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Preface

Protein investigation is attracting nowadays substantial research efforts because of the

fundamental  interests and the potential  practical  applications in many different  fields,

such  as  the  development  of  bioelectronic  devices,  pharmacology,  medicine  and

environmental sciences. Intriguing applications that ten years ago were only predicted at

a theoretical  level  – mimicking neuronal  coupling of neurons with electronic  devices

(“brain computers”), designing integrated sensors that might detect high glucose levels

and release insulin, and engineering biofuel cells that might use body fluids as fuel for

generating  electricity  –  are  nowadays  experimentally  explored.  This  challenge  has

stimulated  scientists  with  different  expertise  to  cooperate,  giving  rise  to  a

multidisciplinary approach,  which  is  probably the  most  remarkable  feature  related  to

protein studies. 

This thesis is meant to be a small but significant contribution to this interdisciplinary

approach,  since  it  is  aimed at  linking  two important  analytical  techniques  in  protein

investigations, i.e. electrochemistry and Raman spectroscopy. This approach – consisting

in performing experiments with both techniques simultaneously on the same electrode

sample  –  aims  at  achieving  information  about  the  relation  between  structure  and

functionality  of  proteins,  as  well  as  a  deeper  understanding  of  charge  transport

phenomena through biological matrices.

Chapter 1 contains a brief introduction about cytochrome c, (cyt  c) – the heme protein

chosen  as  sample  to  test  our  spectroelectrochemical  setup  –  as  well  as  some  basic

concepts about the two techniques used in this thesis and their relevance in protein study.

The  description  of  the  theoretical  basis  of  cyclic  voltammetry  (CV)  and  Raman

spectroscopy are kept at a very simple level. This was done to introduce the advantages

of our experimental strategy to scientist who might be already involved in protein studies,

but are focusing on different analytical techniques. Chapter 1 was thought to offer them a

guideline to better understand the applicability of combined CV and SERRS to their field

of interest. However, for those who are interested, the following overviews of CV and

Raman spectroscopy are recommended: Broadening Electrochemical Horizons (Bond, A.
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M. 2002, Oxford Science Publications),  and Vibrational Spectroscopy in Life Science

(Siebert F.; Hildebrandt, P. 2007 Wiley).

Chapter 2 describes the making of the spectroelectrochemical cell required to perform

combined  CV  and  Raman  spectroscopy  of  heme  protein.  This  small  tool  has  been

modified during the years according to our needs, and this chapter includes the original

cell  design  (published  material)  with  a  description  of  the  subsequent  modifications

(unpublished material).

Chapter 3 shows how the combination of CV and Raman spectroscopy has been used to

investigate the properties of cyt c immobilized at different electrodes.

One  of  the  main  reasons  this  combination  of  CV  and  Raman  spectroscopy  was

particularly challenging is the metal  substrate needed for SERRS measurements (i.  e.

roughened  silver),  because protein electrochemistry prefers  usually different  electrode

materials. In Chapter 4 we investigated systematically the differences between the redox

behavior of cyt  c at gold and silver surfaces, in order to establish if the metal of choice

did influence the redox behavior of the protein.

Even if our interests were focused mainly on cyt c, other heme proteins were also tested

with  the  spectroelectrochemical  approach.  Chapter  5 reports  two examples  of  heme

proteins  (cyt  c'  and  cytochrome  P450),  including  the  strategy  for  preparing  and

characterizing a hybrid bilayer membrane (HMB) at SERS-active silver electrodes. This

artificial membrane supported by a solid electrode is a relative recent development and its

potentiality in tailoring membrane proteins are not fully explored yet. In this scenario, the

engineering  of  HBM  at  SERS-active  electrodes  is  extremely  interesting  in  view  of

possible future research.

In Chapter 6 some conclusions on the state of the art about combined CV and SERRS

are briefly outlined, including a frequently asked questions section which is  aimed to

stimulate the  debate  about  the topics  discussed  in  this  thesis.  Possible guidelines  for

future developments in this field are also discussed.
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Chapter 1 – General Introduction

Chapter 1

General introduction

1.1 Heme proteins

The  aim of  this  thesis  is  to  study  heme proteins  by  combined  electrochemistry  and

Raman  spectroscopy.  Heme proteins  accomplish  a  variety  of  different  functions  like

catalysis (such as peroxidases and cytochromes P450), electron transfer (cytochrome c),

and oxygen transport and storage (hemoglobin and myoglobin).

Their active site is a heme group, which is a heterocyclic ring named protoporphyrin IX

with an iron metal ion in the middle (Figure1.1.1). 
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Figure 1.1.1.  Heme structure. In  cytochrome  c the  heme group is  covalently bound to the

polypeptide matrix through the vinyl groups at positions 2 and 4, which are bound to the sulfur

atom of a Cys group (Cys 14 and 17).

The porphyrin ring is bound to the iron atom through 4 pyrrole nitrogen atoms, giving a

4-coordinated  square  planar  metal  complexa which  is  buried  within  the  polypeptidic

a The heme group within a protein is not perfectly planar, but can assume different conformations,
such as the domed and the ruffled one.
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Chapter 1 – General Introduction

matrixb. Besides the 4 equatorial ligands, comprising the interaction with the heme, the

central iron atom has the two axial positions free for coordination. These positions may

be vacant or occupied by other ligandsc. These can be either exogenous ligands – such as

inhibitors or small molecules like water, oxygen, or carbon monoxide – or amino acidic

residues  belonging  to  the  polypeptidic  chain  of  the  protein.  The  properties  of  heme

proteins are heavily influenced both by the presence of the axial ligands and the oxidation

states of the iron atomd.

1.2. Protein electrochemistry

Direct  electrochemistry  of  heme  proteins  has  been  performed  since  1977,  when

Eddowes and Hill introduced the use of promoters to modify the electrode surface and

detect  the  electrochemical  signal  of  the  protein  without  the  use  of  mediators1.  If

mediators are used, in protein electrochemistry (for instance in biosensor applications)

the electrons are not directly transferred from the electrode to the protein P, but via the

mediator M. During this process the mediator changes its oxidation state according to the

following schematic reactions:

POx + MRed  PRed + MOx

MOx + ne  MRed

-------------------------------

POx + ne  PRed

The reaction detected electrochemically is MOx + ne  MRed (e). 

b Among heme proteins cytochrome c is quite an exception, since the heme is exposed to some
extent (4% of heme) to the solvent through a crevice.
c The iron atom can be 5- or 6-coordinated. The case of a 4-coordinated iron atom has so far
never been reported.
d In heme proteins the iron atom exists in three oxidation states: the ferrous state (Fe2+), the ferric
state (Fe3+), and the ferryl state (Fe4+). The ferric and the ferrous states are the most common. For
heme  proteins  involved  in  catalysis  the  ferryl  state  seems  to  play  an  important  role  in  the
formation of  oxo-species.  The  E°’  values  of  the Fe3+/Fe2+ and Fe4+/Fe3+ are  0.53 and 1.76 V
respectively (vs. SCE).
e In glucose biosensors, for instance, the ferrocene mediator replaces dioxygen in as the cofactor
for  the  glucose oxidase.  Thus  at  a  suitable  electrode,  held  at  a  potential  where  ferrocene  is
oxidized, the catalytic oxidation of the mediator occurs to give large currents that are proportional
to the glucose concentration.
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Chapter 1 – General Introduction

In  direct  electrochemistry the  electrons  are  instead  transferred  directly  from  the

electrode to the protein P. In this case no mediator is involved, only a promoter might be

present. The promoter is a moleculef placed in between the electrode and the protein and

contrary to the mediator it does not undergo oxidation or reduction in the investigated

potential  window.  In  this  case  the  electrons  are  exchanged  between  the  chemically

modified electrode and the protein, and the overall reaction occurring at the electrode is

POx  + ne  PRed.  In  Figure  1.2.1  a  typical  promoter,  11-mercapto-1-undecanoic  acid

(MUA) is schematically depicted. 

Figure 1.2.1. Schematic of a SAM. The promoter whose structure is shown is MUA. The system

is  highly  stabilized  by  van  der  Waals  lateral  interactions  among  the  alkane  chain.  The

hydrocarbon chains reside at a tilt angle of approximately 30°  on Au and 10°  on Ag from the

surface normal. For Ag/MUA de distance of the functional group from the electrode is estimated

to  be  19Å,  for  Au/MUA  17Å  (taken  from data  for  self-assembled  monolayers  on  Au  after

correcting for the smaller tilt angle on Ag).

The structure of a  promoter can be divided into three parts: 1) a ligand or head group

(generally  a  thiol  group),  whose  function  consists  of  binding  the  promoter  to  the

electrode surface; 2) a terminal functional group (hydrophobic, hydrophilic, positively or

f The molecules of promoter bind on the electrode surface forming a self-assembled monolayer.

Tilt Angle

Terminal Functional 
Group (carboxylic acid)

Spacer (Alkane Chain)

Ligand or 
Headgroup (Thiol)
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Chapter 1 – General Introduction

negatively charged), which is directed toward the solution and interacts with the protein;

3)  a  spacer  connecting  functions  1)  and  2).  The  first  spacers  used  in  protein

electrochemistry  were  aromatic  compounds1.  They  were  chosen  mainly  because  the

delocalized electrons of the aromatic rings were thought to favor the electron transfer

(ET)  between  the  electrode  and  the  protein.  In  recent  years  these  spacers  were

progressively  abandoned  and  substituted  with  functionalized  alkane  chains  (MUA  is

shown in Figure 1.2.1). Chemically modified interfaces can be prepared by spontaneous

adsorption of organic molecules (promoters) on the electrode surface via a process of

self-assembling.  The  resulting  architecture  is  known  as  a  self-assembled  monolayer

(SAM).

In protein electrochemistry the SAM is needed for at least two reasons: 1) to avoid the

direct contact of the protein with a metal surface, which could lead to the denaturation of

the proteing; 2) to promote the ET process by orienting the protein in a favorable way

with respect to the electrode surfaceh.

In this scenario the SAM can be profitably used to mimicking the interaction of a protein

with its redox partner or the interaction with a membrane. As regards the latter point,

very complex molecular architectures resembling a lipid double layer have been used in

the past decade. These are discussed in more detail in Chapter 5.1.

The heme is the electroactive site of the protein, since it can change its oxidation state.

Direct electrochemistry of heme proteins (Figure 1.2.2) can be performed both in solution

and on surface and provides substantial information:

1. The most important quantity we can obtain from a voltammetric experiments is

the formal reduction potential Eº’, which is related to the �Gº of the ET process

according  to  the  �Gº  =  -nFEº’.  The  formal  reduction  potentialsi of  cyt  c

g Denaturation denotes the total loss of tertiary structure of a protein. Processes leading to partial
loss of tertiary structure are called (un)folding and the correspondent states are denoted as molten
globule states.
h The electron propagation through the SAM occurs via electron tunneling mechanism.
i The accent (‘) indicates variations per mole occurring under biochemical standard conditions. In
physical chemistry, standard conditions mean pH = 0 and T = 25 °C. However, in the case of
proteins, since low pH values may induce protein denaturation, standard conditions are defined at
pH = 7 and T= 25 °C.
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Chapter 1 – General Introduction

immobilized on different  SAMs are reported in Table 1.2.1 at  the end of  this

Chapter.

2. By performing experiments at different temperatures it is possible to decompose

�G into its  components  (�S and  �H) to obtain  detailed information about the

thermodynamics of the ET processj.

3. In addition to the thermodynamics, also detailed information about the kinetics

(both mechanism and reaction rates) of the ET process can be obtained.

4. Even  though  electrochemical  techniques  do  not  provide  direct  structural

information,  they  have  been  widely  used  to  investigate  pH-,  T-,  and  ligand-

induced conformational changes in diffusing and adsorbed proteins.

5. Indirect evidence for protein orientation can be also inferred from electrochemical

measurements.  In  fact,  SAMs with  different  terminal  functional  groups  might

interact  with  different  domains  of  the  protein,  promoting  therefore  different

protein  orientations  with  respect  of  the  electrode  surface.  In  the  case  of

cytochrome  c,  for instance,  ET is observed for negatively charged SAMs (i.e.:

-COO-), while SAMs having different terminal functional groups (for instance a

mixed SAM with -N+-(CH3)3 and –SO3
- terminus) seem not to promote the ET

process2.

Direct electrochemistry of heme proteins became popular over the past decades because

of its simplicity (the experimental setup is relatively easy to handle and the response is

immediate) and its sensitivity to structural changes. Changes in the protein structure –

especially if occurring in the vicinity of the heme – usually lead to significant changes in

the redox properties of the protein. Therefore, deviations from the expected voltammetric

behavior can be confidentially ascribed to structural changes. Unfortunately CV as such

is incapable to provide detailed information about the structural change itself. This is the

reason why we think it is worthwhile to combine electrochemistry with a spectroscopic

technique, in order to obtain the structural information that CV alone cannot provide. The

spectroscopic technique chosen for this purpose is Raman scattering.

j The dependence of �G on the temperature is governed by the Gibbs-Helmoltz equation.
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Figure 1.2.2. CV plot. In a typical CV experiment the voltage (E) – which is applied between the

working and the reference electrode – is scanned linearly in time at a scan rate v, and the current

(i) – flowing between the working and the counter electrode – is recorded. The voltammogram

(i.e.: the plot of  i vs.  E) shows two peaks (Epc and  Epa) corresponding to the reduction and the

oxidation of the iron ion of the heme group respectively. Under conditions of electrochemical

reversibility (i.e. at every applied voltage an equilibrium is established at the electrode surface,

and such an equilibrium obeys the Nernst equation) the formal reduction potential Eº’ is assumed

to be equal to (Epc +  Epa)/2. The current values  ipc and  ipa are also shown. The voltammogram

shown here was obtained for cytochrome c immobilized on roughened silver electrode chemically

modified with MUA.

1.3. Raman scattering

During a Raman experiment, incident photons collide with solvent and solute molecules

in a liquid or solid sample, raising the energy state of the molecule concerned up to a so-

called virtual statek; then scattering in all directions takes place and the photon energies

are changed from those of the incident radiation (the monochromatic source). As can be

seen in Figure 1.3.1 two types of scattering occur.

k The virtual state is not a stationary state in of the molecule in a quantum mechanical sense. It
can be visualized as a distorted electron distribution.
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Chapter 1 – General Introduction

Figure 1.3.1. Schematic of Raman scattering. S0 and S1 denote the lowest two electronic states

of the molecule. In this case the photon energy of the excitation line is lower than that of S1. After

excitation (up arrows), the scattered light (down arrows) is collected and the intensity plotted vs

the Raman shift. The peak positions are related to differences between the vibrational levels of

the molecule as shown for  a and  b.  The Rayleigh scattering is denoted here as I,  the Raman

scattering as II and III.

1) Most of the photons are scattered elastically, meaning that they have the same energy

(and  therefore  the same wavelength)  as  the incident  ones.  In  this  process,  known as

Rayleigh scattering (Figure 1.3.1, process denoted as I), no energy exchange between the

incident photon and the molecule takes place. Rayleigh scattering is the most probable

event but it does not directly give molecular information.

2) A small fraction of the incident photons (approximately 1 in 106 photons) is scattered

in an inelastic way (Raman scattering). These photons lost or acquired energy in their

interaction with the molecule,  and therefore have different  energy than the excitation

photons (Figure 1.3.1, processes denoted as II and III).  Raman scattering relies on the

study of the differences in frequency (energy, wavenumber) between the incident photons

and the non-elastically scattered ones. 

7



Chapter 1 – General Introduction

As  shown  in  the  Jablonski  diagram  (Figure  1.3.1,  inset),  such  differences  reflect

differences in energy between the quantized vibrational modes of the scattering molecule.

Therefore, from the analysis of the intensities and the position of the peaks, it is possible

to obtain molecular structure information about the solute molecule.

One  of  the  main  drawbacks  of  Raman  scattering  compared  to  other  spectroscopic

techniques is its poor sensitivity. Fortunately this problem can be tackled by at least two

strategies  developed  over  the  past  decades,  resonance  Raman  scattering  (RRS)  and

surface  enhanced  Raman  scattering  (SERS)  or  their  combination  surface  enhanced

resonance Raman scattering (SERRS). These special Raman modes are explained below.

Resonance Raman scattering (RRS)

In  a  RRS experiment,  the  excitation  light  used  to  record  the  Raman spectrum is  in

resonance with an electronic transition of the analyte. In the case of heme proteins (the

spectrum of cytochrome  c is shown in Figure 1.3.2), the absorption spectrum shows a

strong band (denoted as Soret band) around 400 nm and two minor contributions between

500  and  600  nm (denoted  as  the  Q  bands).  The  main  advantage  of  working  under

resonance conditions is that the Raman spectrum of the heme is significantly enhanced

over the non-resonance one of the protein. Due to this enhancement, which is roughly

estimated around 103 to 104, the RRS is much more sensitive than non-resonant Raman:

in  fact,  while  a  micromolar  concentration  is  sufficient  to  observe  high  quality  RRS

spectra, non-resonant Raman requires samples in the mM concentration range3.

Together with sensitivity,  an even more important advantage of RRS is its selectivity.

The electronic absorption spectrum of the protein is composed of two main components

that  can  be  considered  separately  (the  heme  –  also  called  chromophore  –  and  the

apoprotein).  Above  350  nm  the  chromophore  dominates  the  spectrum,  while  the

polypeptide matrix is optically transparent (Figure 1.3.2). In this scenario, recording the

Raman spectrum with an excitation light in resonance with the Soret band will lead to a

RRS  spectrum  wherein  the  vibrations  of  the  chromophore  will  be  enhanced  several

orders of magnitude over those of the apoprotein.

8



Chapter 1 – General Introduction

Figure 1.3.2. Absorption spectra of reduced cytochrome c (darkest line), reduced heme (lighter

line) and apoprotein (dotted line). The spectra of cytochrome c and the heme are characterized by

the strong Soret band around 400 nm and two minor Q-bands between 500 and 600 nm. As can

be seen the main contribution to protein absorption comes from the heme group and not from the

polypeptide matrix.

An inherent drawback of RRS is the following: since the RRS spectrum is recorded at an

excitation wavelength in resonance with the analyte, photon absorption may be followed

by fluorescence. In some cases fluorescence can be very intense and completely mask the

RRS. Fortunately, in the case of heme proteins, such problems are seldom encountered.

In fact iron porphyrins exhibith a quantum yield lower than 10-6, and therefore they can

be  considered  non-fluorescent  as  such.  However,  upon  resonant  excitation,  other

processes having higher quantum yields can occur and obscure the Raman signal. For this

reason  the  presence  of  contaminants  in  the  working  solution  (such  as  laser  dyes,

chlorophylls, and flavins) should be carefully avoided.

30 400 50 600

Abs

wavelength / nm

Soret-band

Q-bands
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Chapter 1 – General Introduction

Surface-enhanced Raman scattering (SERS)

In the second strategy developed to increase the intensity of Raman signals, the analyte is

immobilized on a roughened metal surface, usually silver or gold. In this case, due to the

vicinity of the analyte with the metal,  the Raman signal  can be enhanced for several

orders of magnitude (up to 106 fold). An indication of the surface enhancement that can

be obtained is shown in Figure 1.3.3, where the spectrum of 4-mercaptopyridine (PySH)

recorded in solution (conventional Raman under non-resonant conditions) is compared

with  that  obtained  under  the  same  experimental  conditions  on  the  roughened  metal

surface (a silver colloid was used for this purpose). Whereas the former is featureless, in

the latter the PySH vibrational modes are clearly seen.

1000 1500 2000

Raman shift / cm
-1

In
te

s
it
y
 /

 a
.u

.

Figure 1.3.3. Effect of surface enhancement. The SERS spectrum of PySH immobilized on

silver colloids (darkest line) is compared to the spectrum of PySH in solution without the silver

colloid. Excitation wavelength was 514.5 nm.

Surface-enhanced resonance Raman scattering (SERRS)

If  RRS  can  be  combined  with  SERS  it  is  possible  to  achieve  a  significant  further

enhancement of the Raman signal (106). This technique, called SERRS (surface-enhanced

resonance Raman spectroscopy) is thought to be in principle capable of single molecule

10



Chapter 1 – General Introduction

detection4. To observe a SERRS spectrum of a heme protein the following conditions

need to be met:

1) the protein should be immobilized on a roughened metal surface;

2) the metal should exhibit SERS-activity at the selected laser line. In addition the

surface morphology should be empirically optimized in order to accomplish the

highest surface-enhancement;

3) the laser excitation line should be in resonance with the chromophore.

To  work  under  resonance  conditions,  in  the  case  of  heme  proteins,  the  excitation

wavelength must be settled around 400 nm (in resonance with the Soret band) or around

500 nm (in resonance with the Q bands of the heme). Usually, the Soret band being more

intense than the Q-band transition (see Figure 1.3.2), it is preferable to work with the

excitation wavelength in the blue (the 413.1 nm krypton ion laser line is often used).

After settling the excitation wavelength, the metal substrate and the dimensions of the

surface  features  must  be  carefully  chosen  in  order  to  obtain  the  highest  surface

enhancement. In the case of heme proteins, silver is preferred over other metals (such as

gold) which does not give surface enhancement upon excitation in the Soret bandl.

SERRS on heme proteins has been performed since the early ‘80s. Despite the fact that

the metal ion as such does not have a Raman spectrum, SERRS spectra provide detailed

information on the following items:

1) the oxidation state of the central metal ion,

2) the spin state of the central metal ion,

3) the coordination state of the central metal ion,

4) the heme structure, for instance the conformations of lateral groups such as

the propionates.

Moreover,  it  should  be  noticed  that  because  of  the  sensitivity  of  the  technique,  a

monolayer  of  protein  is  sufficient  to  detect  high  quality  spectra  and  because  of  its

selectivity, only the prosthetic group is seen. 

Figure 1.3.4 shows the spectrum of cyt  c immobilized on a roughened silver electrode

chemically  modified  with MUA.  Each  region  of  the Raman spectrum yields  specific

structural information. 

l SERS effect on gold electrodes is generally observed at longer excitation wavelengths, around
650 nm.
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Chapter 1 – General Introduction

In  our experiments we focused basically on the region between 1300 and 1650 cm-1,

which provides information about the oxidation- the coordination- and the spin- state of

the central  metal ion.  The peak positions and the relative intensities of the bands for

cytochrome c in different conformations are assembled in Table 1.3.1 at the end of this

Chapter.

Figure 1.3.4. SERRS spectrum of cytochrome c. The spectrum was obtained with the 413.1 nm

excitation wavelength in resonance with the Soret band.

Why Raman?

Table  1.3.2 compares  different  spectroscopic  techniques  in  terms of  information they

give about cytochrome c. As can be seen, none of these techniques as such can provide

all  required  structural  information  needed  to  describe  the  behavior  of  cytochrome  c

adequately.  This  suggests  that  a  profound  understanding  of  the  structure-function

relationship in the case of heme proteins can be achieved only by combining different

techniques.  Furthermore,  the  cited  techniques  suffer  from  several  limitations  which

restrict their applicability considerably. For instance, UV absorption and fluorescence are

generally confined to the investigation of aromatic amino acids, NMR needs usually high

protein  concentrations,  and  X-Ray diffraction  is  limited to  solid-state  analysis  which

makes the investigation of dynamic processes very difficult. 

