances after its release from cells, about 150-300 µm 

within 4-15 s. Finally, sub-section chapter 4.3.3 of this chapter deals with 

the design, fabrication and use of Pt(UME)for the direct and real-time 

electrochemical detection of 
*
NO released from a commercially available 

diazeniumdiolate (NONOate) based on the electrodeposition of two thin 

layers of poly(eugenol) and poly(phenol), based on procedure 1 cited 

above. The fabricated sensor shows an amperometric response to 
*
NO 

released from the NONOate at + 0.8 V vs. AgCl/Ag.  

 

The detection of these ROS/RNS is subjected to the presence of 

other species or molecules in the culture media in vitro or in vivo which 

are electroactive and therefore either produce an electrochemical signal 

on the electrode or chemically react with ROS/RNS [34, 35]. Hence, the 

final outcome of these sensors and biosensors design and fabrication is 

subordinated to the response of the potential interferents [36]. The 

integrity of the measurements of these devices in biological real complex 

media requires from the study of the response to the desired ROS/RNS 

analyte along with the potential interferents. In each sub-section this 

study will be committed under in vitro oxidative stress conditions. 

Satisfactory results of sensitivity and selectivity is afforded for each 

approach by mimicking the presence of ROS/RNS into real culture media 

although further results on biological samples in vivo are not presented 

due to confidential agreement. 
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4.3.1. Development of a biosensor towards the detection of 

H2O2 based on cyt c/SPGE 

 

4.3.1.1. Immobilisation of cyt c at SPGE. 

 

Immobilisation procedure was extensively explained in chapter 3 

(section 3.1.7). In order to see the electrochemical profile after the 

immobilisation process at pH 2.0, 3.0, 4.0 and 7.0 PBS buffer solutions, 

please refer to Figs. 3.12. 

 

4.3.1.2. Electrochemical response to the determination of H2O2. 

 

As it was described in the chapter 3, the response of cyt-c 

immobilised on the SPGE towards the effect of increasing amounts of 

H2O2 was performed by CVs in order to study the cyt c peroxidase 

activity. The structural similarities of cyt-c with the family of peroxidases, 

the enzyme that makes the catalysis of H2O2, provide cyt-c with an 

intrinsic activity to convert H2O2 to H2O, as described in the following 

equations (eqs. 4.3 and 4.4): 

 

Fe (III)(cyt c ) +  e
-
 → Fe(II)( cyt c)      (eq. 4.3) 

 

2 Fe (II)(cyt c) +  2 H
+ 

 +  H2O2 → 2 Fe(III)(cyt c) +  2 H2O     (eq. 4.4) 

 

Figure 4.10 A shows the steady-state current response to five 

successive additions of 10 µL of 0.2 M H2O2 solution into 2 mL of 0.1 M 

PBS pH 2.0 subjected to continuous stirring. The H2O2 concentration in 

the bulk solution changes 1 mM for each injection. The catalytic Ipc was 

measured at a potential of - 0.5 V vs. pseudoAgCl/Ag and it was found to 

increase steeply up to a plateau after 10 s. In Figure 4.10 B, the 

reciprocal of the catalytic Ipc was plotted vs. the reciprocal of the 

concentration of the substrate, in order to calculate the enzyme-

substrate kinetics by using the Lineweaver-Burk plot (eq. 4.5) [37, 38], as 

the inverse of the intercept of this plot, 14.8 µA, corresponded to the 

imax, and from the slope the Michaelis-Menten constant (Km), 28.2 mM, 

can be obtained for pH 2.0.  
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    (eq 4.5) 
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Figure 4.10. A. Catalytic response for adsorbed cyt-c/SPGEs at 

0.1M PBS pH 2.0 at - 0.5 V vs. pseudoAgCl/Ag with increasing amounts of 

H2O2. The arrows mark the points when the H2O2 aliquot was added. B. 

Lineweaver-Burk plot was used to yield the Km and imax parameters. 
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4.3.1.3. Peroxidase activity at different pH values. 

 

Similarly, the peroxidase activity for cyt-c adsorbed at the SPGE 

was compared at other pH values, 3.0 and 7.0, as it is depicted in Figure 

4.11, curves b and c, respectively, with the same successive stepwise 

injections of H2O2 to PBS solutions. Km values were calculated by using 

the Lineweaver-Burk method and resulted to be 91 mM and 220 mM, 

respectively, denoting a lower catalytic response or affinity of cyt-c 

towards the oxidation of H2O2 probably due to the more folded 

conformational state of the protein as physiological pH is reached. 

 

0.5 µA

  

 

 Time / s

pH 7.0

pH 3.0

pH 2.0

50 s

 
Figure 4.11. Steady-state current response of cyt-c immobilised 

at pH 2.0, pH 3.0 and pH 7.0 at SPGE on successive injection of 10 µL of 

200 mM H2O2 into 2 mL to get a bulk concentration of 1 mM in PBS. 

 

 

4.3.1.4. Conclusions 

 

Kinetics of the peroxidase activity of cyt-c adsorbed in the surface 

was satisfactorily studied under different pH values. Similar responses 

were obtained by Scheller and co-workers when they applied 

chronoamperometry at 0 V to their cyt-c immobilised by polishing the 

colloidal gold modified carbon paste electrodes on a plane glass surface 
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with a drop of 4 % cyt-c solution [39]. Wang and Waldeck [37] found 

similar Km (7.9 mM) for pH 3.0 and 144 mM for pH 7.0 when cyt-c was 

adsorbed at carboxylic acid-terminated and hydroxyl-terminated SAMs 

on gold electrodes. At pH 2.0 the SPGE/cyt-c electrode exhibits a higher 

affinity to H2O2 as the protein is presumably partially unfolded and then 

the heme pocket more exposed. Peroxidase activity of the immobilised 

cyt-c/SPGE was satisfactorily studied for the response to H2O2 under 

different pH conditions exhibiting a higher response at pH 2.0 due to a 

considerable exposition of the heme pocket. 
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4.3.2. Development of a biosensor towards the detection of O2
*
 

based on cyt c/DTSP/Au(UME) 

 

4.3.2.1. Electrochemical characterisation of Au(UME) 

 

An approach to investigate the properties of the UME in terms of 

size, ease of fabrication, durability and sensitivity were performed. The 

first issue to be characterised is the choice of the UME dimension as the 

diffusion properties are dependent of the size. Three different Au 

electrodes of 25 µm, 50 µm and 100 µm diameter were characterised in 

order to select the best size that would fulfil with the requirements of a 

sensor. At the same time, the UME needs to be large enough to 

satisfactorily do the measurements of the experiments on the low 

detection of various ROS/RNS. As explained in the experimental section 

(Chapter 2), 50 µm diameter is the limit electrode size that complies with 

the UME properties of diffusion and in our case that is the one selected 

as reasonable electrochemical responses are obtained. 

 

Cyclic voltammetry is used for the electrochemical 

characterisation of the ultramicroelectrodes (UME). Figure 4.12 shows 

the CV for a 5 mM [Fe(CN)6]
 3-

 solution in KCl 100 mM at 25 mV·s
-1

. The 

shapes of the CV are typical for a 25 µm (A) 50 µm (B) and 100 µm (C) 

diameter UMEs respectively. Figure 4.12 B shows the CV where the 

reduction current intensity rapidly decreases (56 nA, close to the 

theoretical which is 50 nA) upon a constant value at - 0.10 V vs. AgCl/Ag. 

The separation of the peak potentials (ΔEp) for this “tip-based” Au UME 

is 140 ± 20 mV, which is not close to the theoretical ΔEp (59 mV) 

indicating that the system is quasi-reversible.  
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Figure 4.12. Typical cyclic voltammogram for the characterisation 

of three Au(UMEs) of 25 µm diameter (A), 50 µm diameter(B) and 100 

µm diameter (C) for the reduction of 5 mM of [Fe(CN)6]
 3-

 in 0.1 M KCl     

at 50 mV·s
-1

. Third scan is shown. 
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4.3.2.2. Immobilisation of cyt c/DTSP/Au(UME) 

 

The covalent immobilisation procedure of cyt c at the surface of 

the Au/UME required two steps. The first step is the modification of Au 

with chemisorbed 3,3’-dithiobis(succinimidylpropionate) (DTSP), and the 

second step is the covalent immobilisation of cyt c.  

 

Step 1: After the fabrication of the Au/UME, it is polished with 

different size slurries and sonicated as described in the experimental 

section (2.2.2). Once it is rinsed with water and dried in air, afterwards, it 

is rapidly immersed for 30 min in 100 µL of 50 mM DTSP prepared in 

DMF immediately prior to use, then washed in DMF and water and, 

finally, dried for 5 min in air at 22 
0
C. The result of this step, which is an 

adaptation of Tammeveski and co-workers procedure [40], is the 

formation of a monolayer of DTSP on the Au(UME) by chemisorptions via 

Au-S bond formation which would crosslink any intracellular and 

membrane proteins (such is the case, cyt c is a membrane protein) in 

aqueous reaction. DTSP, also called Lomant’s reagent [41] (figure 4.13), 

is a cell membrane permeable linker that forms like an 8-atom spacer 

arm with two amine-reactive N-hydroxylsuccinimide esters at both ends 

that allow the formation of stable amide bonds with primary amines at 

pH 7.0-9.0, specially with Lys residues of proteins. 

 

 
 

Figure 4.13. Structure of the homobifunctional crosslinker DTSP 

used for the cross-linking of cyt c. 
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Figure 4.14. Scheme of the formation of the Au-S bonds that 

provide with an ‘arm’ to link the protein and comprises the configuration 

of the sensor at this step is DTSP/Au(UME). 

 

Step 2: After this step the DTSP/Au(UME) is incubated in 120 µL 

of a 2 mM cyt c solution prepared in 0.1 M PBS pH 7.0 at 4 
0
C for 20 h. 

The configuration for this construction of the O2
*-

 biosensor cyt 

c/DTSP/Au(UME), see the illustrative figure 4.15, resulted to respond 

optimally for 5-7 h in use, and then new configurations were constructed 

daily. The electrochemical experiments were performed in a 2-electrodes 

cell (volume of the cell 1 mL), using as a RE and CE a home-made wire of 

AgCl/Ag, which is referred in the experimental section (2.2.4). 

 

 
 

Figure 4.15. Scheme of the configuration cyt c/DTSP/Au(UME). 

Illustrative representation with no physical meaning. 
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Figure 4.16 shows the electrochemical behaviour of Au/UME for 

each step during the modification procedure. The red curve shows the 

response of the polished clean Au/UME on 0.1 M PBS solution pH 7.0; 

black lines shows the response of the immobilised DTSP crosslinker, 

which shows a pair of peaks, an oxidation peak at 66 mV and a reduction 

peak at -178 mV. Finally, the blue line shows the response of the cyt c 

immobilised in the Au/DTSP structure which figures out a clear blockage 

of the surface meaning that the protein is covalently linked. Further 

experiments with the redox probe [Fe(CN)6]
 4-

 showed no voltammetric 

response which confirms the modification of the surface. 
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Figure 4.16. CVs for the steps that constitute the configuration of 

the superoxide biosensor. Red line corresponds to the background 

current due to PBS pH 7.0 Au(UME), black line to DTSP/Au(UME) 

formation in the same solution of PBS and finally, blue line that 

corresponds to cyt c/DTSP/Au(UME) showing the blockage of the surface 

electrode. 
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4.3.2.3. Enzymatic production of O

 

The real-time detection of the O

configuration mentioned above of cyt c

xanthine/XOD [40]. Under saturated conditions of substrate (5 mM 

xanthine in 0.1 M PBS) the current change obtained by the addition of 

XOS was linearly dependent on the XOD concentration resulting in a 

measured sensor sensitivity of 10.3 nA·µM

that catalyses the oxidation of xanthine to uric acid 

formed by heteroatoms of Mo (2) and Fe (8) that form part of active sites 

of the enzyme playing functions of cofa

respectively (Figure 4.17). 

 

   
 

Figure 4.17. Structure of xanthine (

protein Xanthine Oxidase (XOD, right

www. creativebiomart.net, [

 

The WE and RE/CE electrodes were placed in a 1 mL cell volume 

and consecutive additions on 100 µL of a stock solution of 10 µM of XOD 

were added such that the final concentration of XOD was 1 µM. No drift 

in the background current intensity was observed during the 

experiments due to the presence of xanthine

additions of XOD no appreciable drift was caused in the baseline 

behaviour. A conditioning step was required for 30 min and consisted 

placing the WE in the solution containing xanthine in PBS buf

then a stable baseline response was obtained after 30 min 

average current intensity of 4 pA. 