Among  the  spectroscopic  techniques  shown  in  Table  1.3.2  Raman  scattering  seems

appropriate  in  combination  with  electrochemistry.  In  fact  both  CV  and  Raman

400 800 1200 1600

12

Raman shift/cm-1



Chapter 1 – General Introduction

spectroscopy  on  heme  protein  can  be  performed  in  solution  (RRS)  and  on  surfaces

(SERS). This is a considerable advantage over other spectroscopic techniques, especially

in view of investigating the electron transfer processes (which  in vivo always occur at

charged interfaces) and the increasing interest in studying membrane proteins.

Information XRD EPR NMR UV-

Vis.

CD Rama

n

MS

(Möss.)

I

R

Fe oxidation state � � � � � �

Fe spin state � � � � � (�)

Type of heme � � � �

Axial ligand

identification

� � � � �

Dynamic feature of

structure

� �

Secondary structure � � � �

Tertiary structure � �

Table 1.3.2. Comparison of different spectroscopic techniques in terms of information they

yield  about  cytochromes.  The  techniques  are: XRD,  X-Ray  Diffraction;  EPR,  Electron

Paramagnetic  Resonance;  NMR,  Nuclear  Magnetic  Resonance;  UV-vis.,  Ultraviolet-Visible

optical  spectroscopy; MS, Magneto susceptibilities; Möss, Mössbauer spectroscopy; IR,  Infra-

Red vibrational spectroscopy. The full circle indicates the most reliable method; the empty circle

indicates where the information is given by a particularly method in a limited number of cases.

(Table  adapted from Moore,  G.R.  and Pettigrew, G.W. (1990)  Cytochromes c.  Evolutionary,

Structural, and Physicochemical Aspects. Springer-Verlag, Berlin – Heidelberg – New York.)

The main drawback of RRS and SERRS is that no information about the  apoprotein is

obtained. However, such information can be obtained by combining SE(R)RS with other

surface techniques such as surface-enhanced IR absorption spectroscopy (SEIRA). Such

a  combination  CV/SE(R)RS/SEIRA  was  proposed  recently  and  it  is  currently  under

consideration5.
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Chapter 1 – General Introduction

1.4. Cytochrome c

Since most of the work discussed in this thesis is about cytochrome c, a brief description

of the most relevant properties of this protein is given below. For a more comprehensive

overview – including a detailed classification of  cytochromes  c not  discussed in  this

thesis – we refer the reader to recent literature6, 7.

Cytochrome c is a peripheral membrane protein bound on the external side of the inner

membrane  of  the  mitochondrion.  Its  physiological  role  consists  mainly  of  shuttling

electrons between cytochrome c reductase and cytochrome c oxidase, membrane-bound

protein complexes involved in the final step of the respiratory chain, which is the main

source of chemical energy in living systems. However, in recent years it was found that

cytochrome c is also involved in programmed cell death (apoptosis)8.

Cytochrome c consists of a single polypeptide chain containing a number of amino acid

residues ranging from 103 up to 113 depending on the species, and having a molecular

weight  of  approximately 12.4  KDa.  The  heme structure  (see  Figure  1.1.1)  has  been

already discussed to some extent in section 1.1. The iron atom is surrounded by four

equatorial  ligands  belonging  to  the  protoporphyrin  ring  and  two axial  ligands.  In  its

native state (B1 state) the latter are His 18 and Met 80, but depending on experimental

conditions, several other axial ligands were found. In particular, the replacement of the

sixth ligand Met 80 with water, carbon monoxide, hydroxide ions, and Lys residues has

been reported (see Chapter 3.3 and references therein).

The tertiary structure of cytochrome  c has the shape of a prolate spheroid with axial

dimensions of 25 x 25 x 37 Å7. These data, referring to horse heart cytochrome c, were

obtained by crystallographic data. The protein is assumed to be globular with a diameter

raging from 30 to 34 Å9. In the tertiary structure the hydrophilic amino acid residues are

exposed to the solvent, resulting in a highly soluble protein. Bovine heart cytochrome c

(Protein Data Bank entry: 2B4Z) has an isoelectric point of 10 and a net charge of +8 at

pH 7 in its oxidized state. Charged groups are symmetrically distributed over the external

surface  of  the  protein.  However,  the  charged  Lys  residues  which  are  mainly located

around the crevice (see note b on page 2), play a crucial role in the ET process, especially

in view of their vicinity to the active redox site. Moreover, they promote the interaction

of the protein with the functionalized electrode as shown in Figure 1.4.1.
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Chapter 1 – General Introduction

Ag

Figure  1.4.1.  Model  for  the  cytochrome  c/electrode  interaction.  Cytochrome  c is

electrostatically bound to the SAM of 4-mercaptopyridine. The interaction occurs between

the electron doublet on the N atom of the SAM and the positively charged Lys residues

located near the crevice. The SAM should be electrochemically inactive at the potentials of

interest. (Figure adapted from Scott, R. A.; Mauk, A. G.; Cytochrome c: A Multidisciplinary

approach; University Science Books: Sausalito, CA, 1995)

SER(R)S studies of cyt c

In coupling protein film voltammetry with SE(R)RS, a brief description of the strategy

used to characterize cytochrome c bound at charged interfaces may be relevant to better

understand the material discussed in this thesis. In brief, such characterization was done

comparing  the  SE(R)RS spectra  of  immobilized  cytochrome  c with  the  RRS spectra

obtained  in  solution  under  similar  experimental  conditions.  Despite  the  complicated

spectral  analysis  due  to  the  presence  of  several  potential-  and  temperature-dependent

equilibria (mostly involving spin-state changes), experiments performed at biocompatible

interfacesm under electrochemical  control  clearly indicate that  the frequencies  and the

relative intensities of the SERRS bands are essentially the same as for solution RRS. This

strongly  suggests  that  protein  immobilization  does  not  induce  significant  structural

m The most  investigated are  carboxyl- and hydroxyl-terminated SAMs. Chapter  3.2 reports  a
study on pyridynil-terminated SAM.
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Chapter 1 – General Introduction

perturbations of the heme pocket. Therefore, since  Eº’ is an outstanding characteristic

property  to  follow changes  occurring  in  the  heme structure,  the  same  Eº’  should  be

expected on surfaces and in solution. However, in the case of silver electrodes chemically

modified with carboxyl-terminated SAMs, the  Eº’ values of immobilized cytochrome c

and  solution  cytochrome  c are  different.  These  findings  –  which  do  not  indicate  a

possible denaturation of adsorbed cyt c – are discussed in more detail in the next section. 

Formal reduction potential of cytochrome c

The  Eº’  value  of  cytochrome  c in  solution  (i.e.  under  diffusion  conditions)  ranges

between  -0.24  and  +0.14  V,  depending  upon  the  different  species  of  cytochromes.

However, it is well known that the Eº’ measured in solution differs from that measured

for  the  protein  immobilized  at  negatively  charged  surfaces.  In  particular,  the  Eº’  of

immobilized cytochrome c is shifted by approximately 70 mV toward negative potentials.

Up to now there is no consensus about the causes of this shift. Some researchers claim

that  this  is  due  to  the  increased  stability  of  the  ferric  cytochrome  c upon  protein

immobilization,  which  can  be  rationalized  as  follows.  According  to  the  equation

�Gº = -nFEº’ applied to the following equilibrium cyt3+ + e cyt2+, a negative shift of

Eº’ corresponds to an increase of �Gº, which implies a relative increase of the stability of

the oxidized formn. This explanation, which is often used by electrochemists, is generally

accepted  in  view  of  recent  data  about  the  relative  stability  of  ferric  and  ferrous

cytochrome c on surfaces10.

On the other hand the potential shift in negative direction can be interpreted on the basis

of  a  theory  recently  developed  by  Smith  and  White11 and  subsequently  revised  by

others12,  describing  the  distribution  of  the  interfacial  potential  across  electroactive

monolayers.  The  negative  shift  of  the  formal  reduction  potential  upon  protein

immobilization is not ascribed to the protein itself – as in the previous interpretation –,

but to the potential drop occurring through the SAM. In other words, the formal reduction

potential of the protein (in this case cytochrome c) immobilized on carboxyl-terminated

SAMs  with  different  chain  length  is  assumed  to  be  identical  to  that  of  solution

n For a more extensive description of this phenomenon, the reader is referred to the work of
Bowden and co-workers. 

16



Chapter 1 – General Introduction

cytochrome c, as proven by Hildebrandt and co-workers13. The negative shift observed is

thus entirely ascribed to the interfacial potential drop occurring through the SAM. Since

this potential drop (and therefore the negative shift of the Eº’ values) is proportional to

the SAM length, different chain lengths were tested and the experimental data (the  Eº’

shift) are in full agreement with the latter model.

Up to now, this model was found to be valid except in one case14. In this work, Clark and

Bowden concluded that the Smith and White model cannot predict the dependence of the

Eº’  value  of  cytochrome  c immobilized on  MUA on the  ionic  strength.  Also  in  the

present thesis we found some data in contradiction with the Smith and White theory (see

Chapter 3.2). 
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Table 1.2.1. Eº’ values of cyt c immobilized on gold and silver electrodes coated with SAMs of alkanethiols

Electrode Eº’ notes vs SCE Ref

Agc/ C1COOH† -2.5 mV vs. SCE -3 mV 13
Agc/ C2COOH† -9.6 mV vs. SCE -10 mV 13
Au/ C5COOH -23 mV vs. Ag/AgClb -55 mV 14
Au/ C5COOH 215 mV vs. NHE -27 mV 15
Agc/ C5COOH† -14.2 mV vs. SCE -14 mV 13
Au/ C5COOH 215 mV vs. NHE -27 mV 15
Au/C7COOH 213 mV vs. SHE -31 mV 16
Au/ C11OH 211 mV vs. SHE -33 mV 17
Au/ C10COOH 200 (-215) mV vs. NHE -42 (-27) mV 15
Au/ C10COOH -32 mV vs. Ag/AgClb -44mV 14
Au/ C10COOH -50 mV vs. Ag/AgCl(1M KCl) covalently immobilized -62 mV 18
Au/C10COOH 213 mV vs. SHE -31 mV 16
Agc/ C10COOH† -31 mV vs. SCE -31 mV 13
Agc/ C10COOH -43 mV vs. SCE -43 mV 19
Agc/ C10COOH† -56 mV vs. SCE -56 mV 19
Au/C13COOH -14 mV vs. Ag/AgCl(1M KCl)a Rf=2.1 -26 mV 20
Au/C13COOH+C10OH -20 mV vs. Ag/AgCl(1M KCl) Rf=1.5 -32 mV 20
Au/ C15COOH 190 mV vs. NHE �Ep�0.4 V at 0.05 Vs-1 -52 mV 21
Au/ C15COOH 215 mV vs. NHE -27 mV 15
Au/ C15COOH -32 mV vs. Ag/AgClb -44 mV 14
Agc/ C15COOH† -39 mV vs. SCE -39 mV 13
Au/ C15COOH -60 mV vs. Ag/AgCl(1M KCl) covalently immobilized -72 mV 18
Agc/ PyHd† -240 mV vs. Ag/AgCl (3 M KCl) cyt c 6cLS -273 mV 22
Agc/ PyHd† -180 mV vs. Ag/AgCl (3 M KCl) cyt c 5cHS -213 mV 22

All the potentials are referred to wild type cyt  c (from horse heart and bovine heart) and were obtained via CV

experiments,  except  were  indicated.  †:  value obtained via  potential-controlled SERRS experiment;  a:  which is

assumed to be 0.23 V vs. NHE18;  b:  these values are probably referred to the Ag/AgCl(1M KCl), as usual for

Bowden et al.; c: electrode roughened via ORC; d: 1:9 mixtures of 4-pyridinyl-CO2-(CH2)11-SH/1-octanethiol or 4-

pyridinyl-CO2-(CH2)11-SH/1-decanethiol.
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Table 1.3.1. Spectral parameters of cyt c

Ferric Heme States

6cLS 6cHS 5cHS

mode B1

Met/His

B2

His/His

A

H2O/His

B2

H2O/His

U

H2O/H2O

B2

His

U

H2O

�4 1372.5(1.0) 1374.1(1.0) 1374.5(1.0) 1369.5(1.0) 1372.0(1.0) 1370.3(1.0) 1370.9(1.0)

�3 1501.9(0.26

)

1505.8(0.25) 1504.7(0.27) 1484.7(0.20) 1483.9(0.40) 1496.9(0.52) 1492.9(0.24)

�2 1583.6(0.35

)

1587.8(0.50) 1585.9(0.47) 1569.1(0.44) 1570.3(0.79) 1576.7(0.55) 1575.3(0.45)

�10 1634.7(0.25

)

1639.6(0.12) 1637.0(0.20) Nd 1619.4(0.20) 1622.5(0.16) 1625.3(0.05)

Ferrous Heme States

6cLS 5cHS

mode B1(6cLS)

Met/His

B2

His/His

B2

His

�4 1361.1(1.0) 1360.0(1.0) 1359.9(1.0)

�3 1491.8(0.10) 1494.0(0.06) 1470.6(0.08)

�2 1591.2(0.19) 1592.0(0.23) 1569.6(0.17)

�10 1621.0(0.07) Nd 1604.7(0.10)
Frequencies are given in cm-1, bands intensities (in parenthesis) refer to the n4 mode. Table adapted from Oellerich, S.;

Wackerbarth, H.; Hildebrandt, P. J. Phys. Chem. B 2002, 106, 6566-6580.
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Chapter 2

Spectroelectrochemical cell

This  chapter  describes  the  building  and  the  performances  of  our  first

spectroelectrochemical cell. This tool was built in 2003 and soon became indispensable

for our further research, and it was used extensively in our experiments (see chapters

3-5). In this scenario it is easy to imagine that the cell underwent several modifications

during the years. The most notable ones are 1) the addition of a flow system (Figure

2.2.1) which allowed us to work under oxygen-free conditions when studying the pH-

dependent behavior of cytochrome c (see chapter 3.3) or to study the enzyme-substrate

interaction in the absence of oxygen in the case of CYP2D6a; and 2) the replacement of

the  porous  frit  within  the  cell  body  with  a  silver  ring  acting  as  pseudo-reference

electrode. The presence of a new counter electrode having a bigger area with respect to

the one shown in the original version (Figure 2.2.1) also improved the electrochemical

response of the cell significantly. In order to better appreciate the progress in the cell

development,  first  the original  paper  is  presented,  with  minor changes  (section 2.1),

followed by previously unpublished material (Appendix 2.2) including a new cell design

and a comparison between the CV plots of cyt immobilized on a SERS-active electrode

obtained  in  the  different  cells.  This  will  help  clarify  both  the  advantages  and  the

limitations of our spectroelectrochemical cell.

a Bonifacio, A.; Millo, D.; Keizers, P. H. J.; Boegschoten R.; Commandeur, J. N. M.; Vermeulen,
N. P. E.; Gooijer, C.; van der Zwan, G. J. Biol. Inorg. Chem. 2008, 13, 85-96.
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2.1.  Linearly  moving  low-volume  spectroelectrochemical  cell  for

microliter-scale  surface-enhanced  resonance  Raman  spectroscopy  of

heme-proteins b

Abstract

Surface-enhanced resonance Raman spectra of cytochrome c (cyt  c) on silver electrodes

coated  with  self-assembled  monolayers  of  mercaptopropionic  acid  were  recorded  at

different potentials using 50  �L of a micromolar solution. For this purpose a linearly

moving, low-volume, small spectroelectrochemical cell was designed and used together

with a Raman microprobe. The quality of the spectra obtained is good and the spectra

show essentially the same features reported by other authors using much larger volumes.

The  cell  described  in  this  paper  is  shown  to  be  useful  for  studying  the

spectroelectrochemistry  of  photosensitive  compounds  like  heme-proteins,  which  are

available only in very small amounts (nanomoles to picomoles).

Introduction

In  recent  years  there  has  been  a  growing  interest  in  SERRS  (Surface-Enhanced

Resonance  Raman  Scattering)  for  studying  heme-proteins1-13.  This  technique  offers

multiple benefits1: aqueous samples of unlabeled native proteins are easily investigated,

high  sensitivity  is  gained  through  surface  enhancement  and  thus  only  low  sample

concentrations are needed (10-6-10-8M). Fluorescence, which often represents a problem

in Raman measurements on proteins, is quenched by the metal surface. Furthermore by

tuning  the  laser  excitation  wavelength  into  an  electronic  absorption  band  of  the

chromophore (heme) it  is possible to selectively excite the protein active site without

interferences from the protein matrix, so that detailed vibrational information about the

heme itself is obtained. Important information such as the oxidation and spin states as

well as the coordination number of the heme iron can be easily inferred from a SERRS

spectrum.

b Adapted from Bonifacio, A.; Millo, D.; Gooijer, C.; Boegschoten, R.; van der Zwan, G. Anal.

Chem. 2004, 76, 1529-1531.
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SERRS on roughened silver electrodes has been successfully employed in recent years to

study redox proteins as cytochrome c3-13 and metallo-enzymes as cytochrome P45014,15. 

Compared to other SERRS substrates, electrodes offer the advantage that the potential of

the metal surface can be varied. In particular for cyt  c measuring SERRS spectra as a

function of the electrode potential is important to study the protein structural changes in

different  oxidation  states  under  the  influence  of  electric  fields  whose  strength  is

comparable to those present at the mitochondrial membrane5.

Since many heme-proteins are difficult  to obtain or  purify,  while those commercially

available  are  expensive  compared  to  other  chemicals,  working  with  low amounts  of

substance  is  preferred.  This  could  be  achieved  if  both  low  volumes  and  low

concentrations can be used. Many static low-volume spectroelectrochemical  cells have

been  developed  in  recent  years,  using  volumes  down  to  few  tens  of  microliters16-18.

However such static cells are not appropriate for SERRS, since another problem often

encountered within this technique is  photodegradation of  protein samples.  In  order to

solve this problem rotating electrodes  have been employed1,19  and recently a linearly

moving spectroelectrochemical cell was developed by Niaura et al. 20

Using a Raman microprobe with a high numerical aperture (NA) microscope objective

greatly enhances the efficiency of light  focusing and collection and allows very small

sample sizes (thus even lower amount of substance), though a spectroelectrochemical cell

with the working electrode facing up is needed just below the objective18,21. A significant

advantage of using small sample sizes is that the dimensions of the working electrode can

be significantly reduced. This issue is particularly relevant especially in view of coupling

CV  and  SERRS.  In  fact,  being  the  real  area  of  roughened  (SERRS-active)  silver

electrodes  quite  big  (appendix  4.2.1),  such  electrodes  are  therefore  more  difficult  to

polarize than smooth ones. In conclusion, diminishing the electrode area would make the

voltammetric  response faster,  the potential control  more reliable,  and the investigated

scan rate range broader. In this scenario the electrochemical performances of roughened

surfaces might be competitive with those obtained with smooth electrodes.

In this paper we present a linearly moving low-volume spectroelectrochemical cell which

is small and can be easily placed under a Raman microscope with the working electrode

facing up. This cell has been specifically designed to work with low amounts of proteins;
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it is small, easily cleaned and photodegradation of the sample is prevented. Its SERRS

efficiency is  demonstrated by studying cytochrome  c adsorbed on a roughened silver

electrode  coated  with  a  self-assembled  monolayer  (SAM) of  mercaptopropionic  acid

(MPA). The electrochemical efficiency of the cell is demonstrated by studying the well

known response of K3Fe(CN)6 at smooth platinum electrode under diffusion conditions.

Experimental section

Cell design

In Figure 2.1.1 a sketch of the spectroelectrochemical cell is shown. The cell body (a) is a

cylinder of PEEK which is 16 mm in diameter and 10 mm in height, in which three holes

(b,c,d) of different diameters were made. The first hole houses a fixed platinum wire (b),

the second hole a fixed porous frit (c) (NOTE: The frit is also made of PEEK. Glass frits

were also tested, but it was very difficult to place them inside the hole without breaking

them. Moreover, it was very difficult to make glass frits which could fit exactly the hole.

Therefore glass was abandoned as frit material. A good candidate to replace the PEEK

frit  would have been Vycor®. However,  the impossibility to get  Vycor® frits  of the

desired dimensions led us to abandon Vycor® as well. The performance of PEEK frits is

excellent. The only drawback is that they can be blocked by salts and therefore they must

be substituted once at year.), and the third one a removable metal electrode (d). A 0.2 mm

thick glass disk (e) covers the thin (0.5 mm) solution layer (f). The total internal volume

of the cell is approximately 50 �L. PEEK was chosen as the cell material because of its

chemical resistance and mechanical characteristics. The porous frit is in contact with a

reference electrode through a few centimeters long Teflon capillary filled with electrolyte

solution (usually the same supporting electrolyte as in the working solution). The cell is

put on the tip of the metal electrode (Kel-F body with a metal disk fixed inside) and the

electrode itself is put in a moving holder (Figure 2.1.1, right) which assures a constant

linear movement of the metal electrode surface under the microscope objective in order

to prevent photodegradation of the sample. The design of the moving device is similar to

that described by Niaura et al.20 The cover glass disk is held tightly to the cell by a PEEK

ring screwed onto the cell body. 
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Figure 2.1.1. Top view (left) and cross section (right) of the spectroelectrochemical cell: (a) cell

body, (b) platinum wire, (c) porous frit, (d) metal working electrode, (e) glass disk, (f) solution

layer;  (right)  sketch  of  the  moving  spectroelectrochemical  cell  mounted  under  the  Raman

microscope.

Potential-controlled SERRS measurements performed using this spectroelectrochemical

cell were done with a silver electrode (IJ Cambria Scientific, Carms, UK) as working

electrode  (WE),  a  platinum wire  as  counter  electrode  (CE)  and an SCE as  reference

electrode  (RE)  (AMEL Instruments,  Milano,  Italy).  The three  electrodes  system was

controlled with a  potentiostat  (PAR model  174,  New York,  USA).  All  potentials  are

referred versus the SCE. The electrochemical performance of the cell is illustrated by a

cyclic voltammogram of a 1mM aqueous solution of K3Fe(CN)6 using a Pt disk as WE,

depicted in Figure 2.1.2. The characteristics of the peaks and the overall shape of the

voltammogram are essentially identical to the voltammogram obtained in a conventional

glass cell under the same experimental conditions. Those features indicate that the system

shows a reversible electrochemical behavior and that it adequately controls the potential

of the working electrode.
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Chemicals

Horse Heart Cytochrome c (Cyt c) was purchased from Sigma-Aldrich (St. Louis, USA)

and used without further purification. Phosphate buffer solutions (pH 7.4, 100 mM) were

prepared  from  Na2HPO4 and  NaH2PO4 (J.T.Baker,  Deventer,  The  Netherlands).