 

The electrochemical measurement of the O

polarising the electrode at + 0.1 V vs.
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4.3.2.3. Enzymatic production of O2
*
 by xanthine/XOD. 

detection of the O2
*-

 was tested in vitro using the 

cyt c/DTSP/Au(UME) using the system 

Under saturated conditions of substrate (5 mM 

0.1 M PBS) the current change obtained by the addition of 

XOS was linearly dependent on the XOD concentration resulting in a 

ed sensor sensitivity of 10.3 nA·µM
-1

·cm
-2

. XOD is a large protein 

that catalyses the oxidation of xanthine to uric acid generating ROS. It is 

(2) and Fe (8) that form part of active sites 

of the enzyme playing functions of cofactors and ET mediators, 

   

f xanthine (left) and structure of the 

, right) from PDB ID: 1y8x (obtained from 

www. creativebiomart.net, [42]). 

electrodes were placed in a 1 mL cell volume 

and consecutive additions on 100 µL of a stock solution of 10 µM of XOD 

were added such that the final concentration of XOD was 1 µM. No drift 

in the background current intensity was observed during the 

ents due to the presence of xanthine. Moreover, after the 

additions of XOD no appreciable drift was caused in the baseline 

behaviour. A conditioning step was required for 30 min and consisted of 

in the solution containing xanthine in PBS buffer, and 

then a stable baseline response was obtained after 30 min with an 

electrochemical measurement of the O2
*-

·was achieved by 

vs. AgCl/Ag and relating the amount of 
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the enzymatically produced O2
*-

 to the concentration of the XOD due to 

the response of covalently immobilised cyt c. This model was established 

by Tammeveski and collaborators in 1998 [40], and it has been widely 

used for applications where O2
*-

 requires to be produced in real-time due 

to the difficulties in absolute measurements [43- 47]. The model consists 

in two separate pathways; the first one concerns the generation of O2
*-

 

in solution and the second one tackles with the re-oxidation of the 

reduced cyt c by the O2
*-

 generated previously. 

 

• Generation of O2
*-

 by Xanthine /XOD: 

 

The O2
*-

 is an intermediate of the catalytic oxidation of xanthine 

by XOD with the concomitant reduction of O2 to H2O2, (eq. 4.6 which is 

catalysed by XOD, and eq. 4.7). 

 

xanthine +  O2 +  H2O  →  uric acid +  O2
*-

 +  H
+ 

    (eq. 4.6) 

 

2 O2
*-

 +  2 H
+ 

  →  O2 +  H2O2    (eq. 4.7) 

 

Under O2 and xanthine saturated conditions, the O2
*-

 is generated 

with a constant rate v1 = k1· [XOD], where k1 is the apparent rate 

constant. 

 

• Re-oxidation of the reduced cyt c: 

 

The biosensor functioning leads on the superficial ET process that 

occur at Au(UME) based on the reaction between O2
*-

 and immobilised 

molecules of cyt c. At the applied potential of + 0.1 V the reduced cyt c 

by O2
*-

, where a constant rate is reported to be 2 x 10
5
 M

-1
·s

-1
 [48], is 

promptly oxidised to cyt c-Fe(III) under one-ET transfer as previously 

seen in chapter 3, (eq. 4.8 and 4.9). Figure 4.18 shows the overall 

sequence of reactions that take place on this sensor. 

 

Fe(III)(cyt c)  +  O2
*-

   →  Fe(II)(cyt c)  +  O2 (eq. 4.8) 

 

Fe(II)(cyt c) - e
-
 → Fe(III)(cyt c)  (eq. 4.9) 
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Figure 4.18. General sequence of reactions occurring for the 

detection of O2
*-

 biosensor configuration (adapted from [22]). 

 

McCord-Fridovich assay, was used to test the activity of the XOD 

[49], and is based on the same reaction pathways of which xanthine and 

XOD are used to produce O2
*-

 which reduced ferricytochrome c to 

ferrocytochrome c, the latter is measured using a UV-Vis 

spectrophotometer at 550 nm. The control of inhibition of the XOD 

enzyme is tested by the addition of another enzyme, the superoxide 

dismutase (SOD), which catalyses the reaction described in eq. 4.6 of O2
*-

 

to H2O2. If SOD is added, the O2
*-

 produced by the system xanthine/XOD 

is reduced by SOD and then less ferrocytochrome c remains when 

measuring the absorbance at 550 nm. Experiments were acquired at 25 
0
C for 10 min. Results shown that the XOD had the optimum activity for 

carrying on the analysis since the concentration found in the bottle was 

0.047 ± 0.002 units of enzyme/mL, which is very close to the theoretical 

0.05 units/mL. 

 

4.3.2.4. Study of the interferents. 

 

The current associated to re-oxidation of Fe(II)(cyt c)·was 

measured by polarising the electrode at + 0.1 vs. AgCl/Ag. Significantly, 

no change in the electrode response was seen in the presence of 

potential interferents such as glucose, lactic acid, pyruvic acid, ascorbic 
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acid, citric acid, lipoic acid, pyridoxine hydrochloride (vitamin B6), and 

amino acids such as: Met, Asp, Ala, Glu, Phe, Treo, Trp, Tyr, Val, Leu, Ser, 

Pro, Gln, Asn, Gln and the dipeptide Ala-Gln and the protein human 

serum albumin (HSA). Concentrations of most of them were prepared as 

the estimation determined in section 4.1. More interestingly, no sensor 

response was obtained for the detection of H2O2 in solution which could 

be generated during O2
*-

 dismutation (see eq. 4.7). 

 

4.3.2.5. Applicability to the detection of O2
*
 in buffer solutions 

and real culture media samples. 

 

The cyt c/DTSP/Au(UME) biosensor showed a sharp increase in 

current response upon the addition of XOD in PBS solution as shown in 

Figure 4.19. This rapid change in current increase is observed within a 

few seconds after the addition of 100 µL of XOD in PBS (which gives a 

final XOD concentration in the cell of 1 µM), and corresponds to a 

current intensity of 120 pA, thereafter rapidly decreases to a stable value 

which did not change with time. Figure 4.20 shows the behaviour of the 

electrode to the real culture media under identical experimental 

conditions described in PBS solution with a response less intense (60 pA). 

This shift in the current intensity obtained for similar concentrations of 

XOD resulted to be a reduction of almost 50 % of the signal. This result 

gives a clear knowledge of the existence of a vast scavenging effect that 

would probably due to amino acids (such as Met, Tyr, Phe, Trp), lipoic 

acid and proteins present in the media (HSA) which satisfactorily keep 

their commitment. 
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Figure 4.19. Electrochemical measurement of O2

*-
 generation by the 

xanthine/XOD system in 0.1 M PBS at + 0.1 V vs. AgCl/Ag. The arrow 

indicates the addition of XOD. 

-0.05

0.00

0.05

0.10

0.15

0.20

0.25

 

 

C
u

rr
e

n
t 

In
te

n
si

ty
 /

 n
A

Time / s

 
Figure 4.20. Electrochemical measurement of O2

*-
 generation by the 

xanthine/XOD system in real culture media at + 0.1 V vs. AgCl/Ag. The 

arrow indicates the addition of XOD. 
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4.3.2.6. Conclusions. 

 

This section tackles with the O2
*-

 monitoring that is in-situ and 

real-time generated by the system xanthine/XOD. Indeed, it has been 

demonstrated that the addition of XOD is capable of simulating the 

production of this ROS and further investigations are in progress with in 

vivo measurements which are under confidential agreement. The results 

present a way of detecting O2
*-

 with no amperometric response to other 

interferents tested due to the selectivity and specificity of the 

configuration with cyt c. 
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4.3.3. Development of a sensor towards the detection of 
*
NO 

based on Pt(UME). 

 

4.3.3.1. Electrochemical characterisation of Pt UMEs. 

 

Three different Pt electrodes of 25 µm, 50 µm and 125 µm 

diameter were characterised, but similarly to the explained in sub-

section 4.3.2.1, the 50 µm Pt(UME) is selected for these experiments. 

Figures 4.21 A, B and C present the corresponding CVs for different sizes 

of UMEs: 25 µm, 50 µm and 125 µm for the oxidation of 5 mM     

[Fe(CN)6]
 4-

 in 0.1 M KCl at 50 mV·s
-1

, respectively. 
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Figure 4.21. CV of Pt(UME) in 5 mM [Fe(CN)6]
4-

 in 0.1 M KCl at 50 

mV·s
-1

 of 25 µm diameter (A), 50 µm diameter(B) and 125 µm diameter 

(C). First and third scan are shown. 
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4.3.3.2. Electroanalytical approach to the determination of 
*
NO 

at a bare Pt UME. 

 

The redox properties of 
*
NO confer its electrochemical 

determination either by reduction or oxidation. Reduction takes places 

via one-electron under mild cathodic conditions ranging form -0.5 to -1.4 

V vs. AgCl/Ag to form the nitrosyl anion which is unstable in aqueous 

solutions and suffers from a reaction cascade that lead to N2O [50] and 

then to N2 [51], as referred in eq. 4.10. Oxygen is also reduced at these 

conditions and due to this big interference the electro-reduction of 
*
NO 

is not used as a preferential method.  

 
*
NO +  e

-
  → NO

-
   (eq. 4.10) 

 

At positive potentials that range from 0.7 to 1.0 V vs. AgCl/Ag in 

aqueous solutions 
*
NO also can be oxidised at conventional electrodes 

[52- 55]. This is the electrochemical approach used in this section, the 

oxidation of 
*
NO via three-electron mechanism to NO3

-
, (eqs. 4.11, 4.12 

and 4.13). 

 

NO → NO
+ 

 +  e
-
      (eq. 4.11) 

 

NO
+ 

 +  OH 
-
 → HNO2     (eq. 4.12) 

 

HNO2 +  H2O → NO3
-
 +  2e

-
 +  3H

+ 
    (eq. 4.13) 

 

 

4.3.3.3. Utilisation of a 
*
NO donor. 

 
*
NO is one of the ten smallest molecules found in nature and its 

radical properties make it react very fast with O2, O2
*-

, peroxides, 

proteins and metals (i.e. metalloproteins). In order to obtain a stable 

solution of 
*
NO is necessary to remove all the O2 present in the solution 

as commented previously, as otherwise 
*
NO and O2 will react together. 

Since the utility of a sensor requires its use in biological conditions in 

presence of air, another solution is found. There is a family of “
*
NO 

donors” (called further on NONOates) that are used as a good alternative 

in order to obtain known concentrations of 
*
NO at any kind of solution 

buffer, pH or temperature in aerated conditions. NONOates are 
*
NO 

donors developed in 1990 [56, 57] and which do release 
*
NO at neutral 
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or acidic solution pH values. The release of 

of decomposition of NONOates which varies in terms of the molecule 

structure, pH and temperature conditions. In this thesis, 

NONOate (diethylammonium (Z)-1-(N,N

diolate, Figure 4.22) was used. Stock solutions of 10 mM DEA

were prepared in 0.01 M NaOH and were 

two months maximum, and thawed to room temperature immediately 

prior to use.  

 

 

Figure 4.22. Structure of DEA-NON

(N,N-diethylamino)diazen

 

The 
*
NO release from DEA-NONOate 

solution is produced by two consecutive reactions, which are described 

as follows and correspond to the decomposition of the NONOate and the 

successive reaction of *NO with the O2

in eqs. 4.14 and 4.15). 

 

[(CH3CH2)2N-NONO]
-
 +  H

+ 
 → 2

4 
*
NO + O2 +  2 H2O  →  4 NO2

-
 

 

Figure 4.23 shows the theoretical evolution of the 

over time (Figure 4.23 A) [58] compared to the one obtained 

experimentally (Figure 4.23 B) at Pt(UME)

polarized at + 0.8 V vs. AgCl/Ag. After the 

current for 20 min, the 10 µM alkaline DEA

7.0 PBS buffer solution to start the 

response shows an increase of the current intensity

that corresponds to the plateau concentration of the DEA

CHAPTER 4 

or acidic solution pH values. The release of 
*
NO depends on the life time 

of decomposition of NONOates which varies in terms of the molecule 

structure, pH and temperature conditions. In this thesis, the DEA-

(N,N-diethylamino)diazen-1-ium-1,2-

d. Stock solutions of 10 mM DEA-NONOate 

and were stored at - 20 
0
C in the dark for 

, and thawed to room temperature immediately 

 

NONOate (diethylammonium (Z)-1-

diethylamino)diazen-1-ium-1,2-diolate). 

NONOate at 25 
0
C in PBS buffer 

produced by two consecutive reactions, which are described 

and correspond to the decomposition of the NONOate and the 

2 present in the solution (referred 

2 
*
NO +  (CH3CH2)2NH (eq. 4.14) 

 

 +  4 H
+ 

   (eq. 4.15) 

shows the theoretical evolution of the 
*
NO released 

compared to the one obtained 

Pt(UME) of 50 µm diameter which is 

. AgCl/Ag. After the stabilisation of the background 

DEA-NONOate was added to a pH 

the 
*
NO release. The amperometric 

response shows an increase of the current intensity up to a maximum 

concentration of the DEA-NONOate 
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release (eq. 4.14) and then how the 
*
NO is consumed as it reacts with O2 

(eq. 4.15). It is also noticeable that the shape of the curve changes from 

a semi-plateau at low concentrations of 
*
NO to an induced maximum 

curve followed by a rapid decrease at higher concentrations of 
*
NO. As it 

can be observed both theoretical and experimental curves match well, 

indicating that the expected 
*
NO detection is possible with the use of 

these 
*
NO donors. 
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Figure 4.23. A. Theoretical concentration of 

*
NO for the 

predictive model described for the DEA-NONOate decomposition at pH 

7.0 PBS. Source: S. Griveau et al. 2007 [58]. B. Chronoamperogram for a 

bare 50 µm diameter Pt(UME) at + 0.8 V vs. AgCl/Ag for the response of 

10 µM of DEA-NONOate at pH 7.0 PBS solution. 