K3Fe(CN)6 and KCl were purchased from J.T.Baker; ethanol and 3-mercaptopropionic

acid  (MPA)  were  purchased  from Sigma-Aldrich.  Purified  Milli-Q  water  (Millipore,

Massachusetts, USA) was used for all preparations and procedures. All chemicals were

of reagent grade.

Figure 2.1.2. Cyclic voltammogram of  1mM aqueous solution of K3Fe(CN)6 obtained with the

spectroelectrochemical cell using a Pt disk as WE, SCE as RE and Pt wire as CE. Supporting

electrolyte KCl 1M, scan rate 100 mV/s.

Procedures  

The Ag working electrodes used for SERRS measurements were roughened with an ORC

(oxidation-reduction cycle)  procedure  previously described  by Roth and co-workers22.

Before applying the ORC, the WE was sequentially polished with a 0.3, 0.05 and 0.015

�m alumina  (Buehler,  Illinois,  USA  and  BDH,  Poole,  UK)  and  then  treated  in  the

ultrasonic bath for 10 minutes. The ORC was performed in a glass cell (5mL) filled with

a 0.1M KCl solution purged with N2 for at least 30 minutes, using the three electrodes

system described in the previous paragraph (Ag as WE, Pt wire as CE, SCE as RE). A

self-assembled monolayer  coating on the roughened silver electrodes was obtained by

immersion of the electrode into a 2mM MPA ethanolic solution for at least 24h10. Before
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immersion in the MPA ethanolic solution the electrode was gently rinsed with water and

with ethanol. 

Instrumentation surface-enhanced Raman spectroscopy (SERRS)

Spectroscopic  measurements  were  done  using  a  home-built  Raman  microprobe  in  a

backscattering configuration: a Zeiss microscope (D-7082 with a 16x objective, NA 0.35,

working distance 2mm) was coupled with a single monochromator (Instruments SA Inc.,

New  Jersey,  USA)  with  a  mounted  1800  g/mm grating  and  a  CCD  camera  (Andor

Technologies DV-420OE, Belfast, N.Ireland). The 514.5 nm line of a cw Ar ion laser

(Spectra-Physics  2000-336,  California,  USA)  was  used  as  exciting  radiation  and  the

Rayleigh scattered light was rejected using a holographic notch filter (Omega Optical,

Vermont, USA). The spectrograph resolution was 4 cm-1. 

Results and discussion

Figure 2.1.3 shows SERRS spectra of Cyt c adsorbed on a silver electrode coated with a

MPA  self-assembled  monolayer,  utilizing  only  2  nanomoles  of  protein.  The  spectra

obtained  with  the  low-volume spectroelectrochemical  cell  show the  same features  as

reported by other authors in previous studies3,5,6  using much bigger volumes. In particular

the potential dependence of the oxidation and spin state marker bands is basically the

same. At low potentials (-0.5V) we observe the oxidation marker band  �4 at 1362cm-1

while the three spin marker bands ��������and���� show up at 1494 cm-1, 1546 cm-1 and

1621  cm-1 respectively,  indicating  a  reduced  Cyt  c with  a  heme  Fe+2  in  a  six

coordinated/low spin state. A minor peak is observed at 1636cm-1 indicating the presence

of  oxidized  cytochromes.  This  peak  could  be  due  to  a  partial  contribution  of  the

resonance Raman scattering of oxidized cyt  c in solution, although the main features of

the spectrum are due to the SERRS of the adsorbed reduced species, as indicated by the

oxidation marker band �4. Upon increasing the potential we see a gradual change of the

position of the bands cited above. Already at -0.3V there is an equilibrium between Fe2+

and Fe3+, as indicated by the appearance of two bands at 1636 cm-1 and 1563 cm-1 (the last

one as a shoulder), characteristic  ����and���� spin marker bands for the oxidized state.

At 0.0V the contribution of the Fe3+ state is even more pronounced, as indicated by the
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broad  shoulder  of  the  ���oxidation  maker  band  at  higher  wavenumbers.  At  positive

potential (+0.1V) we clearly observe �����������and����  marker bands characteristic of

a six coordinated/low spin heme iron in the oxidized state at respectively 1373 cm-1, 1505

cm-1, 1563 cm-1, and 1636 cm-1.  All changes upon varying potential are fully reversible,

indicating a reversible adsorption of the cytochrome on the monolayer3. The persistency

of a six  coordination/low spin state  (characteristic  of  the native protein) over  a  wide

range of potentials is typical for cytochrome c on this type of monolayer3,5,6.

During the collection of data, no bubble formation or solution leakages were observed

while the cell is rapidly moving. The shape and the intensity of the SERRS bands were

stable over time (up to 30 min) and no photodegradation was observed20. 

Figure 2.1.3. SERR spectra of cyt  c (	��L of  a  ���M protein solution in 100mM phosphate

buffer at pH7.4) on Ag electrode coated with SAM of MPA, recorded at different potentials vs.

SCE: (a) 0.1V, (b) 0.0V, (c) -0.1V, (d) -0.3V, (e) -0.5V. Laser power 10 mW, excitation at 514.5

nm.
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Conclusions

We report  the recording of good-quality potential-dependent SERRS spectra of Cyt  c

obtained using only 50�L of 40�M protein solution. Spectroelectrochemistry under such

conditions can be conducted in a special small cell having the working electrode upside-

down, designed to be used together with a Raman microprobe. While a cover glass disk

tightened with a PEEK ring prevents the solution to leak out and pollute the microscope

objective, photodegradation of the protein is prevented by a constant linear motion of the

electrode surface exposed to the focused laser beam. The whole spectroelectrochemical

setup is easily disassembled and cleaned, and the working electrode can be easily and

quickly replaced or changed. Further advantages offered by our cell are the following: 1)

since the mutual distances between the electrodes cannot be changed, the geometry of the

electrochemical cell is the same during all the experiments; 2) the cell was made without

using any glue, therefore it is also suitable for measurements in non-aqueous solvents.

Finally  we  want  to  point  out  the  practical  importance  of  these  microliter-scale

spectroelectrochemistry  measurements  which  enable  experiments  on  important  heme-

proteins  (e.g.  cytochrome  P450)  which  are  not  commercially  available  and  often

obtainable only in low quantities.  
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Appendix 2.2

As already mentioned in the abstract of this Chapter, most of the original characteristics

of the cell remained unchanged, but some significant improvements were developed over

the years. These improvements derive from the observation that the CV signal obtained

in a conventional electrochemical cell differed from those found for the same working

electrode  placed  inside  the  spectroelectrochemical  cell.  In  particular,  the  CV  signal

obtained in a conventional electrochemical cell was quasi-reversible, whereas the signal

found in the spectroelectrochemical cell shown in Figure 2.1.1 (the first version of the

cell),  featured  an  increased  peak  separation,  revealing  a  more  pronounced

electrochemical irreversibility of the ET process. Since the working electrode was in both

cases identical, the observed electrochemical irreversibility must be ascribed to the cell

designc. In view of this finding, the area of the counter electrode was increased, leading to

the modified cell shown in Figure 2.2.1. This led to a significant improvement of the CV

signal, reducing the peak separation considerably as shown in Figure 2.2.2. However,

since the peak separation observed in the spectroelectrochemical cell was still higher than

that  observed  for  the  same  electrode  in  the  conventional  celld,  another  strategy  was

adopted. The porous frit c (Figures 2.1.1 and 2.2.1, left and middle panel) was replaced

by a pseudo-reference electrode as shown in Figure 2.2.1 (right panel). With this new cell

design, the CV measured versus the two different reference electrodes (a SCE placed

upon  the  working  electrode  and  the  pseudo-reference  silver  ring)  were  found  to  be

identical, apart from an obvious potential shift, shown in Figure 2.2.3.

c This  behavior  was  observed  only  for  cytochrome  c immobilized  at  chemically  modified
electrodes and not for diffusing species.
d This might indicate Ohmic drops occurring through the cell, which can be ascribable to the fact
that  the reference electrode is quite far away from the working one. Despite our efforts,  this
distance cannot be further diminished since otherwise the cell, and in particular the reference
electrode would not fit under the microscope.
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Figure 2.2.1. Schematic diagram (top view above and cross section below) of three different

variants of the spectroelectrochemical cell.  All cells feature a cell  body (a) and a silver disk

working electrode (d). The first cell (from left to right) is similar to the prototype shown in Figure

1 but with a larger counter electrode (b). The second cell has two holes (g) used to flow a solution

through the cell (inlet and outlet); in this case the counter electrode is a Pt ring. The third cell uses

a Pt ring and an Ag ring acting as counter and pseudo-reference electrode (c) respectively.
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Figure  2.2.2. CV  traces  for  the  same  Ag/MUA/cyt  c electrode  detected  in  a  conventional

homemade  electrochemical glass cell  (dark line)  and in the spectroelectrochemical  cell  (light

line). Potentials are referred vs. the same SCE. The Eº’ values found with both cells are identical

(-50  mV and -48  mV) while  peak separations are  19 mV and 49 mV for  the glass  and the

spectroelectrochemical cell respectively. Measurements were done in 10 mM phosphate buffer, at

25  ºC,  and  at  scan  rate  of  0.1  Vs-1.  The sample  was  not  irradiated  by  the  laser  during  the

experiments.
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Figure 2.2.3. CV traces of Ag/MUA/cyt c obtained in a conventional electrochemical cell (light

line) and in the spectroelectrochemical cell with the pseudoreference Ag electrode (darkest line).

The signals feature identical peak separations and (obviously) different Eº’ values.
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Chapter 3 

SERRS and CV

The combination of CV and SERRS offers the significant advantage of combining the

versatility and rapidity of CV with the structural insight of SERRS. To accomplish such a

combination  in  practice,  several  experimental  parameters  were  considered  and

systematically tested in order to define under which experimental conditions both CV and

SERRS were reliable (Chapter 3.1 and 3.2).  Moreover,  the attention was focused on

different systems, preferring those requiring the complementary approach offered by CV

and SERRS, to show what can be achieved by combining these two analytical techniques.

Chapters  3.3 and 3.4 (and  also Chapters  5.2)  offer  a good example of  what  can be

achieved working with CV and SERRS simultaneously.

3.1. Experimental considerations

In order to fully exploit Raman spectroelectrochemical experiments on heme proteins, a

dedicated procedure had to be developed which enables recording good Raman spectra

on the one hand and good CV signals simultaneously. SERRS on heme proteins is only

possible  on  roughened  silver  surfaces,  therefore  CV  on  these  electrodes  had  to  be

developed. Hereby a brief description is given of the experimental procedure developed

to perform a typical spectroelectrochemical experiment.

1) The silver  working  electrode  (2  mm diameter)  is  polished  until  a  mirror  like

appearance of the surface.  This is  obtained by using paper  material  (so-called

lapping paper)  provided with immobilized alumina particles of varying size (a

detailed description of this pat of surface preparation is described in Chapter 4.1).

2) After the polishing, the electrode is roughened by an electrochemical procedure

called oxidation reduction cycles (ORC’s; the procedure is described in detail in

Chapter 3.2).

3) The roughened  electrode  is  then  immersed  in  a  solution  containing  the  SAM

component. Dipping times range from minutes (in the case aqueous solutions of
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PySH) to 24 hours (in the case of ethanolic solutions of long-chain monlayers

such as MUA).

4) Protein adsorption is usually achieved by dipping the SAM-coated electrode in a

buffered  solution  containing  the  protein.  In  case  of  cytochrome  c the

immobilization  occurs  via  electrostatic  interactions  between  the  positively

charged  Lysine  residues  of  the  protein  and  the  negatively  charged  terminal

functional groups of the SAM (as shown in Figure 1.4.1). If  necessary, covalent

binding of the protein can also be achieveda. The protein concentration has to be

chosen carefully, especially when combining CV with SERRS. In fact, as shown

in  Chapter  3.3,  low protein  coverage  –  which  might  be  due  both  to  protein

desorption or to the improper incubation conditions – might lead to a CV signal

featuring  both  the  peaks  of  cytochrome  c and  the  carboxyl-terminated  SAM.

Depending upon the experimental conditions such peaks can occur at the same

voltage making proper data analysis more difficult.

5) The Ag/SAM/protein electrode is then placed inside a spectroelectrochemical cell

designed for such applications (see Chapter 2). As shown in Figure 2.1.1, the tip

of  the  working  electrode  is  placed  upside  down  under  the  microscope.  This

particular configuration was chosen to adapt our novel cell to the preexisting laser

Raman setup. Once placed under the microscope, the cell is covered with a glass

window, and the electrode surface – which is approximately 0.5 mm away from

the glass – is in contact with a buffered solution. Some authors prefer to work

with a small amount of protein present in solution during measurements (see for

instance Murgida and Hildebrandt,  J. Phys.  Chem. B  2001,  105,  1578-1586), .

This modus operandi is chosen in order to prevent either the massive desorption

of the protein by influencing the adsorption equilibrium (cyt  cads.  cyt  csol.) and

the formation of nonnative states. In fact, Hildebrandt and co-workers detected

the presence of a nonnative state (denoted as B2) upon decreasing the amount of

protein  present  in  solution.  In  this  approach  particular  care  must  be  taken  in

a Covalent immobilization of cyt c on electrodes is usually achieved in different ways: 1) via the
Cys residue which can bind directly on Au surfaces (Delfino  et al.,  J. Phys.: Condens. Matter

2007 19, 1-18) or 2) via the Lys residues forming an amide bond with the carboxylic-terminated
SAMs (see Collinson et al., Langmuir 1992 8, 1247-1250 and references therein).
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choosing  the  protein  concentration  present  in  solution,  to  avoid  interferences

between the SE(R)RS signal of the immobilized protein and the RR response due

to the protein in solution. 

6) Particular care should be taken also in choosing the chemical composition of the

working  solution,  especially  when  performing  a  potential-controlled  SERRS

experiment. In fact, our first experiments revealed significant differences between

the  Eº´  values obtained with two different  techniques (SERRS and CV). Such

differences, which were often larger than 30 mV, were progressively diminished

by increasing the ionic strength of the working solution. This behavior can be

rationalized as follows. Cytochrome c immobilized at charged interfaces can lead

to  different  situations,  sketched  in  Figure  3.1.1.  The  protein  can  form  A)  a

multiple layer, B) a monolayer, and C) a sub-monolayer. While in case B) and C)

the E values  measured  with CV and SERRS should coincide,  in  case A) one

should not be surprised if the two techniques give different responses. In fact, the

electron transfer process would likely involve only the first protein layer, while

the upper layers – being too far away from the electrode and not properly oriented

– do not exchange electrons with the electrode. However, SERRS can detect all

layers simultaneously, both the electrochemically active and the inactive protein.

Therefore, if the equilibrium between cyt c2+ and cyt c3+ is not entirely influenced

by the applied voltage, and the Eº’ values obtained with the potential-controlled

SERRS experiment  would differ  from that  obtained via CV, which  of  course

relies only on the electrochemically active protein. However, upon increasing the

ionic  strength  of  the  working  solution,  the  electrochemically  inactive  protein

belonging to the multilayer will be removed, leading to a situation corresponding

to a monolayer or a sub-monolayer where CV and SERRS would both detect only

electrochemically  active  protein.  This  explains  the  consistency  of  the

electrochemical  and  spectroscopic  data  obtained  under  such  experimental

conditions. In our opinion the role of the chemical composition of the working

solution  must  be  taken  in  serious  consideration  especially  when  coupling

electrochemistry  and  SERRS.  However,  it  should be  noticed  that the

interpretation given above remains  tentative unless  a  careful  evaluation of  the
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protein coverage would be achieved in the case of chemically modified roughened

electrodes. 

Figure  3.1.1. Possible  spatial  arrangements  of  cytochrome  c immobilized  at  SAM-coated

electrodes.  Only  cases  B  and  C  are  suitable  for  performing  the  potential-controlled  SERRS

experiments. Such arrangements can be obtained by increasing the ionic strength of the working

solution, which would then remove the upper protein layers (A) and/or part of the monolayer (C/

B).
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3.2.  Voltammetric  and  surface  enhanced  resonance  Raman

spectroscopic  characterization  of  cytochrome  c adsorbed  on  a  4-

mercaptopyridine monolayer on silver electrodesa

Abstract

To combine voltammetric techniques with surface enhanced resonance Raman scattering

(SERRS),  cytochrome  c (cyt  c)  was  immobilized  on  a  roughened  silver  electrode

chemically  modified  with  a  self  assembled  monolayer  (SAM) of  4-mercaptopyridine

(PySH).  All  measurements  were  performed  on  the  same  electrode  in  a  home-made

spectroelectrochemical cell suitable for such applications. Cyt c on a PySH-SAM shows a

quasi-reversible,  monoelectronic,  adsorption-controlled  CV  response  with  a  formal

reduction potential of -0.061 V (vs. SCE), which is comparable to the values found for

native cyt c adsorbed on different SAMs. SERRS spectra proved that cyt c adsorbed on a

PySH monolayer  is present in the native conformer (the B1 state).  Voltammetric and

SERRS experiments at high ionic strength revealed that the interaction between the SAM

and the protein is electrostatic in nature. In conclusion, PySH was found to be suitable for

adsorption of cyt  c at SERRS-active silver surfaces.  In comparison with other SAMs,

PySH requires less time (10 minutes vs 12-18 hours) to form a long-time durable and

reproducible coating on the roughened electrode surface.

Introduction

In the last decades many efforts have been devoted to understand the behavior of redox

proteins  such  as  cytochrome  c  (cyt  c),  a  single-heme  protein  involved  in  electron

transport  in  a  wide  variety  of  biological  processes  like  photosynthesis  and  cellular

respiration. Even though cyt c has been studied intensively, there are still several aspects

in its role and properties that are far from being completely understood. In particular, it is

not clear which conformational changes cyt c undergoes during the electron transfer (ET)

process  and  how  these  influence  the  redox  potential  of  the  protein.  The  reduction

potential  (E°’),  a  key  property  of  all  the  redox  proteins  –  being  related  to  the

a Millo, D.; Bonifacio, A.; Ranieri, A.; Borsari, M.; Gooijer, C.; van der Zwan, G. Langmuir

2007, 23, 4340-4345.
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thermodynamics and the kinetics of the ET process - can reveal much information about

solution chemistry of cyt  c and about surface interactions, which play a critical role in

adsorption phenomena.

Nowadays,  several  analytical  methods  provide  much  data  about  these  fundamental

biological  compounds.  However,  since  the  properties  of  proteins  are  the  result  of

complex mutual interactions between different factors often difficult to be separated, up

to now there is not one single technique which can supply all the information required to

describe adequately the behavior of cyt  c1.  For this reason it is advantageous to couple

different  analytical  techniques  providing  significant  and  complementary  information.

Direct  electrochemistry of  redox  proteins  and  in  particular  cyclic  voltammetry (CV),

performed since 1977 on chemically modified electrodes, became a useful technique over

the past decades2-8. From CV measurements it is possible to obtain E°’ of cyt c, which is

very sensitive to changes occurring in the surrounding of the heme, in particular to pH

and  ionic  composition  of  the  solvent,  temperature,  presence  of  organic  solvents  and

composition of the SAM. Unfortunately, it does not give any structural information about

these changes.

Surface enhanced resonance Raman spectroscopy (SERRS) - performed on chemically

modified roughened silver surfaces or silver colloids - selectively probes the vibrational

spectrum  of  the  prosthetic  group  of  the  protein,  revealing  the  spin-,  oxidation-  and

coordination-states of the central metal ion of the heme group, as well as fundamental

details  about  the  structure  of  the  heme and  its  environment  that  cannot  be  obtained

otherwise9-13. In fact in the last decade many spectroscopic studies have been conducted

on novel setups capable to record spectra also at constant applied voltage14-16. 

It  is  clear  that  a  combination  of  CV  and  SERRS  could  provide  much  relevant

complementary information. The main obstacle to coupling CV and SERRS is that they

have to be performed both on the same silver electrode, even though electrochemistry of

metallo-proteins  on  roughened  silver electrodes  has  not  been  yet  investigated

extensively17, 18. Due to the high affinity of gold towards thiol

functional  groups  and  oxidation  resistance,  the  gold  surfaces  up  to  now  have  been

considered more suitable to build SAMs than silver19.  In  addition, SERRS-activity of

metal  substrates  requires  a  roughened  profile,  while  electrochemistry  is  preferably
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performed on smooth surfaces.  For these reasons silver received only minor attention

from electrochemists  involved in protein studies.  Despite  these problems,  the present

work will show how that is possible to perform CV and SERRS of cyt c immobilized on

roughened  silver electrodes chemically modified with PySH and that the value of  E°’

derived by both techniques is the same.

Experimental Section

Bovine heart (cyt  c) purchased from Sigma-Aldrich (St. Louis, USA) was used without

further  purification. Phosphate buffer  solutions (pH 7.0,  10 mM) were prepared from

Na2HPO4 and NaH2PO4 (J.T.Baker, Deventer, The Netherlands). Na2SO4, KCl and PySH

were purchased from Sigma-Aldrich. Purified Milli-Q water (Millipore, Massachusetts,

USA) was used for all preparations and procedures. All chemicals were of reagent grade.

Electrochemical instrumentation

The  spectroelectrochemical  cell  employed  for  CV  and  potential-controlled  SERRS

measurements is based upon a design developed by the authors20. A polycrystalline silver

disk  electrode  (IJ  Cambria  Scientific,  Carms,  UK)  of  2  mm  diameters  (geometric

area=0.0314 cm2) was used as working electrode (WE); a platinum ring and a saturated

calomel electrode (AMEL Instruments, Milano, Italy),  were used as counter (CE) and

reference electrode (RE) respectively.  The RE was kept in a glass tube and separated

from  the  working  solution  by  a  peek  porous  frit.  The  chemical  composition  of  the

solution in the glass tube was the same as the working one. The RE and the cell were kept

at  constant  room  temperature  (20±0.1  °C)  during  all  the  experiments.  The  three

electrodes system was controlled with a �Autolab potentiostat (Eco Chemie, Utrech, The

Netherlands). All potentials were calibrated against the methylviologen (MV) MV2+/MV+

couple and  referred  versus a  saturated  calomel  electrode  (SCE).  The electrochemical

measurements were repeated several times and the potentials were found reproducible

within ±2 mV.

SERRS instrumentation

Spectroscopic measurements were conducted using a home-built Raman microscope in a

backscattering configuration: a Zeiss microscope (D-7082 with a 40x objective, NA 0.60,
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working  distance  2  mm)  was  coupled  to  a  Andor  Shamrock  SR-303i-A  single

monochromator  (Andor  Technologies  DV-420OE,  Belfast,  N.Ireland)  with  mounted

2400 g/mm and 1200 g/mm holographic gratings and a Andor Newton DU970N CCD

camera (Andor Technologies DV-420OE, Belfast,  N.Ireland).  The 413.1 nm line of a

continuous wave Kr ion laser (Coherent Innova 300c, California, USA) and the 514.5 nm

line of a continuous wave Ar ion laser (Spectra Physics 2000-336, California, USA) were

used for excitation. The Rayleigh scattered light was removed using 3rd Millenium edge

long pass filter (for  413.1 nm excitation) or a  holographic notch filter (for  514.5 nm

excitation) (Omega Optical, Vermont, USA). Laser powers of 10-15 mW at the sample

were  used  throughout  the  experiments.  The monochromator  slit  was  set  to  120 mm,

yielding a resolution of  approximately 3-5  cm-1 depending on the grating used.  The

increment per data point was approximately 0.8 cm-1 for 413.1 nm excitation (with the

2400 g/mm grating) and 1.4 cm-1 for 514.5 nm excitation (with the 1200 g/mm grating).