 

4.3.3.4. Study of the interferents. 

 

The electrochemical detection of 
*
NO is achieved by its oxidation 

at a relatively high potential (+ 0.8 V vs. AgCl/Ag) at a 50 µm diameter 

Pt(UME), and hence it is particularly sensitive to different electroactive 

interferents. Two different kinds of interferents would overcome the 

measurements of 
*
NO [22]. The first one is related to the intrinsic 

operating conditions of oxidation 
*
NO at + 0.8 V vs. AgCl/Ag that would 

systematically lead to concurrent oxidation of numerous of electroactive 

compounds that are present in the solution. These would be referred, 

further on, to electrochemical interferents and an extensive study needs 

to be performed to identify which would contribute to an increase in the 
*
NO current intensity response. The experimental approach in order to 

solve this interference is the evaluation of the electrochemical response 

of each compound in solution at the potential required for the oxidation 

of 
*
NO. Then, once identified, they would be previously added to the 

solution in the absence of 
*
NO. Therefore its intensity contribution would 

be recorded as a contribution to the baseline, and then avoiding a drift 
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or shift of the current intensity. The second kind of interferents (referred 

as chemical interferents) is linked to the presence of compounds that 

react with our analyte in bulk solution and consequently decreasing its 

concentration in solution. Regarding the chemical interferents is 

concerned, there is not much that could be done. Otherwise, analytical 

alternatives must be chosen for the elimination or mitigation of chemical 

interferents. 

 

The electrochemical interferents study according to those 

examined before (see section 4.1 and 4.3.2.4) revealed that species like 

H2O2, NO2
-
, Met and Trp show an amperometric response at the 

polarized bare Pt(UME) (Figure 4.24). The potential is held at + 0.8 V vs. 

AgCl/Ag and the current intensity increases as these species are added 

into the solution and a stationary current is rapidly obtained. In further 

experiments with electrochemical interferents, a greater baseline would 

be obtained with higher interferent concentration and higher applied 

potential. 
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Figure 4.24. Chronoamperogram for a 50 µm diameter bare 

Pt(UME) at + 0.8 V vs. AgCl/Ag for the response of consecutive additions 

of A) 50 µM H2O2, B) 100 µM NO2
-
, C) 100 µM Met and D) 600 µM Trp at 

pH 7.0 PBS solution. 

 

The sensitivity of the bare Pt(UME) is obtained from the increase 

in the current intensity with analyte concentration in solution when the 

analyte is added to the solution. Here, a detailed study on the sensitivity 

of the linear interval of interferent concentration is not presented, but a 

viability study of the interferents in the concentration expected in the 

media under study is afforded at this point. At the experimental 

conditions the Pt bare UME at + 0.8 V vs. AgCl/Ag is most sensitive to 

H2O2 than to the other electrochemical interferents studied. The mean 

analytical responses obtained at bare Pt(UME) for the amperometric 

experiments were 100 pA upon the addition of 50 µM H2O2, 115 pA upon 

100 µM NO2
-
, and 56 pA upon the addition of 100 µM Met. The three 

consecutives additions of 600 µM Trp show an important effect of 

adsorption on the surface electrode as the second and third responses 

are blocked by the effect of the first one. 
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4.3.3.5. Modification of the electrodes. 

 

Attempts to solve the problem of the interferents on the 
*
NO 

determination are needed; consequently it is crucial to modify the 

surface in order to create a selective membrane to 
*
NO that would 

improve the selectivity and sensitivity of the device. The 

electropolymerisation is a facile surface modification whose foundations 

are based on forming thin, insoluble, stable, reproducible and adherent 

films that confers special and desired properties to the electrode 

surfaces. Different electropolymers such as eugenol, phenol, aniline, 

diazonium and o-phenylenediamine have been widely studied to be 

selective to 
*
NO [59- 62]. The best selectivity towards 

*
NO was found to 

correspond to a dense and thin bi-membrane constituted by 

poly(eugenol) and poly(phenol) films [63]. Parameters such as potential 

window, concentration of the monomer, number of scans among others 

that are necessary to control the polymerisation characteristics like final 

structure or properties of the membranes are given by F. Bedioui’s group 

[63]. In figure 4.25, the structure of the monomers: phenol and eugenol 

used for the construction of the membranes, following steps 1 and 2 

explained in detail below. The predictive polymerisation mechanism is 

induced by the electro-oxidation of the monomers.  

 

 

eugenol  phenol 

 

 

 

 

 

 

 

 

 

Figure 4.25. Structures of the monomers used for the 

Pt/poly(eugenol)/poly(phenol) sensors construction. 

 

Step 1: First, the membrane corresponding to polyeugenol is 

electrogenerated a 50 µm diameter Pt(UME) surface by applying a 

potential of 150 mV vs. AgCl/Ag for 15 min and immersing the electrode 

in a solution of 10 mM eugenol in 0.1 M NaOH (Figure 4.26). 

OH

OCH3
OH
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Figure 4.26. Polymerisation procedure of polyeugenol from 10 

mM eugenol in 0.1 M NaOH at a 50 µm diameter Pt(UME). Potential 

applied of 150 mV vs. AgCl/Ag during 15 min. 

 

Step 2: Then, the poly(phenol) layer was then deposited on top 

of the previous one immersing the Pt(UME) in 0.5 M phenol in 0.1 M pH 

7.0 PBS solution and cycling for 10 cycles between 0 and 0.7 V vs. 

AgCl/Ag at a rate of 10 mV.s
–1

. As seen in figure 4.27, the first scan shows 

the electrooxidation curve of the phenol and rapidly this current 

intensity decreased to almost current 0 nA since there has been formed 

a film that blocks the surface and hence it is passivate. 
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Figure 4.27. Electropolymerisation procedure of phenol on 

poli(eugenol)Pt(UME). CVs of 0.5 M phenol in 0.1 M pH 7.0 PBS solution 

at a 50 µm diameter Pt(UME), 10 cycles recorded between 0 and 0.7 V 

vs. Ag/AgCl at a rate of 10 mV.s
–1

. 

 

Finally, the Pt/polyeugenol/polyphenol electrode is gently rinsed 

with water and then it is ready to use. Prior to the amperometric 

experiments the effectiveness of the membranes is checked by CV of a 

probe, in such a case, 5 mM of [Fe(CN)6]
4-

 in 0.1 M KCl, figure 4.28. 
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Figure 4.28. Comparative CV for the response of 5 mM of 

[Fe(CN)6]
4-

 in 0.1 M KCl at a 50 µm diameter bare Pt(UME) (a) and at a 

Pt(UME) modified electrode with polyeugenol and polyphenol (b). Effect 

of the surface blockage. 

 

4.3.3.6. Selectivity of the membranes. 

 

Figure 4.29 shows the general scheme on the components of the 
*
NO sensor. It represents the selective and sensitive membranes that act 

as potent barriers preventing analytes to arrive to the electrode surface.  
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Figure 4.29. General scheme of the modification of the Pt(UME) 

surface via the construction of the bi-membrane formed by 

poly(eugenol) and poly(phenol) for the detection of 
*
NO sensor (adapted 

from [22]). 

 

The selectivity of the sensor for the detection of 
*
NO is explored 

at this point while the interferents’ electrochemical response is blocked 

due to the membranes. Figure 4.30 A shows the response of the 

chronoamperometry at + 0.8 V vs. AgCl/Ag after the Pt surface 

modification procedure with the membranes on three successive 

additions of each (see the arrows): 100 µM Met, 600 µM Trp and 100 µM 

NO2
-
. This figure shows the effectiveness of the membranes that are able 

to discard the interferents’ response. Amongst other interferents tested, 

only the addition of 50 µM H2O2 showed an increase in the current 

intensity of 67 pA, which corresponds to a reduction on the sensitivity of 

33 % since the bare Pt(UME) showed a response of 100 pA (figure 4.30 

B). These results are not surprising since H2O2 is a small and neutral 

molecule that is able to cross the membranes, and although it is 

presumably to be present in biological membranes, the response due to 

the amount of H2O2 in in vivo real samples would be presumably 

insignificant. 
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Figure 4.30. A. Chronoamperogram of 50 µm diameter 

Pt/poly(eugenol)/ poly(phenol) UME at + 0.8 V vs. AgCl/Ag upon injection 

of two successive additions of 100 µM Met, 600 µM Trp and 100 µM 

NO2
-
, respectively. B. Similar conditions upon injection of three 

successive additions of 50 µM H2O2 and three additions of 100 µM NO2
-
. 
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4.3.3.7. Applicability to the detection of 
*
NO in buffer solutions 

and real culture media samples. 

 

Once the sensor sensitivity and selectivity has been tested, and 

after stabilisation of the background current for 12-15 min, the response 

to 
*
NO was monitored by the addition of the alkaline stock solution of 

DEA-NONOate to pH 7.0 PBS solution. Figure 4.31 shows the 

chronoamperogram for the addition of 20 µM DEA-NONOate which 

correspond to about 5 µM of 
*
NO showing firstly a fast increase (50 pA) 

due to the spontaneous release of 
*
NO and secondly a fast decay as the 

*
NO is being consumed by the O2 under bench-top conditions (eq. 4.15). 

Immediately after the currents stabilises, two more additions were 

tested: the first one corresponded to NO2
-
 and did not result in 

amperometric response and provided us with clear evidence that the 

layers and the membrane selectivity is working properly. The second 

addition corresponded to H2O2 and showed a small increase in the 

current indicating, as already demonstrated, that these layers are 

sensitive to H2O2.  

 

30

40

50

60

70

80

90

100
 

 

C
u

rr
e

n
t 

In
te

n
si

ty
 /

 p
A

Time / s

 
Figure 4.31. Chronoamperogram of 50 µm diameter 

Pt/poly(eugenol)/poly(phenol (UME) at + 0.8 V vs. AgCl/Ag for the 

response of 20 µM of DEA-NONOate, and 100 µM NO2
-
 and 50 µM of 

H2O2 at pH 7.0 respectively in PBS solution. 
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Similar experimental conditions (addition of 20 µM of DEA-

NONOate), in different dishes each at a time, were performed for the 

release of 
*
NO in presence of 100 µM Met and 100 µM Trp as these 

compounds were recognised to be chemical interferents and present 

high reactivity to 
*
NO. In fact, a slight decrease (maximum current 

intensity of 30 pA) in the signal was produced in both cases, although the 

shape of the amperometric curve was maintained with a steady-state 

current meaning that the main reason for the decrease is the less 

amount of 
*
NO present in solution. 
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Figure 4.32. Chronoamperogram for 50 µm diameter 

Pt/poly(eugenol)/ poly(phenol (UME) at + 0.8 V vs. AgCl/Ag for the 

response of 20 µM of DEA-NONOate at pH 7.0 PBS solution (black line) 

and in real culture media (red line). 

 

Figure 4.32 shows the behaviour of the electrode into the culture 

media under identical experimental conditions described above where 

the response is much less intense corresponding to a theoretically 

concentration of less than 1 µM of 
*
NO. This might be due to the 

probable quenching of 
*
NO by various chemical components of the 

buffer, specially biological compounds that passivate the response 

producing a decrease in the sensitivity. This result gives a clear idea of 

the existence of a high chemical interferent that is reacting with 
*
NO. 
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This pronounced scavenging effect would probably correspond to the 

Met, Trp among others biomolecules which are present in the media. 

 

 

4.3.3.8. Conclusions. 

 

In this last section, the construction of a sensitive and selective 

sensor for the detection of 
*
NO is shown for its applicability to PBS and 

real culture media. A wide interfering analytes study has been performed 

and the feasibility for its use in real media has been proven. The 

appropriate use of NONOate compounds has been demonstrated as a 

useful tool for releasing 
*
NO in real-time and in-situ experiments. The 

selectivity of the membranes, by electropolymerisation of firstly 

poly(eugenol) and secondly poly(phenol), has also been shown to 

produce the maximum selectivity. These materials constitute a huge pool 

that could be combined to design new possible materials to use in 

ROS/RNS detection. Further investigations in real in vivo samples have 

been performed, but there are no results presented as confidentially 

agreed. 
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5. FINAL REMARKS AND OUTLOOK 

 

The main objective of this PhD dissertation deals with approaches 

towards methodologies based on oxidative stress damage detection by 

electrochemical techniques in biological systems, in particular proteins 

and complex biological culture media. The use of biological and 

biophysical tools as well as electrochemical techniques in the study of 

biological systems provides us with information about the effects 

produced by oxidative stress in vivo. Therefore, this information could be 

used for modelling studies about the chemical consequences produced 

by oxidative stress. It also affords us the opportunity to develop 

strategies for oxidative stress detection and monitoring, with further 

goals focused on the subsequent mitigation of the fatal oxidative 

damage events. 

 

The achievement of this aim relies on two main approaches. On 

the one hand, the study of the effect of the covalent modification of 

proteins is covered in Chapter 3. In this section different methodologies 

for the covalent modification of proteins are studied, whereby the 

electrochemical based modification is compared to the chemical and 

sonochemical modifications. Moreover, examination of the changes 

produced by nitration and oxidation on the structure and function of the 

protein under study are also presented. On the other hand, this thesis is 

based on the study of the development of new electroanalytical tools for 

the analysis of a common culture medium used for culturing cells, and 

the design and fabrication of devices -electrochemical (bio)sensors- that 

can be used for the monitoring of species of interest (Chapter 4).  