Treatment of the electrode

Silver working electrodes were treated as previously described with water on aluminum

oxide lapping film sheets (261X and 262X, 3MTH, USA) from 5 to 1 micron grain size

until a mirror-like appearance of the surfaces was obtained21. For the CV and the SERRS

experiments,  after  polishing,  the electrodes  were  roughened ex situ with an oxidation

reduction cycle (ORC) procedure similar to that described by Roth et al. and then kept in

1 mM aqueous solution of PySH for 10 minutes22. The ORCs (ca. 0.67 C/cm2 of anodic

charge passed per step) were performed in an ordinary glass electrochemical cell (5mL)

filled with a 0.1M KCl solution using the three electrodes system described above.

After rinsing the electrodes with abundant water, cyt  c was adsorbed by exposure of 1

hour at 4 °C to a 30 �M solution containing 10 mM phosphate buffer (pH 7).

Results and discussion

The voltammetric response of cyt  c adsorbed at roughened silver electrode chemically

modified with PySH (Ag/PySH/cyt c) is shown in Figure 3.2.1 (darkest line). The signal

was recorded at constant room temperature (20±0.1 °C) in 10 mM phosphate buffer + 10

mM Na2SO4 (pH 7.0) while no protein was present in solution. 
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The CV signal shows two well defined current peaks ascribable to the monoelectronic

reduction  and  oxidation  of  cyt  c.  The  associated  formal  reduction  potential  E

°’=(Ep,c+Ep,a)/2 of –0.061 V was found to be constant over scan rate range from 0.02 to 1

Vs-1. Although it is very difficult to make a comparison between different systems studied

under different circumstances, this E°’ value lays in the range of values for E°’ reported

for native cyt  c immobilized on different SAMs on smooth gold electrodes (from -0.044

to -0.072 V)23-25.
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Figure 3.2.1: Cyclic voltammetry of cyt  c immobilized on roughened Ag electrode chemically

modified with PySH (Ag/PySH/cyt c). CVs were recorded in 10 mM phosphate buffer solution +

10 mM Na2SO4 (pH 7.0), at a scan rate of 0.05 Vs-1, for cyt  c immobilized on SAM of PySH

formed in 10 min (dark solid line) and in 1 min (dotted line). The lighter solid line shows the CV

response of the monolayer (without cyt c) formed in 10 min.
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This E°’ value is shifted by ca. 70 mV toward more negative potentials in comparison to

the  E°’ value of cyt  c in solution21,  26,  27. Such a negative shift – also reported for  acid

terminated SAMs – is in agreement with previous literature and can be attributed to the

preferential stabilization of ferricyt c which binds to anionic surfaces more strongly than

ferrocyt c23.  The ET process was found to be quasi-reversible and adsorption-controlled,

as shown in the inset of Figure 3.2.1, which reveals excellent linearity in peak current

versus scan rate v, as expected for an adsorption process.

The heterogeneous electron-transfer kinetic constant of the process ks was calculated as

previously described by Laviron28 (see supplementary information), assuming the charge

transfer coefficient �=0.5 and the number of electrons n=1 for a monoelectronic process

at T=20°C. The value of (18.9±1.13) s-1 determined for ks, is similar to that found for cyt

c immobilized on gold electrodes chemically modified with various promoters29, 30.

Exposure of the electrode to a more concentrated electrolyte solution (1 M KCl) caused

the desorption of the protein layer as indicated by the absence of the characteristic cyt c

peaks  in  the  corresponding  CV  curves,  suggesting  the  electrostatic  nature  of  the

interaction between the monolayer  of PySH and the protein. An analog loss of signal

under  the  same  experimental  conditions  was  observed  with  SERRS  experiments,

confirming  the  hypothesis  of  the  electrostatic  interaction  (spectra  not  shown).

Experiments were performed in view of recent results the results reported by Compton et

al. who found a reversible loss of the electrochemical signal of cyt c immobilized at gold

electrodes  chemically  modified  with  mixed  SAMs31.  According  to  their  study,  the

recovery  of  the  CV signal  due  to  the  protein occurs  within 31±14 minutes  after  the

exposure to the 1M NaCl solution. In our case, CV and square wave voltammetry (SWV)

measurements performed within 2 hours after  the exposure to the high ionic strength

solution did not show the recovering of the native signal of cyt  c (see supplementary

information). This result is not surprising if considering the different surface on which

the  protein  was  immobilized,  and  proves  how  the  nature  of  SAM  can  affect  the

adsorption and the electrochemical response of cyt c.

Immersion time is a crucial parameter to be considered in SAMs preparation. In the case

of monolayers formed by the adsorption of organosulfur compounds from solution (the

most  common protocol  to  prepare  SAMs on electrodes),  the typical  time required  to
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obtain monolayers  with high density structures  and few defects varies from 12 to 18

hours,  both  for  roughened  and  smooth  surfaces19.  In  our  case,  it  was  found that  an

immersion  time of  10  minutes  was  sufficient  to  obtain  reproducible  CV signals  and

SERR spectra of cyt  c  adsorbed on the PySH monolayer.  Moreover,  the signals were

stable for several days. Shorter immersion times (in the literature 1 minute was shown to

be sufficient to promote smooth silver electrodes for diffusion electrochemistry of cyt c21)

worsened the voltammetric response considerably (Figure 3.2.1, dotted curve), providing

a low signal-to-background ratio indicating poor adsorption of the protein, probably due

to incomplete formation of the SAM.

Effect of the roughened surface

The role played  by the topography of  gold  electrode surfaces  on the  electrochemical

response of cyt c has been investigated by Bowden and co-workers32. According to their

studies,  roughened  gold  surfaces  supporting  SAMs  with  defects  promote  a  strong

adsorption of cyt  c, whereas flat and uniform surfaces behave quite poorly as platforms

for cyt c adsorption and electrochemistry. To evaluate the effect of the surface roughness

of  silver  electrodes  on the  adsorption of  cyt  c,  a  comparison  was  made between the

behavior of smooth and roughened electrodes  chemically modified with PySH in two

different situations: under adsorption conditions (protein adsorbed on the electrodes and

measurements performed in buffer solution without cyt c) and under diffusion conditions

(protein present in solution).

In  the first  case,  it  was found that  the above experiment performed on smooth silver

electrodes  coated with PySH did not give  any voltammetric  signal  due to cyt  c  (see

supplementary information). This is remarkable, since on roughened electrodes under the

same experimental conditions good signals were obtained (see Figure 3.2.1), while  the

only difference for smooth and roughened electrodes is the topography of the surface.

In  the  second  case,  without  undergoing  the  protein  incubation,  a  roughened  silver

electrode chemically modified with PySH was put into a 0.5 mM solution of cyt c and the

voltammetric response was compared with that of a smooth silver electrode coated with

PySH  under  the  same  experimental  conditions.  As  expected,  the  ET  process  at  the

smooth electrode was found to be diffusion-controlled as already reported21,  while the
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roughened electrode gave CV signals essentially identical to the one showed in Figure

3.2.1 (and therefore omitted) with peak currents linearly dependent on the scan rate v as

predicted for an adsorption ET process (Figure 3.2.2). Both cases are in agreement with

Bowden’s observations, since the adsorption of the protein on PySH was observed only

for roughened silver electrodes. 

Even though the influence of the monolayer on the conformational equilibria of cyt  c is

not  clarified  yet,  and  a  systematic  study  of  the  properties  of  PySH  monolayer  on

roughened silver surfaces is far beyond the purpose of the present work, on the basis of

what we observed we can conclude that the adsorption of the protein on the promoter is

mainly  ascribable  to  the  effect  of  the  roughening.  In  conclusion,  roughened  silver

surfaces  -  often  neglected  by  electrochemists  involved  in  protein  studies  -  present  a

considerable advantage over the more widely studies smooth ones, to promote a stronger

adsorption of the protein on the monolayer and to work in combination with SERRS.
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Figure 3.2.2: Plot of ip vs v for roughened (�) and smooth (�) Ag electrode chemically modified

with PySH. CVs were recorded for 0.5 mM cyt c in 10 mM phosphate buffer solution (pH 7.00)

with  0.05  M  NaClO4 as  supporting  electrolyte.  Linear  behavior  is  observed  only  for  the

roughened electrode.
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SERS spectra of the PySH SAM

In  Figure 3.2.3 the Surface Enhanced Raman Scattering (SERS) spectra of the PySH

SAM on silver electrode at two different potentials are shown. Since PySH does not have

an electronic  transition at  413.1 nm, only surface  enhancement  can  be obtained.  The

frequencies and relative intensities observed are consistent with data previously reported

for PySH on colloidal silver33-35, silver electrodes36 and other silver surfaces34. Following

the  generally  accepted  interpretation  of  these  spectra,  the  data  indicate  that  PySH is

bound  to  the  silver  surface  through  the  sulfur  atom,  with  the  pyridine  ring  plane

perpendicular to the surface (for the assignment of the vibrational modes and intensity

pattern analysis, see earlier studies33, 34 and references therein).
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Figure 3.2.3:  SERS spectra of 4-PySH on Ag electrode at -0.07 (lower spectrum) and -0.02V

(upper spectrum) vs. SCE. The inset shows details of the 1500-1700cm-1 region. �ex  = 413.1nm;

power 2.5 mW at the sample; accumulation time 60s.

As can be inferred from the similarity of the spectra in Figure 3.2.3, varying the potential

has  little  influence on the structure  and orientation of  the  PySH molecule.  The main

spectral  features  like  frequencies  and  relative  intensities  stay roughly  the  same  in  a
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potential  range  broad  enough  (see  supplementary  information)  to  study  cyt  c,  which

makes PySH a very stable promoter. Only at closer inspection (see inset in Figure 3.2.3)

some minor changes can be detected. The intensity ratio of the bands at 1616cm-1 and

1580cm-1 is slightly changed upon variation of the potential; the band at 1580cm-1 grows

upon raising the potential from -0.07V to -0.02V. These two bands have been assigned to

a  stretching  vibration  of  a  C-C bond (  �(CC)  ),  and  their  ratio  (together  with  other

spectral features) is very sensitive to the protonation state of the N of PySH, with a higher

I1580/I1616 ratio at high pHs34. Therefore the increase in the I1580/I1616 ratio going towards

more positive potentials could be interpreted as a decrease in percentage of protonated

PySH, which is also consistent with the slight shift of the band at 1008cm-1 (at -0.07V) to

1010cm-1 (at -0.02V)34.

SERRS spectra of cyt c on PySH

When cyt c is adsorbed on the silver electrode coated with PySH, intense SERRS spectra

can be observed (Figures 3.2.4b, 3.2.5b) when using an excitation wavelength (413.1 nm)

in resonance with the major  absorption band of  cyt  c (the so-called Soret  band).  As

expected under resonance conditions, the heme signal is far more intense than the one

due to the PySH layer. 

The frequencies of the vibrational modes of cyt c above 1300 cm-1 are correlated with the

oxidation-, spin-, and coordination-state of the iron atom and are therefore referred to as

‘marker bands’ for such properties37. In particular, the oxidation marker band (�4) falls in

the region 1353-1376 cm-1 and the spin marker band  �3 in the region 1470-1506 cm-1.

Since the �4 and �3 bands are well separated from other modes, they are usually regarded

as the most reliable indicators of the heme oxidation and spin state. It should be noted

that around that region (1300-1550 cm-1) there are no SERS bands due to PySH (Figures

3.2.4a, 3.2.5a), whose bands are at higher frequencies (1580-1615 cm-1), and these do not

interfere with the observation of the �4 and �3 marker bands of cyt c. Some PySH modes

overlap  with  the  region  where  other  spin  marker  bands  (�2 and  �10)  are  expected.

However, the bands due to cyt c only can be easily obtained by subtracting the spectra of

PySH (Figures 3.2.4a, 3.2.5a) from the spectra of adsorbed cyt c (Figures 3.2.4b, 3.2.5b).
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Figure 3.2.4: SERS and SERRS spectra of 4-PySH on Ag electrode (a) and cyt  c (b) on Ag

electrode coated with 4-PySH at -0.25V, together with the difference spectrum (b)-(a). Resonance

Raman  spectrum  of  reduced  cyt  c (1mM)  in  solution  (c)  is  shown  for  comparison.  For

SERS/SERRS spectra: �ex = 413.1nm; power 2.5 mW at the sample; accumulation time 60s. For

RR: �ex = 413.1nm; power 7.5 mW at the sample; accumulation time 300s.

The spectra obtained after subtraction at -0.25 V and +0.15 V are very similar to the

resonance Raman spectra of reduced (Figure 3.2.4c) and oxidized (Figure 3.2.5c) cyt c in

solution, respectively. Frequencies and relative intensities reported in Table 1 are closely

matching the characteristic spectral features for cyt  c in its native 6cLS state denoted as

B138, and it can therefore be deduced that cyt  c is in its native state when adsorbed on

PySH. These results are consistent with those of Hobara et al.36 in a similar study for cyt

c adsorbed on silver electrodes coated with 4,4’-dipyridyl disulfide. 

Furthermore, it should be noted that the spectra reported by Murgida  et al. of cyt  c on

pyridinyl-terminated SAMs are very different from our cyt  c spectra on PySH39.  This
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suggests that the monolayer structure, involving long chains linking the pyridinyl moiety

to the electrode, has a role in causing the appearance of the penta-coordinated high-spin

(5cHS) species which is not observed on PySH. Moreover, in that case the SAM was

shown to have a role in the replacement of the native Met-80 ligand to Fe with by a

pyridinyl residue of the SAM. 
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Figure 3.2.5: SERS and SERRS spectra of 4-PySH on Ag electrode (a) and cyt  c (b) on Ag

electrode  coated  with  4-PySH  at  +0.15V,  together  with  the  difference  spectrum  (b)-(a).

Resonance Raman spectrum of oxidized cyt c (1mM) in solution (c) is shown for comparison. For

SERS/SERRS spectra: �ex = 413.1nm; power 2.5 mW at the sample; accumulation time 60s. For

RR: �ex = 413.1nm; power 7.5 mW at the sample; accumulation time 300s.

In our case, the value found of E°’ for cyt c immobilized on PySH is very different from

the  values  reported  for  the  5cHS  and  the  six-coordinated  low  spin  (6cLS)  species

observed  on  the  pyridinyl-terminated  SAMs  (-1.8  V  and  -0.24  V  vs  Ag/AgCl

respectively)39.  Therefore  our  CV data  are  in  agreement  with  the  SERR spectra  and

confirm the absence of 5cHS species. They also exclude any direct interaction between

the heme group and the PySH.
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Nernstian behavior of cyt c on PySH-coated silver electrode

Since B1 is the only species present, SERRS spectra could be successfully fitted using

resonance Raman (RR) spectra of fully reduced and fully oxidized native cyt c in solution

as  spectral  components  (Figure  3.2.6,  for  details  see  supplementary  information),

similarly  to  the  analysis  performed  by  Hildebrandt  and  co-workers11,  40.  The  relative

contribution of the reduced and the oxidized cyt  c to the spectra is proportional to the

relative  concentration  of  the  two  species,  so  that  the  ratio  between  the  molar

concentrations [cyt2+]/[cyt3+] can be deduced for SERRS spectra at different potentials,

taking into account the different cross sections for cyt2+ and cyt3+. The logarithm of this

ratio plotted against the applied potential according to the Nernst equation:
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nF cyt

provides a nearly ideal behavior (n~1) (see Figure 3.2.6), with a formal potential  E°’=

-0.071 V, close to the value of –0.061 V as derived by CV on the same system. The

difference  of  10mV  between  the  two  techniques  is  not  surprising,  considering  the

diversity  of  the  physical  processes  on  which  SERRS  and  CV  rely.  Moreover,  the

temperature will  not be fully identical:  non-radiative vibrational  relaxation is  a  major

pathway for cytochromes having a Soret band around 413.1 nm and absorbing strongly

the laser  radiation, and minor local  increase in temperature due to illumination could

explain a decrease of 10 mV. This seems reasonable since the E°’ of cyt c was found to

shift to more negative potentials at temperature increase27.

Effect of cyt c on the structure and orientation of PySH on silver electrode

To investigate whether the adsorption of cyt  c has any influence on the structure of the

PySH layer, SERS spectra of PySH in the presence and absence of cyt c were recorded,

using an excitation wavelength of 514.5 nm, off-resonance with the Soret band of the

cytochrome. Under these conditions, the signal to the PySH is stronger than that of the

protein,  since  the  resonance  effect  of  the  protein  is  weak  compared  to  the  surface-

enhancement effect, and PySH is closer to the surface.

51



Chapter 3 – SERRS and CV

1350 1400 1450 1500

 cyt c
2+

 cyt c
3+

-0.8 -0.6 -0.4 -0.2 0.0
-0.10
-0.09
-0.08
-0.07
-0.06
-0.05
-0.04
-0.03
-0.02
-0.01
0.00
0.01

- 0.02 V

In
te

n
s
it
y
 (

a
.u

.)

Raman shift (cm
-1
)

- 0.07 V

E
 (

V
 v

s
S

C
E

)

-0.8 -0.6 -0.4 -0.2 0.0

-80

-60

-40

-20

0

�
�

�



� ��  � � � � �
2+ 3+

10Log cyt cyt c c

E
(m

V
) 

v
s
S

C
E

Figure 3.2.6: SERRS spectra of cyt  c on Ag electrode coated with 4-PySH at -0.02V (lower

spectrum)  and  -0.07V  (upper  spectrum).  �ex  =  413.1nm;  power  2.5  mW  at  the  sample;

accumulation time 60s. SERRS spectra are fitted with RR spectra of fully reduced (dashed line)

and fully oxidized (dotted line) cyt  c (see experimental section). In the upper, right part of the

figure the Nernstian plot for cyt  c on 4-PySH-coated Ag electrode is shown as derived from

SERRS data. 

Spectra  of  the  PySH  with  (upper  spectrum)  and  without  (lower  spectrum)  cyt  c are

depicted in Figure 3.2.7. The position and relative intensities of the bands remain roughly

the same upon adsorption of cyt c, with the exception of small downshifts of 4 cm-1 and 2

cm-1 of the bands at 1010 cm-1 and at 1096 cm-1 respectively. These shifts are not due to a

spectral overlap with cyt  c bands, since in that region no bands are present (for a direct

comparison, see RR spectrum of oxidized cyt c in Figure 3.2.7), and therefore are caused

by changes  in the PySH induced by protein adsorption.  However,  the shifts  are  very
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small compared with those observed for the variation of a few pH units34, 35, and from the

overall similarity with the PySH spectrum in absence of protein it should be concluded

that only minor changes are taking place, and the orientation and structure of the PySH

molecules remains essentially the same upon cyt c absorption. 

The two weak bands appearing in the spectrum of PySH in presence of cyt c at 1126 cm-1

and 1171 cm-1 are  vibrations  of  the  heme,  and  not  of  PySH,  as  can  be  deduced  by

comparison with the RR spectrum.
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Figure 3.2.7: SERS spectra of 4-PySH on Ag electrode at 0.0V (vs SCE), without (a) and with

(b) cyt c adsorbed. �ex = 514.5nm; power 4 mW at the sample; accumulation 100s. Corresponding

region of RR spectrum of the oxidized cyt c (c) is shown for comparison (�ex = 413.1nm)

Conclusions 

Roughened (SERRS-active) silver electrodes chemically modified with PySH were found

suitable to perform CV and SERRS experiments of adsorbed cyt c on the same electrode

sample. The system is easy and quick to prepare, requiring only 10 minutes of immersion

time, which is very fast  compared to the 18-24 hours reported for other organosulfur

promoters, and the electrodes showed long time durability and reproducibility.  SERRS

data, in agreement with the CV measurements,  confirmed that cyt c adsorbed on SAMs
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of PySH is  exclusively in the native conformer  B1 (6cLS)  in the whole investigated

potential  window,  which  makes  this  promoter  comparable  to  and  competitive  in

comparison with other SAMs like 11-mercapto-1-undecanoic acid (MUA). Furthermore,

our results confirm the thesis of Bowden and co-workers about the role played by the

topography of electrode surfaces on the voltammentric behavior of cyt  c, showing that

the roughened surfaces strongly promote the adsorption of the protein, much better than

smooth ones.
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Table 1. Experimental SERR frequencies for 4-mercaptopyridine and for cyt  ca on a

Ag electrode coated with 4-mercaptopyridine

modeb cyt c 2+ cyt c 3+ modec PySH
�4 1361 (1.0)d 1372 (1.0)

�3 1491 (0.10) 1502 (0.25)

�2 1589 (0.21) 1584 (0.38) 8b2 �CC 1580

�10 1620 (0.08) 1635 (0.20) 8a1 �CC 1615
a  frequencies are taken from cyt  c spectra at -0.25V (cyt  c2+, fully reduced) and at

+0.15V (cyt c3+, fully oxidized) obtained by subtracting the spectra of PySH acquired

at the same potentials. 

b vibrational modes for cyt c are assigned according to refs. 36-39

c vibrational modes for PySH are assigned according to refs. 32-34

d  numbers in italic reported in parentheses after the frequencies are the intensities

relative to �4
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Figure S3.2.1: Description of the ORC procedure.  The ORC procedure adopted to

roughen the silver electrode consists of a pre-treatment (5 min at -1 V) followed by four

ORC cycles (30 s at 0.4 V and 30 s at -0.4 V for each cycle). At the applied voltage of 0.4

V the silver is oxidized to Ag+ and a layer of AgCl is formed on the electrode (Ag + Cl-

 AgCl + 1e). During the second half of the ORC cycle, at the applied voltage of -0.4 V,

the layer  of AgCl is reduced to Ag (AgCl + 1e  Ag + Cl-).  Despite this simplified

description of the reactions occurring during one ORC cycle, the reaction mechanism is

more  complicated  and  it  involves  several  chemical  species.  For  a  more  detailed

description of this reaction see Tuschel  et al. (Langmuir 1986, 380-388) and references

therein. Both the I vs t plot and the E vs t plot are shown in the darkest and the lighter

line respectively.
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Figure  S3.2.2: Laviron plot  for  cyt  c immobilized  on  roughened  Ag  electrode

chemically modified with PySH (Ag/PySH/cyt  c). According to Laviron, the electron

transfer  rate  constant  was  calculated  from  this  plot  assuming  the  charge  transfer

coefficient  �=0,5  and  the  number  of  electrons  n=1  for  a  monoelectronic  process  at

T=20°C.
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Fig  S3.2.3:  Effect  of  the  high  ionic  strength  on  the  voltammetric  response  of

Ag/PySH/cyt  c. On the left: CV signals recorded in 10 mM phosphate buffer within 1

hour after 10 s exposure to NaCl 1M + 10 mM phosphate buffer solution. Signals were

recorded at 0.1 Vs-1 immediately after immersion (light line) and 1 hour after immersion

(darkest line). The dotted line is the pre-exposure signal, shown for comparison. 
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On the right: SVW signals recorded under the same experimental conditions as the CV

profiles. Signals were recorded immediately after immersion (light line) and 1 hour after

immersion  (darkest  line).  The  dotted  line  is  the  pre-exposure  signal,  shown  for

comparison. SWV were performed at 8 Hz.
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Fig. S3.2.4: Effect of the surface roughening on the CV response of cyt  c  at PySH

coated electrodes. The CV signal of cyt  c  immobilized on a smooth silver electrode

chemislly modified with PySH (dark line)  is shown in comparison with that  of cyt  c

immobilized under  the same experimental  conditions on a roughened silver  electrode

(light line). The CV signals were recorded at 0.1 Vs-1 in 10mM phosphate.
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Figure S3.2.5. SERS spectra of PySH on

Ag  electrode  at  various  potentials  (vs

SCE). In �ex = 413.1nm; power 2.5 mW at

the sample; accumulation 60s.