 

An analytical approach to bioanalysis of biological systems is 

based on the combination of well-known analytical techniques such as 

HPLC-UV-Vis, HPLC-MS and NMR spectroscopy and is designed to 

determine the medium composition. This combined method provided us 

with information for the assessment and identification of potential 

biomarkers of oxidative stress. Electrochemical techniques are used since 

they are a logical choice for tackling analysis and monitoring cellular 

communication within the cell surroundings. Electrochemical sensors 

ensure the best results in bioanalysis since they enable us to measure, 

directly and in a straightforward way, the activity of the species in 

solution without prior separation. Amperometric sensors are the most 

suitable sensors for clinical analysis, due to their high sensitivity, low cost 
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and versatility. They also offer the possibility of being constructed as 

arrays of microsensors that considerably enhance the electrochemical 

response. This particular feature of microsensor arrays ensures many 

applications for real-time in vivo measurements. Their implementation 

has recently been widely extended to applications in different fields of 

electroanalysis, such as food, clinical, biological or environmental 

analysis. 

 

Individual sensors applied to clinical and biological analysis are 

satisfactorily presented for the use and determination of some of the 

important analytes. We have selected some of the more significant 

biomarkers as a basis for the design and fabrication of sensoring devices, 

using different electrochemical platforms. Further work would consist in 

the design of new and specialised sensors/biosensors that could 

simultaneously analyse different species. This task can be achieved by 

the utilisation of electrochemical sensors for simultaneous detection in 

an array platform. Arrays can be produced either by screen printing (as 

the individual SPGEs presented in this thesis, chapters 3 and 4) or by 

photolithography, although this objective is out of reach in this thesis. 

The intention of this doctoral thesis is that consequences of the present 

findings may help in understanding the fundamentals of interfacial redox 

processes, and may contribute to an improvement in the performance of 

(bio)sensors and (bio)electronics. This would, in the near future, enable 

us to monitor those biomarkers directly or indirectly related to oxidative 

stress events. 
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ANNEX I. MATERIALS AND CHEMICALS 

 

1. ANALYTICAL REAGENTS 

 

Acetone, pure Aldrich 

Acetonitrile, HPLC grade Fisher Scientific 

L-Alanine Merck 

Alanine-Glutamine Sigma 

Ascorbic acid, ≥ 99 % Fluka 

L-Arginine monohydrochloride ≥ 99.5 % Fluka 

L-Asparagine, 98 % Sigma 

Aspartic acid sodium salt monohydrate Fluka 

Boric acid Sigma 

Sodium tetraborate pentahydrate Sigma 

5-bromo-4-chloro-3-indolyl phosphate / 

nitro blue tetrazolium 

Sigma Aldrich 

L-Cysteine Sigma 

Cystine Sigma 

Deuterium oxide 99.9 % Sigma 

Diethylammonium (Z)-1-(N,N-diethylamino) 

diazen-1-ium-1,2-diolate (DEA-NONOate) 

Cayman Chemicals 

Dimethylformamide Fluka 

5,5-dimethyl-pyrroline-1-oxide (DMPO) Sigma Aldrich 

Dipotassium hydrogen phosphate Aldrich 

Disodium tetraborate Fisher Scientific 

3,3’-Dithiobis(succinimidylpropionate), DTSP Sigma 

Ethylenediaminetetraacetic acid (EDTA) Sigma 

Eugenol 99 % Aldrich 

D-Glucose Fluka 

L-Glutamic acid monosodium salt monohydrate Fluka 

L-Glutamine ≥ 99.5 % Fluka 

Hydrogen peroxide Sigma 

L-Histidine 99.5 % Fluka 

Phenylisothiocyanate (PITC) Sigma 

L-Lipoic acid ≥ 99 % Sigma Aldrich 

L-Methionine 98 % Acros Organics 

Methionine Sulfone ≥ 99 % Fluka 

Methionine Sulfoxide 98 % Sigma 

Mercaptoethanol Fisher Scientific 

Methanol Sigma 
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Nafion®, sulphonated tetrafluorethylene 

copolymer, 5 %  

Sigma 

Nitric acid 65 % Scharlau 

o-phosphoric acid Merck 

Penicillin G Sigma 

Potassium dihydrogen phosphate Sigma-Aldrich 

Phenol ≥ 99.5 % Fluka 

L-Proline ≥ 99 % Fluka 

Potassium Hexacyanoferrate (II) and (III) Sigma-Aldrich 

p-nitrophenol phosphate Sigma Aldrich 

L-Serine ≥ 99 % Acros Organics 

Sodium azide Sigma 

sodium bicarbonate Sigma Aldrich 

Sodium chloride Sigma-Aldrich 

sodium dithionite Sigma-Aldrich 

sodium lactate ≥ 99 % Fluka 

sodium nitrite Sigma-Aldrich 

Sodium pyruvate ≥ 99 % Fluka 

Sodium hydroxide Scharlau 

Sulphuric acid 95-97 % Merck 

Taurine ≥ 99 % Sigma 

N, N, N’, N’-tetramethylethylenediamine 

(TEMED) 

Sigma 

Tris PAGel Buffer Bio-Rad Laboratories 

L-Tryptophan Sigma 

L-Tyrosine ≥ 99 % Fluka 

Urea, 99 % Sigma 
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2. BIOCOMPONENTS 

 

 

Bovine serum albumin (BSA) Sigma Aldrich 

IVF embryo culture media Vitrolife 

Hen egg white lysozyme Fluka 

Horse heart cytochrome c, purity of ≥ 95 % Sigma-Aldrich 

Hyaluronic acid potassium salt from human 

umbilical cord 

Sigma 

Mb Equine skeletal muscle purity of 95-100 % Sigma Aldrich 

Micrococcus lysodeikticus Sigma 

Polyclonal goat anti-rabbit IgG whole molecule 

alkaline phosphatase conjugate (secondary 

antibody) 

AbCam 

Skimmed milk powder Oxoid 

Unstained Protein Molecular Weight Marker Fermentas, Thermo 

Fisher Scientific 

Xanthine Sigma 

Xanthine Oxidase ammonium sulphate 

suspension 

Sigma 
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3. SOLUTIONS 

 

Distilled water 

 

All solutions were prepared with doubly deionised water with resistivity 

not less than 18.2 MΩ cm
-1

, Milli-Qplus of Millipore. 

 

 

KCl solution 

 

A 1 M or 3 M KCl solution in doubly distilled water was prepared and 

used to fill the AgCl/Ag reference electrodes. 

 

Phosphate buffer, PBS (various concentrations) 

 

Stock solutions of NaH2PO4 and Na2HPO4 in different concentrations 

were prepared in Milli-Q water. To obtain the desired pH value both salts 

were mixed in an appropriate molar ratio and further adjustment was 

afforded by addition of H3PO4 or NaOH concentrated solutions. 