Figure  S3.2.6.  SERRS  spectra

(1300-1550cm-1,  �3  and  �4  modes region)

of cytochrome c on Ag electrodes coated

with PySH at various potentials (vs SCE).

�ex  =  413.1nm;  power  2.5  mW  at  the

sample; accumulation 60s.

S3.2.7: Fitting method

 Raman intensities  Ii are proportional to the concentration  ci of the scattering species  i

according to

i i iI k c�     (1)

where ki is a proportionality factor.

   According  to  the experimental  data presented  in  the paper,  cyt  c on PySH-coated

electrodes, in the range of potentials used, is present only in one conformational state (so

called B1) having two oxidation states. The total intensity I in the SERRS spectra of cyt c
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at a given potential E is therefore the sum of the intensities due to the reduced cyt c (Icyt2+)

and the oxidized cyt c (Icyt3+)

2 3
SERRS SERRS SERRS

tot cyt cytI I I� �� �      (2)

where the SERRS intensities are proportional to the concentration of cyt  c adsorbed on

the electrode according to equation (1):

2 2 2

3 3 3

SERRS SERRS SERRS

cyt cyt cyt

SERRS SERRS SERRS

cyt cyt cyt

I k c

I k c

� � �

� � �

�

�
      (3)

  

SERRS spectra of cyt  c were fitted using a linear fit procedure written by Jaap Bulthuis

(Faculty  Exact  Sciences,  Vrije  Universiteit  Amsterdam).  The  program  fits  the

experimental  SERRS  spectrum  with  a  linear  combination  of  two  resonance  Raman

spectra of oxidized and reduced cyt c, by varying two parameters �ox and �red which are

the coefficient by which the spectra of the pure oxidation states are multiplied:

2 3
SERRS RR RR

tot red cyt ox cytI I I� �� �� �      (4)

Considering equation (2), it is reasonable to assume that  

2 2

3 3

SERRS RR

cyt red cyt

SERRS RR

cyt ox cyt

I I

I I

�

�

� �

� �

�

�
      (5)

 The spectra of the pure reduced and oxidized cyt c were resonance Raman (RR) spectra

obtained by adding few crystals of sodium dithionite (for the reduced cyt c) or K3Fe(CN)6

(for the oxidized cyt  c) to cyt  c buffered solutions (1 mL) obtained as aliquots from a

stock  solution  of  cyt  c (10-5 M).  By taking  care  of  applying  the  same  experimental

conditions (laser illumination power, focusing, acquisition time) to cyt c solutions having
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exactly  the  same  concentrations,  the  ratio  between  the  RR  intensities  according  to

equation (1) is equal to the ratio between the proportionality factors:

2 2 2

3 3 3

RR RR RR

cyt cyt cyt

RR RR RR

cyt cyt cyt

I k c

I k c

� � �

� � �

�

�
       (6)

2 2

2 3

3 3

RR

cyt cytRR RR

cyt cyt RR

cyt cyt

I k
c c

I k

� �
� �

� �

� � �      (7)

The ratio of SERRS intensities in equation (5) is

2 2

3 3

SERRS RR

cyt red cyt

SERRS RR

cyt ox cyt

I I

I I

�

�
� �

� �

�    (8)

Substituting with equations (3) and (6) the following expression can be written

2 2 2 2

3 3 3 3

SERRS SERRS RR RR

cyt cyt red cyt cyt

SERRS SERRS RR RR

cyt cyt ox cyt cyt

k c k c

k c k c

�

�
� � � �

� � � �

�    (9)

Considering  expression  (7)  and  assuming  that  the  ratio  between  the  proportionality

factors of reduced and oxidized cyt  c are the same in SERRS and RR spectra (which is

reasonable, according to experimental observations)

2 2

3 3

SERRS RR

cyt cyt

SERRS RR

cyt cyt

k k

k k

� �

� �

�     (10)

The expression (8) can be simplified to

2

3

SERRS

cyt red

SERRS

cyt ox

c

c

�
�

�

�

�    (11)
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so that the ratio between the reduced and oxidized cyt  c concentrations can be derived

from the parameters of the fitted SERRS spectra and put into Nernst equation.

Appendix 3.2.1

The effect of protein immobilization upon the formal reduction potential of cyt c

In our experiments on cyt c immobilized on roughened Ag electrodes, PySH was chosen

as the promoter because this molecule has been proven to promote both diffusion and

adsorption electrochemistry. Our results show in fact that also smooth surfaces (both Au

and Ag electrodes were tested) if chemically modified with PySH, do promote diffusion

electrochemistry  (see  Chapter  4.1),  while  protein  adsorption  was  observed  only  at

roughened surfacesb. The shift of  E°’ between the diffusing and the adsorbed protein is

70 mV. Anyway, since the promoter is the same in both cases, the distance of the protein

from the electrode under diffusion and under adsorption conditions is supposed to be

identicalc. Therefore we conclude that in the case of PySH the distance does not play a

role in the observed shift of E°’ values. 

If  this  is  correct,  the  interpretation  of  the  different  E°’ values  as  an  increase  in  the

stability  of  the oxidized  form over  the reduced  one  is  in  line  with our  experimental

results,  while  the  Smith  and  White  theory does  not  explain  these  data.  It  should be

noticed that latter theory is based on a very simple model developed for smooth surfaces

and it might suffer intrinsic limitations when applied to roughened surfaces. Nonetheless

Hildebrandt and co-workers applied this theory also in the case of roughened surfaces

and  found  excellent  agreement  between  the  calculated  and  the  experimental  data.

Therefore  detailed systematic investigations would be needed to explore the limits of

applicability of the Smith and White theory – especially in the case of complex systems

like those dealt with in this thesis (see Chapters 3 and 5.2). In this chapter we simply

b  A similar comparison between diffusing and adsorbed protein cannot be done for carboxyl-
terminated  SAMs  because  such  SAMs  do  not  promote  diffusion  electrochemistry,  but  only
adsorption.

c Similar E°’ shifts were observed even in the case of cyt c immobilized on Au/PySH electrodes.
This indicates that  the effect  played by the metal  and the topography of the electrode is not
relevant for the interpretation of the phenomenon.
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report a case where the experimental data cannot be explained by the Smith and White

theory,  and  confide  that  the  development  of  future  theoretical  models  –  taking  into

account the complexity of the experimental systems together with a deeper insight into

the properties of cyt c – would definitely make possible to explain the observed potential

shifts unequivocally.
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3.3.  pH-induced changes in adsorbed cytochrome c. Voltammetric and

surface-enhanced  resonance  Raman  (SERRS)  characterization

performed simultaneously at chemically modified silver electrodesa

Abstract

The  influence  of  pH  on  the  redox  properties  of  cytochrome  c (cyt  c)  adsorbed  on

roughened silver electrodes chemically modified with a self assembled monolayer (SAM)

of 11-mercapto-1-undecanoic acid (MUA) was studied with voltammetric techniques in

combination  with  surface-enhanced  resonance  Raman  scattering  (SERRS).  The

experiments  were  performed  simultaneously  on  the  same  electrode  sample  in  a

homemade spectroelectrochemical cell suitable for such applications. At pH 7.0 cyt c was

found in its native state; at higher pHs (raging from 8.0 to 9.0) the redox properties of the

adsorbed  protein  varied  considerably,  featuring  a  redox  behaviour  which  is  not

resembling the one reported for the alkaline transition. Our results instead indicate the

presence of an electrochemically inactive 6cLS species immobilized on MUA at pH 9.0.

The pH-induced conformational changes observed for cyt c immobilized on the SAM of

MUA were found to be repeatable and chemically reversible, meaning that the recovering

of the electrochemical signal due to the native protein occurred instantaneously (on the

second time scale) when the electrode was switched back to pH 7.0.  The pH-induced

changes  observed  were  attributed  to  a  conformational  change  involving  a  heme  re-

orientation with respect to the electrode surface.

Introduction

Protein-surface  interactions  are  a  crucial  topic  in  fundamental  research  and

technological  applications,  involving  several  fields  of  interest  such  as  protein

electrochemistry1, biosensors2, biocatalysis3 and separation sciences4. 

Concerning  electrochemistry,  the  most  studied  protein  immobilized  on  various

electrodes, either bare or chemically modified with self-assembled monolayers (SAMs),

a Adapted from Millo, D.; Ranieri, A.; Bonifacio, A.;.Borsari, M.; Gooijer, C.; van der Zwan, G. 
Langmuir 2007, 23, 9898-9904
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is  cytochrome  c (cyt  c)5-16,  a  single-heme protein playing  a central  role  in  biological

electron-transport chain and in programmed cell death (apoptosis)17, 18. In both cases cyt c

performs its functions via direct interactions with other proteins: in the electron-transport

chain it shuttles electrons from the cytochrome bc1 complex to the cytochrome oxidase

complex19; in the early stages of apoptosis it interacts with apoptotic protease-activating

factor 1 (APAF1), triggering a series of biochemical reactions resulting in cell death20.

Electrodes  chemically  modified  with  diverse  SAMs on  which  cyt  c is  adsorbed  can

profitably be used for mimic purposes, providing a useful model to study protein-surface

interactions by electrochemistry. 

Several factors may influence the behavior of cyt  c, such as the characteristics of the

medium (both its chemical composition10,  21 and its inherent dielectric properties22), and

those of the SAM (the topology of the surface on which the SAM is formed8, the chain

length13 and the terminal functional group23). In particular, the redox properties of cyt  c

are outstandingly pH-sensitive. In fact, acid-base equilibria involving ionizable groups

such  as  the  axial  ligands  influence  the  electronic  properties  of  the  heme,  leading  to

significant variations in the formal reduction potential (E°’) of the protein. In particular,

when  solution cyt  c is  exposed  to  high  pH,  the  protein  undergoes  a  conformational

change known as alkaline transition that involves the replacement of the axial ligand Met

80 with a Lys residue (namely Lys 73 and Lys 79). This phenomenon, reported for the

first time in 1941 by Theorell and Akesson24, has been studied for over six decades, and

only  in  recent  years  the  axial  ligands  involved  in  the  alkaline  transition  were

unambiguously identified25, although the underlying mechanism of the whole process is

still unclear.  Despite the fact  that protein-surface interactions are nowadays a field of

intensive  research,  up  to  now  the  alkaline  conformers  were  investigated  mostly  in

solution and, surprisingly, there are only few studies reporting analogue experiments for

cyt c adsorbed on SAM-coated surfaces7, 26. 

In  this  paper  voltammetric  and  Raman  spectroscopic  techniques  were  used  in

combination on the same sample. This approach was shown to be fruitful in earlier heme

protein study27: in fact, cyclic voltammetry (CV) appears to be a very sensitive technique

for determining the conformational changes of the protein during the electron transfer

(ET)  process,  but  unfortunately  the  E°’ values  as  such  do  not  provide  structural
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information  about  the  changes  itself.  In  the  case  of  heme  proteins  immobilized  on

roughened silver electrodes, such information can be provided by SERRS. This special

Raman spectroscopy technique selectively yields the vibrational spectrum of the active

site of the protein16, 28.

Although in the present study the pH-dependence of the redox properties of cyt  c is

discussed on a fundamental level, the possibility to exploit these results to build novel

biosensors is worth to be considered.

Experimental Section

Bovine heart cytochrome  c (cyt  c) purchased from Sigma-Aldrich (St. Louis,  USA)

was used without further purification. Sodium phosphate buffer solutions (NPB, pH 7.0,

10  mM)  were  prepared  from  Na2HPO4 and  NaH2PO4 (J.T.Baker,  Deventer,  The

Netherlands). Sodium borate buffer solutions (NBB, pH 9.0, 10 mM) were prepared from

H3BO3 and Na2B4O7·(10H2O) (J.T.Baker, Deventer, The Netherlands). Na2SO4, KCl and

11-mercapto-1-undecanoic acid (MUA)  were purchased from Sigma-Aldrich. Absolute

ethanol was purchased from J.T.Baker. Purified Milli-Q water (Millipore, Massachusetts,

USA) was used for all preparations and procedures. All chemicals were of reagent grade.

Electrochemical instrumentation

Electrochemical and SERRS measurements were performed using the linearly moving

low-volume spectroelectrochemical cell previously described29.  A polycrystalline silver

disk  electrode  (IJ  Cambria  Scientific,  Carms,  UK)  of  2  mm  diameter  (geometric

area=0.0314 cm2) was used as working electrode (WE); a platinum ring and a saturated

calomel electrode (AMEL Instruments, Milano, Italy),  were used as counter (CE) and

reference electrode (RE), respectively.  The RE was kept in a glass tube and separated

from the  working  solution by a  peek  porous frit.  The  RE and  the  cell  were  kept  at

constant room temperature (20±0.1 °C) during all the experiments. The three electrodes

system  was  controlled  with  a  �Autolab  potentiostat  (Eco  Chemie,  Utrech,  The

Netherlands). All potentials were calibrated against the methylviologen (MV) MV2+/MV+

couple and  referred  versus  a  saturated  calomel  electrode  (SCE).  The electrochemical

measurements were repeated several times and the potentials were found reproducible

within ±2 mV.
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To minimize the presence of oxygen in the cell environment, the working solutions at

different pHs were previously purged with nitrogen and then flowed into the cell  via

oxygen-proof  PEEK tubing (VICI  AG International,  Schenkon,  Switzerland,  0.75mm

diameter each) by using a liquid-chromatography (LC) pump (Gilson Inc.,  Middleton,

USA). The main advantage of this configuration is that the working solution can be easily

renewed by flowing without the disassembling the cell itself. It should be noted that small

internal  diameter  of the LC tubing (0.75mm) and the low internal  volume of the cell

(~50�L) allows the use of relatively small amounts of solutions. 

Raman instrumentation

Spectroscopic measurements were conducted using a home-built Raman microscope in

a backscattering configuration: a Zeiss microscope (D-7082 with a 40x objective, NA

0.60,  working  distance  2 mm)  was  coupled to  a  Andor  Shamrock  SR-303i-A single

monochromator  (Andor  Technologies  DV-420OE,  Belfast,  N.Ireland)  with  mounted

2400 g/mm holographic  grating and a Andor Newton DU970N CCD camera  (Andor

Technologies DV-420OE, Belfast, N.Ireland). The 413.1 nm line of a continuous wave

Kr  ion  laser  (Coherent  Innova  300c,  California,  USA)  was  used  for  excitation.  The

Rayleigh scattered light was removed using 3rd Millenium edge long pass filter. A laser

power of 5 mW at the sample and an accumulation time of 60s was used throughout the

experiments.  The  monochromator  slit  was  set  to  120  mm,  yielding  a  resolution  of

approximately 4 cm-1, with an increment per data point of approximately 0.8 cm-1.

SERRS spectra were fitted with resonance Raman (RR) spectra of fully oxidized and

reduced cyt c as previously described27.

Treatment of the electrode

Silver working electrodes were polished with water on aluminum oxide lapping film

sheets (261X and 262X, 3MTH, USA) from 5 to 1 micron grain size until a mirror-like

appearance of the surfaces was obtained, as previously described27. For the CV and the

SERRS experiments, immediately after polishing, the electrodes were roughened ex situ

with an oxidation reduction cycle (ORC) procedure elsewhere described27.  The ORCs

(ca. 0.67 C/cm2 of anodic charge passed per step) were performed in an ordinary glass

electrochemical  cell (5mL) filled with a 0.1M KCl solution using the three electrodes

system described above. 
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After the ORC, the roughened WE was first rinsed with water and then with ethanol.

Subsequently it was dried with a nitrogen flow and finally immersed in a MUA ethanolic

solution (2mM) for approximately 24 hours. After rinsing the electrodes with abundant

water,  cyt  c was  adsorbed  by exposure  during  1 hour  at  4  °C to  a  30  �M solution

containing 10 mM NPB (pH 7.0). 

Results – Voltammetry 

The pH-dependence of the voltammetric response of cyt c immobilized on the SAMs of

MUA  was  studied  via  CV  and  square  wave  voltammetry  (SWV).  Two  different

experimental conditions are considered consecutively: 

1) At pH 7.0, two voltammetric peaks were observed in the CV plot (Figure 3.3.1,

darkest  line),  both  ascribable  to  the  monoelectronic  reduction  and  oxidation  of  the

FeIII/FeII  redox couple  of  native cyt  c.  The  associated  formal  reduction  potential  E

°’=-0.043 V was found to be constant over the investigated scan rate range; additionally

the anodic and cathodic peak currents were identical and proportional to the scan rate v,

as  expected  for  a  quasi-reversible  adsorption  electrochemical  process  (see  supporting

information). The heterogeneous electron-transfer kinetic constant of the process ks was

calculated as described by Laviron30 (see supporting information), assuming the charge

transfer coefficient �=0.5 and the number of electrons n=1 for a monoelectronic process

at  T=20°C.  The obtained value of  29 s-1 lays  in  the range of  values found for  cyt  c

immobilized on gold electrodes chemically modified with various promoters31, 32.

Upon recording the CV response immediately after switching the pH from 7.0 to 9.0, a

different profile is observed (Figure 3.3.1 lighter line): the native peaks detected at pH

7.0 are absent and two ill-defined peaks are present, even if it is not possible to detect

them rigorously  (especially  the  anodic  one).  The  assignment  of  these  peaks  will  be

discussed  in  section  4.2  (Figure  3.3.8).  CV  scans  performed  in  a  broader  potential

window (from +0.16 V to -0.85 V) did not show any voltammetric peak diverse from

those already described, and were omitted for clarity. 
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Figure  3.3.1.  Cyclic  voltammograms  of  Ag/MUA/cyt  c at  pH 7.0  (dark  line)  are  shown  in

comparison with the CV plot of the same electrode recorded immediately after immersion in pH

9.0  solution  (light  line).  The  recovering  of  the  CV  signal  at  pH 7.0  (dotted  line)  occurred

instantaneously after immersion in the solution at pH 7.0. CVs were recorded in 10 mM NPB +

20 mM Na2SO4 (pH 7.0) and 10 mM NBB + 20 mM Na2SO4 (pH 9.0). Scan rate was 0.1 Vs-1.

Upon returning to pH 7.0 a CV profile almost identical to that previously observed at

pH 7.0 is obtained, with two peaks occurring at the same potentials as before (Figure

3.3.1 dotted line) and only slightly diminished current intensities. This recovering of the

native signal at pH 7.0 (if measurements were performed after short-time exposure to pH

9.0 solution) was further confirmed via SWV experiments (Figure 3.3.2). Also in this

case the scans at more negative potentials (from +0.16 V to -0.85 V) are featureless and

therefore not shown.
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Figure 3.3.2. Square wave voltammograms of Ag/MUA/cyt c recorded at pH 7.0 (dark line), are

shown in comparison with those recorded  immediately after  immersion in solution at  pH 9.0

(light  line),  and  after  switching  back  the  pH  from  9.0  to  7.0  (the  dotted  line  shows  the

instantaneous recovering of the initial signal).  CVs were recorded in 10 mM NPB + 20 mM

Na2SO4 (pH 7.0) and 10 mM NBB + 20 mM Na2SO4 (pH 9.0). Scan rate was 0.1 Vs-1.

The changes observed upon switching the pH from 7.0 to 9.0 and vice versa were

found to be instantaneous (on the seconds time scale) and reversible: repeating the pH

change several times on the same electrode sample always gave rise to identical results.

2) In the CV signals recorded at pH 9.0  after long time immersion of the electrode

sample, therefore being exposed for a long time (from 3 to 36 hours) to strongly alkaline

conditions, two peaks were detected with a midpoint potential (E1/2)  of -0.32 V (Figure

3.3.3). Their intensities continuously increased in time and reached a maximum after 36

hours of immersion at pH 9.0. The assignment of the peaks was done comparing the CV

signal of this electrode (Ag/MUA/cyt  c) with that of the background (Ag/MUA) under

the same experimental conditions, i.e. both electrodes were kept for 36 hours at pH 9.0.

Rather unexpected also in absence of cyt  c two voltammetric peaks centered at -0.32 V

were obtained, identical to those observed for Ag/MUA/cyt c after 36 hours of immersion

in buffer solution at pH 9.0. However, in the case of Ag/MUA/cyt c electrodes subjected
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for long time to high pH, the recovery of the native signal  of cyt  c at  pH 7.0 is not

observed.
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Figure 3.3.3. Cyclic voltammograms of Ag/MUA/cyt c at pH 9.0 after 3 hours of immersion in

such high pH solution (dark line) are compared with the CV signal of Ag/MUA without cyt c (the

background) under the same experimental conditions. CVs were recorded in 10 mM NBB + 20

mM Na2SO4 (pH 9.0) at a scan rate of 0.1 Vs-1.

Voltammetric experiments performed under conditions intermediate between 1) and 2)

are reported in Figure 3.3.4. The signal recorded at pH 7.0 after 1 hour of immersion of

Ag/MUA/cyt  c in  the  working  solution  at  pH  9.0  shows  features  describable  as  a

combination  of  those  reported  for  conditions  1)  and  2).  In  particular  the  diminished

current  intensity  of  the native  signal  and the appearance  of  a  peak at  more  negative

potentials  should be  noted.  The relative  intensities  of  these  two peaks  are  pH-  ionic

strength- and time-dependent (see supporting information). 

All the experiments were repeated incubating the protein from a 10 mM buffer solution

at pH 9.0 and no difference was observed with respect of the trends above described for

cyt c adsorbed at pH 7.0. Analogue results were obtained performing the experiments in

aqueous solutions adjusting the pH with diluted solutions of HCl or NaOH even though
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this method was abandoned because it did not provide a satisfactory control of the pH on

the minutes-time scale required for the potential-controlled SERRS experiments.
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Figure 3.3.4. The dark line shows the SWV plot of Ag/MUA/cyt  c at pH 7.0 after 1 hour of

immersion  in  high  pH solution  (pH = 9.0):  wave  I  is  due  to  the native  protein,  wave  II  is

ascribable to the SAM. The SWV plot of Ag/MUA/cyt  c at pH 7.0 recorded  immediately after

protein incubation is shown for comparison. Wave II increases in time to the detriment of wave I.

Results – SERRS

SERRS spectra of cyt c on MUA-coated silver electrodes at -0.25 V at pH 7.0 (Figure

3.3.5, upper dotted-line spectrum) show bands at 1361, 1492, 1591 and 1621cm-1. These

are characteristic of the  �4,  �3,  �2 and  �10 vibrational modes for a reduced 6cLS heme

having a methionine and a histidine residue (Met 80 and His 18) as axial ligands (also

called B1 form)7. Consistently, the SERRS spectra at +0.15 V at pH 7.0 (Figure 3.3.5,

lower dotted-line spectrum) are typical for an oxidized 6cLS heme with the same Met/His

axial coordination pattern, showing bands for the �4,  �3,��2 and��10 vibrational modes at

1372, 1502, 1584 and 1635cm-1, respectively. 
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Figure 3.3.5. SERRS spectra of Ag/MUA/cyt  c at pH 7.0 (dotted line) and pH 9.0 (solid line).

The applied voltage was +0.15 V (below) and -0.25 V (above). Spectra acquired at the same

potential are slightly stacked for visual clarity.  �ex = 413.1nm, laser power at the sample 5mW,

acquisition time 60s.

Upon switching from pH 7.0 to pH 9.0, the intensities of the cyt  c SERRS spectra at

both  positive  and negative  potentials  remained  approximately the  same.  The SERRS

spectrum of cyt c at pH 9.0 recorded at +0.15 V is very similar to that recorded at pH 7.0

at the same potential, whereas significant differences are observed at – 0.25V between

SERRS  spectra  acquired  at  the  two  different  pHs  (Figure  3.3.6).  At  pH  7.0,  the

application of a potential of -0.25 V caused the almost complete reduction of the cyt  c

present on the electrode. At these conditions, the relative amount of reduced cyt  c was

further quantified as 98% (solid line in the lower spectrum of Figure 3.3.6) by fitting the

SERRS  spectra  using  RR  spectra  of  ferrous  and  ferric  B1  species,  as  previously

described27. However, at pH 9.0 the application of the same potential led to a different

situation (Figure 3.3.6, upper spectrum), with the oxidation state marker band �4 having a

significant shoulder at higher frequencies. This difference was confirmed by plotting the

logarithm of the ratio between the reduced and oxidized cyt c concentrations (as derived

74



Chapter 3 – SERRS and CV

from the  fitting  of  SERRS data  with  B1  spectra)  against  the  applied  potential,  in  a

Nernstian plot (Figure 3.3.7). In fact, at pH 7.0 the data can be fitted with a straight line,

revealing a nearly-ideal behaviour (n=0.8) and a standard reduction potential E°’ = -0.056

V. On the other hand, for the data at pH 9.0, a satisfactory linear fit with ferrous and

ferric B1 species could not be obtained, indicating a deviation from the ideal Nernstian

behaviour expected for a one-electron couple.

When SERRS spectra acquired at pH 9.0 are tentatively fitted with B1 species only (an

intrinsic limit of our fitting method), the relative amount of reduced cyt c present on the

electrode at pH 9.0 is decreased to 60%. Although this value is a rough estimate, the

differences  observed  in  SERRS  spectra  unambiguously  suggest  a  disparity  in  ratios

between ferrous and ferric species at different pH’s.

Figure 3.3.6. SERRS spectra of Ag/MUA/cyt c at -0.25 V at pH 7.0 (below) and pH 9.0 (above),

fitted with RR spectra of fully reduced (dotted line) and oxidized (solid line) cyt c. �ex = 413.1nm,

laser power at the sample 5mW, acquisition time 60s.

In  agreement  with  the  voltammetric  results,  also  for  SERRS the  pH at  which  the

protein was adsorbed is not relevant; all the spectral properties changed in a reversible

way upon going from pH 7.0 to pH 9.0 and vice versa, independently from the order of

application of the different pH’s. 
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The SERRS experiments were performed after the pH change, and the SERRS spectra

were recorded at constant applied voltage as soon as the signal (in particular the relative

amount of reduced and oxidized species) was found constant. Usually this happened few

seconds after the application of the constant voltage. The measurements were than carried

out in the coming hours (1-2 hours) without observing significant changes in the relative

intensities of the SERRS bands, but a progressive a decrease of the signal-to-noise ratio.

This worsening of the SERRS signal led to the impossibility of obtaining good quality

spectra after approximately 3 hours of exposure of the electrode to high pH solutions.
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Figure 3.3.7. Nernstian plots  Ag/MUA/cyt  c at  pH 7.0 (�)  and pH 9.0 (�)  as  derived from

SERRS data. Linear fit of data at pH 7.0 shown as dotted line (the intercept at -56mV is shown).

Discussion – Ag/MUA/cyt c at pH 7.0

SERRS  spectra  and  CV  measurements  of  cyt  c immobilized  on  MUA  at  pH  7.0

indicate that the protein is in its native state13. In fact, our SERRS spectra on electrode

(Figure  3.3.5  and  6)  are  similar  to  those  previously  reported  by  Murgida  and

Hildebrandt13,  33. In agreement with their studies, the frequencies of the ���������	 and��
�

heme vibrational modes in the SERRS spectra, at both positive (+0.150 V) and negative

(-0.25 V) potentials, are attributed to the native conformer B1 of cyt  c observed in RR

spectra  of  buffered  solutions34.  Moreover,  the  nearly  ideal  behavior  of  the  adsorbed

protein as inferred from the Nernstian plot (Figure 3.3.7) and its E°’ value are consistent

with that  of  cyt  c in  its  native state13.  In  fact,  the  E°’  value obtained via potential-
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controlled SERRS experiment is in agreement with the values reported for native cyt  c

adsorbed on gold electrodes chemically modified with MUA5, 11, 13 and with that found via

CV. More precisely, the E°’ value obtained via potential-controlled SERRS experiment

(-0.056 V) is slightly shifted (13 mV) to more negative potentials than the one obtained

via CV (-0.043 V). This difference does not effect our conclusions: a similar shift (10

mV)  has  been  in  fact  reported  for  cyt  c immobilized  on  SERRS-active  electrodes

modified with 4-mercaptopyridine (PySH), and was attributed to a minor local increase in

temperature caused by the laser irradiation27.

Discussion – Ag/MUA/cyt c at pH 9.0

Up to now the pH influence on the redox properties of cyt c has been widely but almost

exclusively investigated in solution. If our immobilized protein behaves similarly, upon

increasing the pH in the range 7.5-10.5, in the CV plot we should expect a voltammetric

wave shifted 0.3-0.5 V towards more negative potentials and ascribable to the alkaline

transition. Furthermore, this wave should increase at the expense of that of native cyt  c

while the sum of the  currents  should remain constant21.  The two voltammetric  peaks

detected at pH 9.0 on Ag/MUA/cyt c electrodes after long time immersion (E1/2=-0.32V)

seem to  meet  this  requirement,  indeed  having  a  current  intensity  comparable  to  that

observed for the signal of native cyt c at pH 7.0. Nevertheless our results require another

explanation. The two peaks are ascribed to the SAM itself for solid reasons. First of all,

the peaks centered at – 0.32 V are identical to those observed for Ag/MUA in absence of

cyt  c (background signal), as shown in Figure 3.3.3. Moreover, according to literature,

MUA-coated electrodes show pH-dependent voltammetric response from the SAM itself

due to the reversible deprotonation of its carboxylic groups35. Usually the SAM signals

are negligible compared to the Faradic current of cyt c, although it should be considered

that  long-time  exposure  of  the  electrode  to  high  ionic  strength  solutions  may cause

desorption of the protein5 (see supporting information) so that the response of the SAM

becomes  dominant.  Protein  desorption  is  more  accentuated  at  pH  9.0,  leading  to  a

complete loss of the native signal of cyt  c within 36 hours of immersion in high pH

solutions. The electrodes kept at pH 7.0 show instead a stable voltammetric response of

native cyt c even after 3 weeks of immersion. The protein desorption occurring at pH 9.0
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is probably due to the mutual interplay between the deprotonation equilibria involving

the SAM and the lysine residues: in fact, the pKa of 8.2 reported for SAMs of MUA13

indicates  that  most  of  the  carboxylic  groups  should  be deprotonated  at  that  pH,  and

therefore  the  interaction  with the positively charged  region  of  cyt  c should  be  more

effective,  resulting  in  a  better  immobilization  of  the  protein.  On the  other  hand,  the

contemporary deprotonation of the lysine residues would diminish the capability of the

protein  to  interact  with the  SAM. This  pH-dependent  behaviour  was  not  extensively

studied  yet  and  a  systematic  investigation  is  beyond  the  purpose  of  this  paper.  The

phenomenon is just considered in order to support the assignment of the voltammetric

peaks of the SAM. 

As already reported by White et al.35, the E1/2 values of the peaks of the SAM shift to

more negative potentials upon increasing the pH. The reported value for this shift is 0.11

V  (-0.055V/pH),  very  close  to  the  value  of  0.12  V  found  in  our  case36.  The

electrochemical behavior observed after long time immersion in strong alkaline solution

is therefore consistent with the hypothesis that the protein is desorbing from the electrode

surface, leading to a progressive loss of the signal coming from the cytochrome, and a

simultaneous increment  of  the  voltammetric  peaks ascribed  to  the SAM. In  fact,  the

native signal  of cyt  c (detectable only at  pH 7.0) decreases  continuously in time and

disappears  completely  after  long-time  exposure  (from  3  to  36  hours)  to  high  pH

solutions. A similar loss of signal was observed in the SERRS spectra obtained under

these  conditions,  confirming  the  protein  desorption  (data  not  shown).  Therefore  the

voltammetric peaks centered at -0.32V are not ascribable to cyt c but are entirely due to

the SAM itself, an explanation that excludes any similarity between the redox properties

reported here and the alkaline transition observed in solution studies. This hypothesis is

furthermore supported by the SWV plots at pH 7.0 obtained after 1 hour exposure at pH

9.0 solutions. One hour is in fact sufficient to desorb a substantial fraction of protein from

the  electrode  and  expose  the  terminal  functional  group  of  the  SAM to  the  buffered

solution. As shown in Figure 3.3.4, the signal is characterized by the decreasing of the

native peak  of cyt  c with respect  to the signal  recorded  at  pH 7.0  immediately after

protein incubation, and by the appearance of the SAM peak at more negative potentials

(-0.21 V). 
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Figure 3.3.8. From the lightest to the darkest line: CV plot of Ag/MUA/cyt c at pH 8.0, 8.5, 8.7,

8.9, 9.0. CVs were recorded in CVs were recorded in 10 mM NBB + 20 mM Na2SO4 at a scan

rate of 0.1 Vs-1. The insert shows the peak separation vs the pH.

The absence of a strong voltammetric response ascribable to the native redox couple

cyt  c3+/cyt  c2+ upon recording the signals  immediately after  increase of the pH of the

working  solution  from  7.0  to  9.0  is  consistent  with  the  hypothesis  that  an

electrochemically inactive species is adsorbed on the SAM of MUA at pH 9.0. In fact,

experiments  performed at  intermediate pHs (Figure 3.3.8) suggest  that  the pH rise is

progressively leading to an irreversibility of the ET process, as it can be inferred from the

increasing peak separation (Figure 3.3.8, insert), while the E1/2 values remain constant in

the range of pH between 8.0 and 8.9 (the peak potentials at pH above 8.9 could not be

detected rigorously, as can be seen in Figure 3.3.1). In all these cases, the protein is still

adsorbed on the electrode, as proven by the return at pH 7.0, where the system presents

two voltammetric peaks of the native cyt  c both in the CV and the SWV profiles. A

similar increasing in peak separation was reported by Cotton  et  al.26 who observed a

decreasing  ET  rate  with  increasing  pH  for  cyt  c immobilized  on  gold  electrodes

chemically  modified  with  various  -derivatized  alkanethiol  SAMs.  An  analogue
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behavior was observed by Kakiuchi et al.7, who attributed the slowing-down of the ET to

the large charge density on the SAM surface. Although the trend reported in our case is

similar,  the  suppression  of  the  CV  signal  is  far  more  pronounced,  resulting  in  the

impossibility to determine the voltammetric peaks at pH 9.0 (Figure 3.3.1 and Figure

3.3.2)37.  This is  remarkable,  since the only significant  difference  with the Cotton and

Kakiuchi experiments is that in our case roughened silver surfaces were used. It strongly

suggests that the topography of the electrode affects the ET process implying that careful

consideration  must  be  taken  into  account  in  comparing  results  obtained  on  different

surfaces.  Moreover,  the instantaneous recovery of  the electrochemical  signal  of cyt  c

occurring at pH 7.0 is surprising (slower recoveries were reported by Compton et al. for

cyt  c  adsorbed  in  high  ionic  strength  solutions38).  In  agreement  with  voltammetric

measurements, SERRS intensity data clearly indicate that most cyt  c (~90% on average

over five independent measurements) is still adsorbed on the electrode at pH 9.0 (Figure

3.3.5).  Moreover,  the increased  relative amount of  oxidized cyt  c at  -0.25 V (Figure

3.3.6) in comparison with the spectra obtained at pH 7.0 at the same applied potential

point  to  the  conclusion that  a  substantial  fraction  of  protein is  not  electrochemically

active.

In the case of yeast cyt c in solution at pH 9.0 two alkaline conformers of cyt c called

IVa  and  IVb  are  present  besides  the  native  one,  with  relative  contributions  of

approximately 50% and 20% respectively39. Both conformers have the heme axial ligand

Met80  replaced  with  Lys73  and  Lys79  respectively.  Also  taking  into  account  the

differences in the pKa values of the alkaline transition between yeast and bovine cyt  c

(8.5 and 9.2 respectively25,  40), as a matter of fact in our case the presence of the two

conformers cannot be totally excluded based on a visual inspection of SERRS data. In

fact, the RR spectra of alkaline species are surprisingly similar to the B1 spectrum, and

the  procedure  needed  to  detect  their  presence  requires  a  detailed  fitting  analysis  of

spectral  data  from  Lys73Ala  and  Lys79Ala  mutants39.  However,  both  IVa  and  IVb

conformers comprise lysine residues (such as Lys 73 and Lys 79) that have been proven

to be involved in electrostatic interactions with negatively charged binding domains on

surfaces41. Therefore, for cyt c adsorbed on MUA-coated electrodes these lysine residues

will not be available for coordination to the heme, in other words the formation of the
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IVa  and  the  IVb  conformers  will  be  inhibited39.  Recent  studies  by  Englander  et  al.

confirm this hypothesis: they observed how a significant distortion of the Red  � loop

(residues 71-85) is necessary to remove Met 80 from the heme42. This can explain why no

alkaline  transition-type  behavior  is  observed  for  cyt  c immobilized  on  surfaces.

Moreover, the alkaline conformers are electrochemically active in solution40 and have – at

least for yeast cyt  c – very similar electrochemical properties43. Since no voltammetric

response was detected in the potential region where these conformers are expected to be

electrochemically active43, either they are inactivated due to the adsorption or not present

at all.

Conclusions

Significant differences were observed in the spectroelectrochemical properties of cyt c

immobilized  on  SAMs of  MUA.  Although  more  experimental  effort  is  required  to

elucidate the detailed mechanism of the observed pH-induced changes (using for instance

infrared  time-resolved  surface-enhanced  spectroelectrochemical  techniques44),  some

general conclusions can be drawn at the present stage. In fact the peak separation and the

peak broadening observed with CV upon increasing the pH from 8.5 to 9.0 (Figure 3.3.8)

indicate a progressive loss of redox activity. However, all the alkaline conformers studied

in diffusion  conditions  in  this  pH range  are  electrochemically  active45.  Therefore  the

reasons  for  this  loss  should  be  searched  in  elsewhere,  probably  in  a  conformational

change of cyt c involving a heme re-orientation with respect of the electrode surface. This

event  –  which  must  be  considered  taking  in  account  the  diminished  mobility  of  the

protein, having Lys 73 and 79 comprised in the interaction with the SAM –, would in fact

explain  the  suppression  of  the  ET  process,  since  small  changes  in  orientation  could

drastically affect the electron transfer rate23,  46. In this scenario we argue that the 6cLS

species observed at pH 9.0 on MUA is not per se electrochemically inactive, but becomes

as such because of the interaction with the SAM. At the state of research this hypothesis

is not yet supported by unambiguous structural evidences, but it is consistent with all data

available  right  now.  It  should  be  noted  that  the  complementary  results  provided  by

voltammetry and Raman spectroscopy are in full agreement. This allows us to focus the

attention on the heme re-orientation rather  than on conformational  changes  involving
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severe  modifications  in the heme environment.  This  is  a  remarkable  outcome,  which

underlines the advantages of operating with two techniques simultaneously.
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Figure  S3.3.1:  Plot  of  peak  current  intensity  vs  v  for  Ag/MUA/cyt  c. CVs  were

recorded for in 10 mM phosphate buffer solution + 20 mM Na2SO4 at pH 7.0.
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Figure  S3.3.2: Laviron plot  for  cyt  c immobilized  on roughened silver  electrode

chemically modified with MUA (Ag/MUA/cyt  c). According to Laviron, the electron

transfer  rate  constant  was  calculated  from  this  plot  assuming  the  charge  transfer

coefficient  �=0,5  and  the  number  of  electrons  n=1  for  a  monoelectronic  process  at

T=20°C.
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Figure S3.3.3: t-dependence of  the  voltammetric  response  of  Ag/MUA/cyt  c.  The

current intensities of the SWV peaks due to native cyt  c were plotted vs. the immersion

time of the electrode in a 10 mM phosphate buffer solution + 20 mM Na2SO4 at pH 7.0.
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Figure S3.3.4: Effect of the ionic strength on the voltammetric response of Ag/MUA/

cyt c.  The current intensities of the SWV peaks due to native cyt  c were plotted vs. the

ionic strength  I of the working solution (10 mM phosphate buffer solution + different

concentrations of Na2SO4 at pH 7.0).
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Figure  S3.3.5:  Effect  of  the  pH on the  voltammetric  response  of  Ag/PySHcyt  c.

Cyclic voltammogram of Ag/PySH/cyt  c at pH 7.0 (dark line) is shown in comparison

with the CV plot of the same electrode recorded in pH 9.0 solution (light line). CVs were

recorded in 10 mM NPB + 10 mM Na2SO4 (pH 7.0) and 10 mM NBB + 10 mM Na2SO4

(pH 9.0). Scan rate was 0.1 Vs-1.
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3.4.  A  preliminary  study  on  the  effect  of  urea  concentration  on

conformations of cytochrome c immobilized on electrodesa

Aim of the study

Urea is  a  denaturing agent,  of which the effect  on cytochrome  c (cyt  c)  was studied

previously  with  different  techniques,  in  particular  cyclic  voltammetry  (CV)  in

combination with resonance Raman (RR)1, 2. In solution studies, the exposure of cyt c to

high  urea  concentrations  (7-9  M)  led  to  conformational  changes  resulting  in  the

replacement of the axial ligand Met 80 with a His residue3.

In  the present  work  we study the behavior  of  cyt  c immobilized on roughened  (i.e.:

SERS-active)  silver  electrodes  chemically  modified  with  two  different  promoters  (a

mixed-SAM of 1:1 MUA/MU and a SAM of PySH)b at different  urea concentrations

(0-7M) with electrochemical  techniques (CV and SWV) in combination with SERRS.

This approach was chosen in order to obtain structural information about the nonnative

species immobilized on electrodes at high urea concentrations.

Introduction

Electrochemical  characterization  showed that  the  effect  of  urea  on  both  solution and

immobilized cyt  c resembles an alkaline-like behavior. In fact, in 5 mM KPB buffer +

5mM NaClO4 (urea 0 M, pH 7.0), the only voltammetric peaks observed in the CV plot

are those ascribable to the native cyt  c, while, in urea 7 M (5 mM KPB buffer + 5mM

NaClO4,  pH 7.0),  the native peaks decrease while a peak (only the reduction peak is

always seen) at more negative potentials shows up (Figure 3.4.1, dark line).

The  underlying  mechanism  of  this  conformational  change  is  unknown,  but  it  likely

involves the unfolding of a �-helix followed by its denaturation to random coil4.

a D. Millo, A. Ranieri, M. Borsari, C. Gooijer and G. van der Zwan: manuscript in preparation.

b MUA, MU and PySH stand for 11-mercapto-1-undecanoic acid, 1-mercapto-1-undecanol, and

4-mercaptopyridine respectively.
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Previous electrochemical investigations done by Borsari and co-workers were focused on

the thermodynamics and the kinetics of the native signal at different urea concentrations5.

In the present study we focus mostly on the nonnative species.
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Figure 3.4.1. CV signal of Ag/MUA-MU/cyt c in urea 1 M (lighter line) and urea 7 M after long

time incubation (darkest line). Both working solutions were buffered with 5 mM KPB (+ 5 mM

NaClO4). Scan rate was 0.1 Vs-1

Experimental section

Chemicals, instrumentations and procedures are the same as those described in Chapter

3.3, with the only exception of urea and 11-mercapto-1-undecanolo (MU), which were

purchased from Sigma Aldrich, and the variants of yeast cyt c which were expressed and

purified as described elsewhere6.

Results and discussion

Our experiments aim to identify the nature of the nonnative peaks. Voltammetric waves

at more negative potentials than the native peaks might not be related to the protein at all

but attributable to a non-Faradic response of the SAM (as described in Chapter 3.3).

These should be ruled out. As shown in Figure 3.4.2,  the CV response of Ag/MUA-

MU/cyt  c was compared with that of Ag/MUA-MU (without cyt  c, background signal).
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The plot of the background (dark line) is essentially flat in the regions where the peaks of

Ag/MUA-MU/cyt  c are  detected  (lighter  line).  We therefore  conclude  that  the peaks

observed in the case of the Ag/MUA-MU/cyt c electrode are definitely due to the protein

and not to the SAM.
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Figure 3.4.2. CV signal of Ag/MUA-MU/cyt  c (lighter line) and Ag/MUA-MU (background

signal, darkest line) in urea; both signals were acquired after 3 hours of immersion in 7 M urea

solution.

Bovine heart cytochrome c – WT

The electrochemical response of bovine heart cyt  c wild type (WT) is shown in Figure

3.4.3. The signal of native cyt  c (0 M urea) is shown for comparison (dotted line). The

square  wave  voltammetry  (SWV)  curves  obtained  in  urea  7  M  were  recorded

immediately after immersion of the Ag/MUA-MU/cyt  c electrode in the urea solution

(lighter line) and after long time exposure (36 hours) to the same solution (darkest line).