 

Acid and basic solutions 

 

Stock solutions of 1 M NaOH, H3PO4 and HNO3 were prepared. 

 

Analyte Interferent solutions 

 

Solutions of sodium nitrite, hydrogen peroxide, methionine, pyruvic acid, 

etc...were prepared freshly in PBS pH 7.0. 

 

DEA-NONOate solutions 

 

DEA-NONOate (diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-

1,2-diolate) stock solutions were purchased by Cayman Chemicals. 

Aliquots of 100 mM DEA-NONOate in 0.01 M NaOH were stored in 

individual containers at −20 °C for a maximum of 3 months.  
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Preparation of real media 

 

Pharmaceutical product 

 

The pharmaceutical product “Super Once a Day” (Quest Vitamins Ltd., 

Birmingham, United Kingdom), an orange suspension containing 60 mg 

of methionine per tablet (concentration as given on the label), was 

dissolved in pH 2 phosphate buffer and then was filtered through 0.22 

µm diameter PTFE filters. Additional conditioning procedure of the 

sample was used by passing the sample through a LC-NH2 solid phase 

extraction cartridge (Varian, Bond Elut). The tablet also contains 

vitamins: panthotenic acid (vitamin B5), biotin, folic acid, beta-carotene, 

alpha-carotene, cryptoxanthin, vitamin C, B6, B12, D, E, thiamine, 

zeaxanthin, lutein, riboflavin, niacin; other complements such as choline 

bitartrate, inositol, p-amino benzoic acid, bioflavonoids, lecithin, papain, 

rutin, betaine hydrochloride, hesperidin, other amino acids such as lysine 

hydrochloride and cysteine, and chelated minerals such as Ca, P, Fe, Mn, 

Cu, Mg, Zn, I, Mo, Cr, Se and V. 

 

IVF culture media 

 

The IVF culture media were purchased from Vitrolife (Göteborg, 

Sweden), and were used as received, and also contained other analytes 

such as alanine, alanine-glutamine, arginine, asparagine, aspartate, 

calcium chloride, calcium pantothenate, cystine, EDTA, gentamicin, 

glucose, glutamate, glycine, histidine, human serum albumin, hyaluronic 

acid, isoleucine, leucine, lipoic acid, lysine, magnesium sulphate, 

methionine, penicillin G, phenylalanine, potassium chloride, proline, 

pyridoxine, riboflavin, serine, sodium bicarbonate, sodium citrate, 

sodium chloride, sodium dihydrogen phosphate, sodium lactate, sodium 

pyruvate, thiamine, threonine, tryptophan, taurine, tyrosine, valine. The 

pH for the buffered medium measured at 37 
0
C and an atmosphere of 6 

% CO2 was 7.29 and the osmolality was 264 mOsm/Kg. Media were 

stored at - 20 
0
C and therefore it was thawed at room temperature for 

15 minutes prior to vortexing for 6 seconds. Samples were filtered 

through a 0.45 µm PTFE filter prior to analysis. The experimental 

procedure of frosting and defrosting the samples from - 20 
0
C up to room 

temperature was found to have no effect on the different cycles as low 

variability was shown in the results. 
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4. CONSUMABLES 

 

Amicon Ultra-15, PLCB UltracelPL, 3 kDa Filter Millipore 

Boron Doped Diamond (Ø 3 mm) mounted in 

PEEK 

Windsor Scientific Ltd 

Capillaries (ring caps) Hirschmann Laborgate 

DURAN 

Glassy Carbon electrode Ø 3 mm Goodfellow 

Hybond C nitrocellulose membrane  Amersham Pharmacia 

0.45-m pure nitrocellulose membrane Bio-Rad Laboratories 

Pipette tips (2-5000 µL) Eppendorf AG 

0.45 µm diameter PTFE filters  Merck Millipore 

Polishing Cloth, silicon carbide CeramTec 

Polishing alumina slurries (0.05, 0.3 and 1.0 

µm) Micropolish II 

Buehler 

Reference AgCl/Ag macroelectrode 52 40 Crison Instruments 

Sand paper 3M 

Sero-Wel
®
 96-well flat bottom microtitre plates Bibby Sterilin 

Screen printed graphite electrodes (SPGE, Ø 3 

mm) 

Kanichi Research 

Silver epoxy Resin, Elecolit 414 Eleco Produits EFD 

  

Wires:  

Gold Ø 0.05 mm, 99 % annealed  

Platinum Ø 0.05 mm, 99 % annealed 

Silver Ø 0.5 mm, 99 % 

Goodfellow 

-NH2 solid phase extraction cartridge  Varian 

3.5 kDa cut off dialysis membrane Spectral/Por 3 

Precision Cuvettes of Quartz Suprasil 10 mm 

104-QS 

Hellma 

  

Columns:  

HIC TSK Phenyl-5PW LKB Bromma 

Zorbax eclipse XDB-C18 4.6*150mm 5 micron Agilent Technologies 

Hypersil ODS 4.0*250mm 5 micron Agilent Technologies 

SP-825 Shodex IEC PHM Gel Phenomenex 

LichroCART LichroSpher, Agilent 
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5. INSTRUMENTATION 

 

Thermostatic Bath P Selecta 

Ultrasonic cleaning bath P Selecta 

Electrophoresis Apelex PS 503 BioRad 

Microcentrifugue Biocen 20  Orto alresa 

  

Potentiostats:  

-Autolab PGSTAT X 

-µ-Autolab III 

-QuadStat EA 164 

-Amel Potentiostat/Galvanostat 2053 (Vout ± 50 

V, Iout ± 1.2 A) 

-EG&G PARC model 175 Universal Programmer 

Eco Chemie B. V. 

Eco Chemie B. V. 

eDAQ 

Amel 

Jaissle Electronic 

GmbH 

pHmeter Crison microptt 2000 Crison 

HPLC 1100 Series Agilent Technologies 

HPLC 1200 Series Agilent Technologies 

Metallizer (Au)/Evaporator (C) SCD 004 Balzers 

Raman spectrometer model LabRam (Jobin-

Ivon) 

Horiba Scientific 

Scanning electron microscope HITACHI S-3000N Hitachi 

Scanning electron microscope JSM-840 model JEOL 

X-ray photoelectron spectrometer  VG-

Microtech Multilab 

Thermo-Scientific 

Fisher  

 

6. SOFTWARE 

 

Origin 7.5, 8.0, 8.5 OriginLab Corp 

GPES (General Purpose Electrochemical 

System) 4.9 

Eco Chemie B. V. 

EChem eDAQ 

TopSpin 2.1 Bruker 
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