As can be seen from the changes in the relative intensities of the voltammetric peaks in

time,  the  kinetics  of  the  conversion  process  appears  to  be  very  slow (compared  for

instance to the fast changes induced by pH variations): it takes several hours to occur.

Moreover, the conversion of the native conformer into the nonnative one is not complete
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in the investigated time interval, since a diminished peak at -0.09 V indicative of native

cyt c is still present.
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Figure 3.4.3. SWV plot of Ag/MUA-MU/cyt c in urea 0 M (dotted line), urea 7M immediately

after immersion (lighter line) and urea 7 M long-time after immersion (darkest line). SWV were

acquired at 8 Hz.

Partial recovery of the signal was observed after long-time incubation of the Ag/MUA-

MU/cyt c electrode in 1 M urea solution (see Figure 3.4.4).

In view of this time-dependence, SERRS spectra were preferably recorded after long-

time incubation of  the electrodes  in urea 7 M solutions,  in order  to provide a higher

amount of nonnative species.  A further  strategy adopted in this study to separate  the

contribution of the native species from the nonnative ones was the following.

Native cyt c immobilized on electrode (B1, 6cLS) is totally reduced upon application of a

potential  of  -0.25  V7.  This  potential  was  chosen  because  it  lays  in  between  the  two

voltammetric peaks shown in Figure 3.4.3. Therefore, the presence of any contribution

due to ferri-cyt  c detected at -0.25 can be ascribed to the nonnative species. All species

present  on  the  electrode  (both  native  and  nonnative)  should  be  then  totally  reduced

applying a more negative voltage (-0.65 V).
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Figure 3.4.4. SWV plot of Ag/MUA-MU/cyt c in urea 0 M (dotted line) and in urea 7M long-

time after immersion (lighter line). Partial recovery of the native signal is observed in urea 1 M

(darkest line).

This is indeed what we obtained for cyt  c immobilized on both PySH and MUA-MU

SAMs. In fact, as can be seen in Figure 3.4.5, the spectra obtained at -0.2 V feature a

broad oxidation marker band (�4). Visual inspection of the �4 band indicates the presence

of both reduced and oxidized cyt  c on the electrode  at  -0.2  V. This result  obeys  the

electrochemical  behavior  already  discussed  (in  urea  7  M  cyt  c is  present  in  two

conformational  states  on  electrode),  and  it  provides  a  solid  evidence  that  the

voltammetric  peak at  -0.46 V is due to the protein.  Unfortunately,  the quality of  the

spectra  is  so  poor  that  other  peaks  different  form  the  �4 cannot  be  assigned  with

confidence8. Therefore, on the basis of these spectra, it is not possible to unambiguously

identify the nonnative species present on the electrode.

Moreover, applying a more negative voltage to the electrode (-0.65 V in urea 7 M) led to

the complete desorption of the protein, as proven by the absence of the typical signals

ascribable to the protein with both CV and SERRS (data not shown). It should be noticed

that similar experiments performed at the same applied voltage in 5-10 mM KPB (instead

of urea) did not cause the desorption of the protein. This phenomenon can be explained
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as  the effect  of  urea  in perturbing the network  of  hydrogen  bonding involved in  the

protein-SAM interaction.
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Figure 3.4.5. SERRS spectra of Ag/MUA-MU/cyt c from bovine heart (WT) (darkest line) and

Ag/PySH/cyt  c  from bovine heart  (WT) (lighter  line)  in  urea 7 M at  -0.25 V.  Spectra  were

acquired with the 413 nm excitation wavelength; accumulation time was 180 s and laser power on

the sample was 5 mW.

Yeast cytochrome c – WT

The  results  obtained  on  Ag/MUA-MU/cyt  c (yeast,  WT)  follow  the  trend  already

reported for bovine heart cyt c (WT) (data not shown).

Yeast cytochrome c – variants

Several variants of yeast cyt c were immobilized on Ag/MUA-MU electrodes.

The variants included single (K72A, K73A, K79A), double (K72A/K73A, K72A/K79A,

K73A/K79A) and triple (K72A/K73A/K79A) mutants.

The CV and the SWV plots obtained for Ag/MUA-MU/cyt c (yeast K73A) are shown in

Figure 3.4.6 and 3.4.7 respectively9. The changes observed in the voltammetric plots in

the case of the K73A variant follow the trend already observed for bovine heart cyt  c

(WT), featuring the typical alkaline-like behavior already described (see pages 89 and 90

and Chapter 3.3). 
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Figure 3.4.6. CV signal of Ag/MUA-MU/cyt c from yeast (K73A) in urea 0 M (lighter line) and

urea 7 M (darkest line).

Apart from the similar trend, a significant difference was observed in the case of K73A

yeast cyt  c: the conversion from the native to the nonnative state is complete, as can be

inferred from the absence of the wave of native cyt  c after long-time incubation in 7 M

urea. This result turned out to be of great advantage in analyzing the SERRS spectra,

because  the  reduced  heterogeneity  of  conformers  observed  in  7  M  urea  led  to  the

unambiguous identification of the nonnative species, while in the case of bovine heart cyt

c, the presence of native and nonnative species in the spectra made such identification

impossible by visual inspection. Figure 3.4.8 shows the spectra of Ag/MUA-MU/cyt  c

(yeast K73A) in KPB at -0.25 V and in 7 M urea at the same applied voltage (dotted and

darkest line respectively). While the spectrum recorded in KPB is indicative of a reduced

cyt c in its native state (B1, 6cLS), the one obtained in 7 M urea reveals the presence of a

significant amount of ferri-cyt  c, as can be inferred from the position of the oxidation

marker band, shifted to higher frequencies. Moreover, the bands at 1374, 1506, 1587 and

1639 cm-1, and their relative intensities, can be confidently ascribed to a B2 [6cLS], His/

His ferri-cyt c having His in place of a Met as axial ligand.
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Figure 3.4.7. SWV plots of Ag/MUA-MU/cyt c from yeast (K73A) in urea 0 M (lighter line) and

urea 7 M (darkest line).

The spectra at  more negative  potentials  (Figure 3.4.8 lighter  line)  have the oxidation

marker  band  at  1357  cm-1,  which  is  indicative  of  the  presence  of  ferrous-cyt  c.

Unfortunately further information about the nature of the species present on electrode at

this applied voltage cannot be inferred from a visual inspection of the spectra. In fact, the

�3,  �2 and  �10 bands cannot be assigned without having the spectra of the pure species

available. Nevertheless, the presence of broad peaks (both in the region of the �4 and the

�2) suggest the presence of a heterogeneous population of conformers.

The other variants of yeast  cyt  c follow the trend already described for K73A. In all

cases, with the potential-controlled SERRS experiment it was possible to detect the B2

(6cLS), His/His ferri-cyt c species at -0.25 V. A possible explanation for this trend is the

following: in the case of variants of yeast cyt c, the removal of the Lys residues which are

directly involved in the interaction with the SAM, would imply an increased mobility of

the immobilized protein (in comparison with the WT) and this could explain why the

effect  of  urea is  more evident  on the mutants  than on the WT. This consideration  is

supported by further evidence: the most strongly bound protein at -0.65 V was the WT

(both bovine heart  and yeast),  while the variants desorbed easier when increasing the
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number of substituted lysine residue. In fact the spectrum of the triple mutant could be

easily detected at -0.25 V but not at -0.65 V.
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Figure 3.4.8. SERRS spectra of Ag/MUA-MU/cyt c from yeast (K73A) in urea 7 M at -0.25 V

(darkest  line)  and at  -0.65 V (lighter  line).  The spectrum of  Ag/MUA-MU/cyt  c from yeast

(K73A) in urea 0 M at -0.25 V is shown for comparison (dotted line).

Protein desorption

The interaction of cyt  c with the SAM (both PySH and MUA-MU) is electrostatic in

nature.  In  fact,  it  is  sufficient  to  keep  the  electrodes  (Ag/SAM/cyt  c)  in  a  high

concentrated KCl solution to completely desorb the protein from the SAM. This behavior

was observed for native cyt c on several SAMs, including PySH and MUA-MU10. In our

case, electrodes subjected to 7 M urea solutions – having therefore a nonnative conformer

adsorbed on the surface – behave differently after exposure to saturated KCl solution. In

fact,  in  the  case  of  Ag/PySH/cyt  c (Figure  3.4.9),  the  protein  is  still  present  on  the

electrode (peaks at -0.06 and -0.47 V) even after long-time exposure of the electrode to

high  concentrated  KCl  solution.  This  might  reveal  the  presence  of  hydrophobic

interactions between the nonnative cyt  c and the SAM. Moreover, protein desorption is

more evident for electrodes kept in 7 M urea than for those exposed to 1 M urea (Figure

3.4.9, darkest and lighter line respectively). This is not surprising. In fact, since urea is

unfolding the protein, the presence of some hydrophobic portion of cyt c interacting with
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the SAM would be more evident at high urea concentrations. Nevertheless, since SERRS

does  not  provide  information  about  the  apoprotein,  but  only  about  the  heme and  its

surroundings,  this  aspect  of  protein  denaturation  should  be  investigated  with

electrochemistry in combination with different techniques (SEIRA).
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Figure 3.4.9. SWV plots of Ag/PySH/cyt c from bovine heart (WT) in urea 7 M (lighter line) and

urea 1 M (darkest line) after exposure of the electrode for 1 minute to a saturated KCl solution.

SWV signal of Ag/PySH/cyt c from bovine heart (WT) in urea 7 M before the treatment in KCl is

shown for comparison (dotted line).

Conclusions

a) Urea induces structural changes on cyt c immobilized on different SAMs.

b) Such changes are evident (especially for electrodes immersed for long time in

high concentrated urea solutions) and reproducible11.

c) Using electrochemical techniques in combination with SERRS it was possible to

ascribe the voltammetric peak at negative potentials to a nonnative state of cyt c.

d) The presence of the His/His conformer (B2; 6cLS species) was unambiguously

observed only in the case of the variants of yeast cyt c. 

e) In the case of WT cyt  c (both bovine heart and yeast) the presence of a His/His

species  cannot  be  detected  rigorously.  Nevertheless,  since  the  electrochemical
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behavior of WT cyt  c closely resembles that of the mutants, the presence of the

His/His species should be considered the most likely hypothesis.

f) The partial desorption of the protein induced by KCl sat’d solution suggests the

presence of a hydrophobic interaction (unfolded cyt c/SAM).
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Chapter 4

Comparing gold and silver electrodes

Although  at  the  time  we  published  this  paper  we  were  aware  that  smooth  silver

electrodes  do  not  show  SERRS  activity,  this  work  turned  out  to  be  of  fundamental

importance  for  my future research,  since it  describes  the best  electrode treatment  in

terms of  reproducibility, time saving and overall results I  ever experienced for silver

electrodes.  Moreover,  this  treatment  turned out  to  be  applicable  not  only  for  CV of

solution cyt c, but also for PFV (Chapter 3) and EIS, an electrochemical technique which

requires extremely “clean” conditions. Appendix 4.2.1 describes the effects of protein

storage on CV and RR measurements.

4.1.  Towards  combined  electrochemistry  and  surface-enhanced

resonance  Raman  of  heme  proteins:  improvement  of  diffusion

electrochemistry  of  cytochrome  c at  silver  electrodes  chemically

modified with 4-mercaptopyridinea

Abstract

To date, a successful combination of surface-enhanced Resonance Raman spectroscopy

(SERRS) and electrochemistry to study heme proteins is inhibited by the problems raised

by the prerequisite to use silver as electrode metal. This paper indicates an approach to

overcome these problems. It  describes  a quick and reproducible procedure  to prepare

silver  electrodes  chemically  modified  with  4-mercaptopyridine  (PySH)  suitable  to

perform diffusion electrochemistry of cytochrome  c (cyt  c).  The method involves  the

employment of a mechanical and a chemical treatment, avoids the use of alumina slurries

and any electrochemical  pretreatment.  Cyclic  voltammetry (CV) was used to test  the

electrochemical  response of cyt  c and the CV signals were found identical with those

obtained  on  gold  electrodes  under  the  same  experimental  conditions.  Compared  to

a Adapted from Millo, D.; Ranieri, A.; Koot, W.; Gooijer, C.; van der Zwan, G. Anal. Chem. 2006 78,
5622-5625.
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previous  literature,  a  significant  improvement  of  the  CV  signal  of  cyt  c at  silver

electrodes  was  achieved.  Preliminary  results  show  that  this  treatment  can  be  also

successfully employed for the preparation of SERRS-active electrodes.

Introduction

Cytochrome  c (cyt  c)  is  an  ubiquitous  heme protein  playing  a  crucial  role  in  many

biological  processes in aerobic organisms such as photosynthesis, cell respiration, and

apoptosis1. Even though this redox protein has been intensively studied through the last

three  decades2-4,  many  aspects  of  its  behaviour  are  still  far  from  being  completely

understood. In particular it is not clear how the mutual interplay between the metal ion

and the protein matrix  influences  the redox potential  of  cyt  c,  which is  of  particular

relevance  in  the  comprehension  of  the  folding  and  unfolding  processes,  the  solvent

influence and the temperature- and pH-dependences. 

For these reasons cyt c has been studied with voltammetric techniques both in diffusion

and adsorption conditions at modified electrode surfaces. Several metals are suitable for

such purpose, but, at the present state of research, gold seems to be prevalent whereas

silver is not the metal of choice. From the electrochemical point of view, there are several

reasons to prefer gold instead of silver as electrode material: a) the mechanical polishing,

which plays a crucial role in the quality and the reproducibility of the CV signal, is easily

performed  for  gold  electrodes  but  is  well  known  to  lead  to  inhomogeneous  silver

surface5; b) the chemicals generally successfully used to treat gold surfaces, such as hot

solutions of concentrated sulfuric acid, are too aggressive to silver; therefore it is very

difficult  to  renew  the  silver  electrode  surface  by  removing  the  monolayer  and  the

contaminants without polishing6; c) compared to gold, silver exhibits a smaller potential

window and, consequently, electrochemical pretreatments commonly employed on gold

are not applicable on silver7, 8; d) gold is generally considered a better substrate for self-

assambled monolayers  (SAMs)9,  10;  (e)  sulfur-containing SAMs built  on gold surfaces

have been widely characterized over the past decade, while not much work has been done

on silver11. 

For these reasons silver received only minor attention from electrochemists involved in

protein studies. But nowadays, the relevance of spectroscopic techniques such as surface
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enhanced  resonance  Raman  spectroscopy  (SERRS)  as  a  powerful  tool  to  investigate

proteins and enzymes stimulated the electrochemists to spend much effort in developing

electrochemical  characterization  of  silver  surfaces.  This  technique,  which  can  be

employed  when  silver  is  used  as  electrode  material,  probes  solely  the  vibrational

spectrum of the active site of the biomolecules providing structural information about the

coordination-, the spin- and the oxidation-state of the central metal ion12-15. The reason

why  silver  is  to  be  preferred  as  electrode  material  is  that  the  crucial  condition  of

resonance with the chromophore (the heme group) can be achieved in the range of the

plasmon frequencies of the metal, while for gold, surface enhanced Raman spectroscopy

(SERS) is usually more efficient at a wavelength far from resonance of the heme group.

The intent to couple SERRS with voltammetric techniques is the main reason to focus on

silver as electrode material16. 

Despite  the  problems discussed  above,  the  present  work  shows that  it  is  possible  to

perform cyclic voltammetry (CV) of cyt  c at silver electrodes chemically modified with

4-mercaptopyridine (PySH) and obtain CV signals essentially identical to those obtained

on gold electrodes under the same experimental conditions.

Experimental section

Chemicals. Bovine heart cyt c was purchased from Sigma-Aldrich (St. Louis, USA) and

used  without  further  purification.  Phosphate  buffer  solutions  (pH 7.0,  10  mM)  were

prepared from Na2HPO4 and NaH2PO4 (J.T.Baker, Deventer, The Netherlands). NaClO4,

KCl and PySH were purchased from Sigma-Aldrich. Purified Milli-Q water (Millipore,

Massachusetts, USA) was used for all preparations and procedures. All chemicals were

of reagent grade.

Electrochemical  measurements.  Polycrystalline  silver  and  gold  disks  (IJ  Cambria

Scientific,  Carms,  UK)  of  2  mm diameter  were  used as  working  electrodes  (WE);  a

platinum  wire  (IJ  Cambria  Scientific)  and  a  saturated  calomel  electrode  (AMEL

Instruments,  Milano,  Italy),  were  used  as  counter  (CE)  and  reference  electrode  (RE)

respectively. The RE was kept in a glass tube and separated from the working solution by

a porous frit. The chemical composition of the solution in the glass tube was identical to
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that of the working solution except for the protein. The RE and the cell (a conventional

glass  cell  containing  approximately  1  mL of  protein  solution)  were  kept  at  constant

temperature of 20 ± 0.1 °C during all the experiments. The three electrodes system was

controlled  with a  �Autolab potentiostat  (Eco  Chemie,  Utrecht,  The Netherlands).  All

potentials are referred versus the saturated calomel electrode (SCE) (244 mV vs SHE).

Potentials  were  calibrated  against the  methylviologen  (MV)  MV2+/MV+ couple.  The

electrochemical measurements were repeated several times and the potentials were found

reproducible within ±2 mV. Protein solutions were freshly prepared before use.

The silver and the gold electrodes were ground with borcarbid water slurry (grit: 600,

Tetrabor, Germany) on glass surface, then pre-polished with borcarbid water slurry (grit:

1200) on cloth and finally polished on borcarbid water slurry (grit: 1500) on silk. After

each stage the electrodes were kept in an ultrasonic bath for 10 minutes to remove excess

powder. This treatment was performed only before using the electrodes for the first time.

Final polishing was performed with water on aluminum oxide lapping film sheets (261X

and 262X, 3MTH, USA) from 5 to 1 micron grain size until a mirror-like appearance of

the surfaces  was obtained.  For this  purpose  the electrodes  were  kept within a holder

specifically built to maintain the electrode surfaces flat.

Immediately after  the polishing procedure,  the electrodes  were  put in  aqueous HNO3

(15%) for 1 minute17, rinsed with abundant water and then put into a freshly prepared 0.1

mM aqueous  solution of PySH for 1 minute. After the polishing procedure,  the gold

working electrode was chemically modified by dipping in 1 mM aqueous solution of

PySH for 1 minute.

Results and discussion

In  Figure  4.1.1  the  voltammetric  responses  of  cyt  c on  silver  and  gold  surfaces

chemically modified with PySH are compared. In both cases the CV signals show two

well defined current peaks which can be ascribed to the monoelectronic reduction and

oxidation of cyt c due to the Fe3+/Fe2+ equilibrium of the heme iron. Anodic and cathodic

peak  currents  were  found  to  be  identical  and  both  were  proportional  to  the  protein

concentration and the square root of scan rates v1/2, as expected for a diffusion-controlled

electrochemical  process  (Figure  4.1.2). Given  the  quasi-reversibility  of  the
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electrochemical process (peak separation in CV experiments varied from 60 to 90 mV in

the  range  of  scan  rates  investigated),  the  half-wave  potential  E1/2=(Ep,c+Ep,a)/2  was

assumed to represent the formal reduction potential E°’. The associated formal reduction

potential thus obtained, i.e.  E°’=10 mV, was found to be constant over the whole scan

rate range and in agreement with the reported values for solution cyt c18. 
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Figure 4.1.1: Comparison of cyclic voltammograms of 0.5 mM bovine heart cytochrome c in 10

mM phosphate buffer solution (pH = 7.00) with 0.05 M NaClO4 obtained at Ag (solid line) and

Au  (dashed  line)  disk  electrodes  chemically  modified  with  4-mercaptopyridine.  CVs  were

performed from +0.16V to -0.2V at a scan rate of 100 mV/s.

The diffusion coefficient was determined using the Randles-Sevcik equation plotting the

peak current versus  v1/2.  The value obtained was equal to (5.05±0.40) 10-7 cm2 s-1. The

diffusion coefficient  was used to determine the  heterogeneous electron-transfer kinetic

constant of the process  ks as previously described by Nicholson19, assuming the charge

transfer coefficient �=0,5 and the number of electrons n=1 for a monoelectronic process

at T=20°C. The value of (1.12±0.10) 10-2 cm s-1 determined for ks, is similar to that found

at the same temperature for horse heart cyt c on gold electrodes chemically modified with

various promoters.  This value is  higher  than the one obtained by Hawkridge  and co-

workers on bare silver electrodes18 and comparable to the one obtained by Magner et. al.

on  Au/PySH20,  21.  This  behavior  can  be  rationalized  by  considering  that  the  factor

controlling  the  electron  transfer  process  (and  thus  the  ks value)  is  related  to  the
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conformation  of  the  protein.  This  conformation  is  independent  of  the  nature  of  the

electrode material itself, but it is influenced by the surface preparation, the employment

of the promoter and the history of the electrode. Also the diffusion coefficient value of

(5.05±0.40)  10-7 cm2 s-1,  being  in  agreement  with  that  found  by  other  authors21,  22,

indicates that our Ag/PySH system performs properly from an electrochemical point of

view.
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Figure 4.1.2: Plot of ip vs. v1/2 of  0.5 mM bovine heart cytochrome c in 10 mM phosphate buffer

solution  (pH  =  7.00)  with  0.05  M  NaClO4 at  Ag  electrode  chemically  modified  4-

mercaptopyridine. 

As  is  obvious  from  Figure  4.1.1,  the  CV  signal  of  cyt  c obtained  at  Ag/PySH  is

essentially  identical  to  the  one  obtained  on  Au/PySH,  which  indicates  a  significant

improvement for the silver electrode performance in comparison to literature18,  23.  We

attribute this improvement to the particular treatment of the surface (see experimental

section),  a  treatment  procedure  resulting  from  empirical  optimization  of  several

parameters (mechanical procedures, chemical treatments, electrochemical pretreatments,

dipping  conditions)  directed  at  the  increase  of  reproducibility  and  quality  of  the

voltammetric signal. 

As  mentioned  before,  it  is  very  difficult  to  perform  chemical  and  electrochemical

treatments  on  silver  electrodes  without  damaging  the  metal  surface  or  changing
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dramatically its chemical properties. In this scenario, the mechanical treatment assumes a

decisive role in determining the quality of the voltammetric response. 

The  mechanical  treatment adopted  in  the  present  study  was  found  to  be  quicker  to

perform compared  with the  polishing procedures  commonly used  in  electrochemistry

(alumina  slurries  on  different  textures)24 and  additionally  led  to  more  stable  and

reproducible surfaces as well. Lapping film sheets enable to obtain a mirror-like surface

in less than five minutes, avoiding the use of the ultrasonic bath to remove the powder in

excess and therefore this approach is highly recommended.

Chemical treatment of the electrode with diluted HNO3 was performed as suggested by

Untereker and co-workers17. Immediately after the mechanical  treatment, the electrode

was dipped in HNO3 15% for 1 minute. Such treatment did not improve the CV signals

significantly,  but  provided  higher  reproducibility  in  terms  of  overall  shape  and  peak

separation. Similar treatments with NH3, and mixtures of NH3 and H2O2 were also tested,

but were abandoned since they worsened the CV signals considerably.

Since electrochemical pretreatment of electrode surfaces is generally recommended in

electrochemical literature25, 26, we have tried to improve the CV performance of our silver

electrode by testing two procedures:  a) 60 voltammetric scans at  20 mV/s in 0.05 M

NaSO4 from 0.125 to -0.175 V, as previously performed by Reed and co-workers on Ag

electrodes18; b) 10 voltammetric scans at 100 mV/s in 0.1 M NaClO4 from 0.3 to -0.3 V.

In both cases the Ag electrode was mechanically treated as described in the experimental

section  and  then  put  in  an  electrochemical  cell  to  undergo  the  pretreatment.  After

completing  this  procedure,  it  was  rinsed  with  water  and  dipped  into  the  promoter

solution.  In  both  cases  the  electrochemical  pretreatment  did  not  improve  but  even

worsened the voltammetric response of cyt  c at  Ag/PySH electrode considerably (see

Figure 4.1.3). The CV curve featured smaller current peaks and low signal-to-background

level  compared  with  that  obtained  in  absence  of  electrochemical  pretreatment. An

analogous pretreatment performed on gold electrodes as previously described by Borsari

et al. (data not shown), did not effect the quality of the CV measurements and thus was

not employed27. 
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Figure 4.1.3: Comparison of the effect of electrochemical pretreatment on cyclic voltammograms

of 0.5 mM bovine heart cytochrome c in 10 mM phosphate buffer solution (pH = 7.00) with 0.05

M NaClO4 obtained  at  4-mercaptopyridine-modified  Ag disk  electrode:  without  pretreatment

(solid line), after 60 voltammetric scans at 0.02 V/s in 0.05 M NaSO4 from 0.125 to -0.175 V

(dotted line), and after 10 voltammetric scans at 0.1 V/s in 0.1 M NaClO4 from 0.3 to -0.3 V

(dashed line). Scan rates were 100 mV/s.

The dipping time, defined as the span the electrode is exposed to the promoter solution, is

known to be an important parameter in SAM formation9.  In  his pioneering studies on

solution cyt c at Ag/PySH electrodes, Taniguchi proposed a dipping time of 10 minutes23.

In the present work dipping times from seconds to hours scale were tested. Favorable

signal-to-background levels  were found for  short  time-exposure of silver  electrode  (1

minute).  Degassing  of  the  promoter  solution  or  keeping  it  away from  external  light

sources did not influence the voltammetric response at all.

As mentioned above, the electrochemistry is  the main point  of concern in combining

SERRS and CV experiments on cyt c. To illustrate this point, experiments performed on

electrochemically roughened silver surfaces coated with a monolayer of PySH indicated

that such treatment can be successfully employed to prepare SERRS-active electrodes as

well, and thus can be useful for future applications in combining these SERRS and CV

(see Chapter 3.2).
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Conclusions 

Silver electrodes were found suitable to perform direct electrochemistry of solution cyt c,

giving voltammetric responses essentially identical to those obtained on gold electrodes.

We attribute this result to the particular treatment of the electrode, mainly focused on the

employment of a novel polishing procedure performed with the lapping film (strongly

recommended), the absence of any electrochemical pretreatment and a short dipping time

of the electrode in the promoter solution. This treatment was found to be rapid and led to

stable and reproducible surfaces.
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Appendix 4.1.1. Frozen stock solutions of cytochrome c are suitable to perform

Raman measurements but not electrochemistry.

In the beginning my electrochemical results were not reproducible. In particular, instead

of obtaining the characteristic CV plots shown in the paper,  I  often obtained a quite

different  signal  shape,  as  shown  in  Figure  4.1.1.1  (darkest  line).  The  lack  of  any

significant voltammetric peak in this signal indicates that the ET process does not take

place.  Despite extensive efforts in cleaning the electrochemical  cell  and polishing the

electrodes,  the  anomalous  signal  continued  to  occur  occasionally  with  no  apparent

relation with the cleaning procedure adopted. Since in the meantime the native signal

(which  was  indeed  reproducible)  was  also  occurring,  we had  to  conclude  that  some

aspect of the experimental procedure was not under control. This aspect appeared to be

related  to  the  sample  preparation  and  storage.  In  fact,  in  the  beginning  of  my

experiments, my colleague and I were using the same cyt c stock solution, which was

freshly  prepared  every  week  and  stored  at  -18  °C.  When  needed,  the  protein  was

defrosted  and  used  to  prepare  the  working  solution.  I  did  this  in  spite  of  many

electrochemistry papers, where in it is clearly written: “stock cyt c solutions were freshly

prepared  and  stored  at  4  °C”,  but  the  correctness  of  our  procedure  was  seemingly

confirmed by the spectroscopic results. In fact RR spectra obtained with the defrosted

solution were identical to those obtained with the freshly prepared solution. However,

every time a defrosted protein solution was used for electrochemical experiments, the CV

response  was  like  the one shown in Figure  4 (darkest  line).  To  the contrary,  all  the

experiments performed with a freshly prepared solution gave the expected voltammetric

signal  (Figure  4.1.1,  Figure  4,  lighter  line).  In  conclusion,  while  deviations  from the

expected  behavior  were  detected by CV, they could not  be observed  by RR. This is

remarkable, especially in view of our idea that the simultaneous applicability of these two

analytical techniques should give us more detailed insight in what is happening. 

Although  more  experiments  would  be  needed  to  completely  elucidate  the  anomalies

reported  here,  nevertheless,  at  this  state  of  our  knowledge  two  hypotheses  could  be

proposed to explain this phenomenon. The lack of electrochemical activity observed for

the frozen cyt c may be related either to 1) a decrease of the diffusion coefficient of cyt c

or 2) to a conformational change not detectable with RR. The second hypothesis can be
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ruled out: protein denaturation or the presence of the most common nonnative species can

be excluded on the basis of RR spectra.

Case 1)  could be an explanation if  we postulate the formation of  a  clusters  of  cyt  c

molecules (a hypothetical (cyt c)n, n>1) when freezing the solution. In fact, the increased

dimensions of the particles in solution would decrease the diffusion coefficient  of the

elecroanalyte slowing down considerably – if not suppressing at all – the ET process.

Moreover, provided that (cyt  c)n does not induce significant conformational changes in

the single protein structure, RR experiments would detect only the presence of native cyt

c,  while  the ET would be much slower  than  in  the case  of  cyt  c.  In  fact  in  such a

hypothetical (cyt c)n cluster, the heme groups might be oriented towards the inside of the

cluster  so  that  the  ET  process  would  not  occur  at  all  because  of  the  unfavorable

orientation and the poor accessibility of the heme groups.
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Figure 4.1.1.1. CV plots  of 0.5 mM bovine heart  cytochrome  c in 10 mM phosphate buffer

solution (pH = 7.00) with 0.05 M NaClO4 obtained at Ag disk electrodes chemically modified

with 4-mercaptopyridine. Light line is the trace obtained for freshly prepared solutions, darkest

line for defrosted sample. Scan rate was 100 mV/s.
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4.2 On the electrochemical  response of cytochrome  c immobilized on

smooth and roughened (SERS-active) surfaces chemically modified with

11-mercapto-1-undecanoic acida

Abstract

The  formal  reduction  potential  E°’ and  the  heterogeneous  electron-transfer  kinetic

constant  ks of  cytochrome  c (cyt  c)  immobilized  on  three  different  metal  substrates,

chemically  modified  with  11-mercapto-1-undecanoic  acid  (MUA),  were  obtained  via

cyclic  voltammetry (CV).  The metal  substrates  were  smooth gold,  smooth silver  and

roughened silver electrodes. Roughened silver surfaces were obtained with an oxidation

reduction cycle (ORC) procedure and then examined via atomic force microscopy (AFM)

to estimate the dimensions of their roughness. In view of the increasing interest in surface

techniques and, in particular, surface-enhanced resonance Raman spectroscopy (SERRS),

the  results  obtained  from  protein  film  voltammetry  performed  on  SERS-active  (i.e.:

roughened silver) electrodes were compared with the prevalently used smooth gold ones.

Our  results  show  that  the  E°’ values  obtained  at  the  different  surfaces  studied  are

identical, while the ks values are different depending on the nature of the metal substrate

supporting the self-assembled monolayer (SAM).

Introduction

Redox properties of heme proteins are not easily to interpret  since they depend on a

variety of experimental parameters that are not virtually independent but are known to

influence  each  other.  Unfortunately,  common  analytical  techniques  are  inadequate  to

tackle  this  problem since  they  do  not  provide  information  about  different  properties

simultaneously,  but  are  generally  focused  on  single  feature.  That  is  why  a

multidisciplinary  approach  is  needed,  in  which  the  same  sample  is  studied  by  more

analytical techniques. In our previous papers we already showed that the combination of

a D. Millo, A. Ranieri, P. Gross, M. Borsari, G. J. L. Wuite, C. Gooijer and G. van der Zwan;

manuscript in preparation.
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voltammetry and Raman spectroscopy (RS) can be profitably exploited to achieve useful

information about heme proteins1-3. For this purpose we dealt with the special mode of

RS  denoted  as  SERRS,  surface-enhanced  resonance  Raman  RS,  which  requires  a

roughened metal surface (usually gold or silver) to be applicable. So the question to be

answered is whether the electrochemical results obtained for such roughened electrodes

and for the smooth electrodes common in cyclic voltammetry are the same or not. A

systematic comparison using cytochrome c (cyt c) as a model compound is the subject of

the present paper.

It  should  be  recalled  that  surface-enhancement  is  both  metal  and  laser  wavelength

dependent.  Furthermore,  intensifying  of  RS by  resonance  (the  other  enhancement  in

SERRS)  requires  absorption  of  laser  light  and  therefore  a  proper  choice  of  laser

wavelength as well. To combine electrochemistry with SERRS to study heme proteins,

two main requirements are therefore needed: (1) the protein should be adsorbed onto an

appropriate metal substrate (for heme proteins, having the Soret band in the blue, silver is

needed  as  electrode  material4),  (2)  the  metal  surface  should  exhibit  an  appropriate

roughness5, 6. 

In  literature,  most  of  the  papers  about  cyt  c on  silver  electrodes  provide

spectroelectrochemical characterization of the system by potential-controlled SERRS7, 8.

A constant potential is applied to the working electrode and the SERRS spectra of the

protein at that voltage are recorded meanwhile. Together with the structural insight into

the heme properties such as the oxidation-, the spin- and the coordination-state of the

central  iron  atom,  such  potential-controlled  SERRS  experiments  allow  to  obtain  the

formal reduction potential (E°’) of the immobilized protein. If the electron transfer (ET)

process is quasi-reversible, the applied voltage versus the logarithm of the ratio between

the reduced and the oxidized species (which can be inferred from the SERRS spectra)

gives a linear plot according to the Nernst equation, providing E°’ 1, 9. Unfortunately, in

comparison with voltammetric techniques this is a very laborious method. It requires to

identify  and quantify exactly  the  presence  of  all  different  species  contributing to  the

spectra  to fit  the SERRS spectra adequately and to eventually calculate  E°’.  For  this

purpose CV is far more attractive indeed. 
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In our previous works we already showed that the  E°’  values obtained with these two

different techniques (CV and spectroelectrochemical approach) on the same roughened

silver  surfaces  are  similar1,  3.  In  the  present  study  we  compare  the  electrochemical

behavior of cyt c immobilized on SERS-active (i.e.: roughened) surfaces with that of cyt

c adsorbed on smooth electrodes. To achieve a solid comparison, the experiments were

performed under identical conditions, following the same procedures for preparing the

self-assembled  monolayer  (SAM),  for  incubating  the  protein,  and  for  performing  the

measurements.  There  were  only  differences  in  procedures  adopted  for  surface

preparation, which varied from electrode to electrode; these were aimed to obtain the

highest signal-to-background level and the best reproducible signal for each system.

Experimental Section

Chemicals

Bovine heart cytochrome c (cyt c) purchased from Sigma-Aldrich (St. Louis, USA) was

used  without  further  purification.  Phosphate  buffer  solutions  (pH 7.0,  10  mM)  were

prepared from Na2HPO4 and NaH2PO4 (J.T.Baker, Deventer, The Netherlands). Na2SO4,

KCl, and  11-mercapto-1-undecanoic acid (MUA)  were purchased from Sigma-Aldrich.

Ethanol  and  H2SO4 were  purchased  from  Baker.  Purified  Milli-Q  water  (Millipore,

Massachusetts, USA) was used for all preparations and procedures. All chemicals were

of reagent grade.

Electrochemical instrumentation

Electrochemical measurements were performed in an ordinary glass electrochemical cell.

The volume of the working solution was approximately 2 mL.  The working electrodes

(WE) were a homemade silver disk electrode of 2 mm diameter (geometric area=0.0314

cm2), a silver wire, and a gold wire10; a platinum coil and a saturated calomel electrode

(AMEL Instruments, Milano, Italy), were used as counter (CE) and reference electrode

(RE), respectively. The RE was placed in the working solution (10 mM NPB). The RE

and  the  cell  were  kept  at  constant  room  temperature  (20±0.1  °C)  during  all  the

experiments.  The three electrodes system was controlled with a  �Autolab potentiostat

(Eco  Chemie,  Utrech,  The  Netherlands).  All  potentials  were  calibrated  against the
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methylviologen  (MV)  MV2+/MV+ couple and  referred  versus  a  saturated  calomel

electrode (SCE).

Treatment of the electrode

All the electrodes were polished as previously described with water on aluminum oxide

lapping film sheets (261X and 262X, 3MTH, USA) from 5 to 1 micron grain size until a

mirror-like appearance of the surfaces was obtained11. After polishing, the smooth silver

electrodes (both disks and wires) were immersed in 2 mM ethanolic solution of MUA for

24  hours.  In  some  cases  the  smooth  silver  electrodes  underwent  an  electrochemical

pretreatment before SAM formation. These electrochemical treatments are described in

Spectroelectrochemical characterization Section.

After polishing, the smooth gold electrodes (wires) were kept in warm 1M H2SO4 for 1

hour.  Subsequently  they  underwent  an  electrochemical  treatment  consisting  of  10

voltammetric scans in 1 M H2SO4 (see Supporting Information). Then they were rinsed

with abundant water, with ethanol, and finally immersed in 2 mM ethanolic solution of

MUA for 24 hours.

Roughening of silver electrodes was accomplished ex situ with an oxidation reduction

cycle (ORC) procedure consisting of a pre-treatment (5 min at -1 V) followed by 4 cycles

(30 s at +0.4 V and 30 s at -0.4) resulting in ca. 0.67 C/cm2 of charge passed each single

step1. The ORCs were performed in a glass electrochemical cell (5mL) filled with a 0.1M

KCl solution using the same three electrodes system described above. After the ORC, the

roughened  silver  electrode  was  first  rinsed  with water,  then  with  ethanol  and finally

immersed in a MUA ethanolic solution (2mM) for 24 hours. 

After the SAM formation, all the electrodes were rinsed with ethanol and dried with a

nitrogen flow. Cyt c was then adsorbed on the electrodes by exposure during 1 hour at 4

°C to a 30 �M solution containing 10 mM NPB (pH 7.0). 

AFM

Electrode  topography  was  measured  using  a  Molecular  Imaging  AFM  (PicoSPM,

Molecular  Imaging)  operating  in  contact  mode,  with  a  commercial  Si3N4 cantilever

(Nanosensors, Wetzlar-Blankenfeld). The samples were characterized by non-filtered 512

X 512 pixel  images  of  areas  ranging  from 5  �m X 5  �m to 25  �m X 25  �m.  The

roughness characterization of the surfaces was done with SPIPTM (Danmark) software.
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The data analysis (the particle size distribution and the root-mean-square values) were

obtained after plane correction.

Raman instrumentation

Spectroscopic measurements were conducted using a home-built Raman microscope in a

backscattering configuration: a Zeiss microscope (D-7082 with a 40x objective, NA 0.60,

working  distance  2  mm)  was  coupled  to  a  Andor  Shamrock  SR-303i-A  single

monochromator  (Andor  Technologies  DV-420OE,  Belfast,  N.Ireland)  with  mounted

2400 g/mm holographic grating and an Andor Newton DU970N CCD camera (Andor

Technologies DV-420OE, Belfast, N.Ireland). The 413.1 nm line of a continuous wave

Kr  ion  laser  (Coherent  Innova  300c,  California,  USA)  was  used  for  excitation.  The

Rayleigh scattered light was removed using 3rd Millenium edge long pass filter. A laser

power of 5 mW at the sample and an accumulation time of 60s was used throughout the

experiments.  The  monochromator  slit  was  set  to  120  mm,  yielding  a  resolution  of

approximately  4  cm-1,  with  an  increment  per  data  point  of  approximately  0.8  cm-1.

Potential-controlled SERRS experiments were done using the spectroelectrochemical cell

described elsewhere12.

Results and discussion 

Morphological characterization of silver electrodes

The profile of the silver electrodes was examined via atomic force microscopy (AFM)

measurements. Figure 4.2.1a shows the image of the smooth surface immediately after

polishing. Despite the fact  that the appearance of the surface is mirror like, the AFM

image reveals some distinct features,  probably due to the mechanical treatment of the

electrode. They are however considerably smaller than the features obtained subjecting

the electrode to the ORC procedure; in fact their presence does not interfere significantly

with the nanometers scale of the features observed on the roughened surface, as shown in

Figure 4.2.1c.
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Figure 4.2.1. AFM images of smooth (a) and roughened (b) silver electrodes. a is 10X10 nm tile

size; b is 5X5 nm tile size. The different dimensions of the surface features for the two profiles

are compared in c.
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The  AFM  image  of  a  silver  surface  after  the  ORC  treatment  (described  in  the

Experimental Section) shows the typical roughened profile already observed by others for

SERR-active surfaces13, featuring globular structures of various size which are randomly

distributed  on the  surface  (Figure  4.2.1b).  Visual  inspection and  data  analysis  of  the

Fourier spectrum reveal that there is no preferential direction in the distribution of the

features. Although a detailed characterization of surface roughness is beyond the purpose

of  this  paper,  we  intend  to  quantify  the  average  dimensions  of  our  features,  mainly

because  this  parameter  is  related  to  the SERRS-activity5.  According  to  literature,  for

surfaces having features that exhibit Gaussian height distribution, the root-mean-square

roughness  (Rq)  is  an  appropriate  descriptor  of  roughness14.  Such  is  the  case  of  our

roughened silver surfaces, obtained with an ORC procedure – a process known to give

rise  to  some  degree  of  spatial  randomness.  The  height  distribution  can  be  in  fact

adequately  fitted  with  a  Gaussian  function  (see  Supporting  Information).  Moreover,

assuming the hemispherical  shape of our features,  Rq represents  the diameter  of such

hemisphere15. In our case Rq is equal to 93 nm at the tile size of 5X5 nm and 10X10 nm,

and reaches 106 nm in the case of the 25X25 nm tile. According to the physical meaning

attributed to Rq
15, these values of Rq are in the dimension range of particles obtained via

ORC cycles that exhibit SERRS-activity16. This result is not surprising, since our surfaces

were already proven to be SERRS-active, at the excitation wavelengths of 413.1 nm1 (see

also Figure 4.2.3) and 514.5 nm12.

Spectrolectrochemical characterization

The voltammetric responses of cyt c immobilized on smooth and roughened electrodes

chemically  modified  with  MUA  are  shown  in  Figure  4.2.2a.  Since  the  picture  is

dominated  by  the  CV  plot  of  AgR/MUA/cyt  c,  the  voltammograms  of  the  smooth

electrode systems Au/MUA/cyt  c and AgS/MUA/cyt  c are shown on a smaller current

scale in Figure 4.2.2b. As can be seen in Figure 4.2.2b, the CV signal of AgS/MUA/cyt c

is poor in comparison with that obtained under identical experimental conditions on gold

surfaces. Well defined voltammetric peaks are difficult to be detected at scan rates below

0.1 V s-1 and above 8 V s-1, whereas the peaks of Au/MUA/cyt c were readily detectable

in a broader scan rate range (from 0.02 to 18 V s-1). 
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Figure 4.2.2. a: CV plots of AgR/MUA/cyt  c, Au/MUA/cyt  c, and AgS/MUA/cyt  c in 10 mM

NPB (from darkest to lighter line). b: CV plots of Au/MUA/cyt c (darkest line) and AgS/MUA/cyt

c in 10 mM NPB (lighter line). Scan rate is 0.2 Vs-1.

To improve the voltammetric  response  of  cyt c at  AgS/MUA/cyt  c,  several  electrode

treatments were tested, first alone and then in combination. The bare polished electrode

was electrochemically pretreated (5 minutes at -1 V) in KCl 0.1 M or NaF 0.1 M and

subsequently immersed in a MUA solution for 24 hours to form the SAM. At this point,

two  other  electrochemical  treatments  were  performed  on  the  MUA-coated  electrode
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before protein incubation. The first one – similar to that described by Schoenfisch  et

al.17– consists of subjecting the coated electrode to a constant voltage of –1.545 V for 120

seconds in NaF 0.1 M and than re-immersing it immediately in the MUA solution for 24

hours.  The second one consists of a series  of 150 CV scans of the AgS/MUA in the

working solution (10 mM NPB). The highest signal-to-background levels were obtained

for  electrodes  which  underwent  an  electrochemical  pre-treatment  in  KCl  0.1  M  (5

minutes at -1 V) and then were immediately immersed in the promoter solution without

rinsing them with water. The electrochemical treatments of the SAM did not improve the

CV signal and were therefore abandoned. It should be noticed that our findings are in

agreement with those observed for cyt  c immobilized on smooth and roughened silver

electrodes  chemically modified with 4-mercaptopyridine  (PySH)1.  In  fact  in  the  cited

work CV plots were obtained only for roughened silver surfaces, while smooth ones did

not  promote  the  ET  process  (probably  because  smooth  surfaces  do  not  promote  the

adsorption of cyt  c). In the case of MUA the signal is indeed detectable also at smooth

surfaces, which is not surprising since MUA binds cyt  c stronger than PySH because of

the higher negative charge on the terminal functional group. 

At a scan rate of 0.2 Vs-1 in the CV signal of AgS/MUA/cyt  c two current peaks can be

distinguished (Figure 4.2.2b) ascribable to the monoelectronic reduction and oxidation of

cyt  c.  Anodic and cathodic peak currents were found identical and both proportional to

the  scan rate  v,  as expected for  an adsorption-controlled electrochemical  process  (see

Supporting Information). Given the quasi-reversibility of the electrochemical process, the

half-wave potential E1/2=(Ep,c+Ep,a)/2 was assumed to represent E°’. The associated formal

reduction potential thus obtained, i.e.: E°’=(-68 ± 1) mV – constant over the whole scan

rate range – is in agreement with the reported values for cyt  c  immobilized on MUA-

coated electrodes3, 18.

Since the  E°’  values obtained for Au/MUA/cyt  c and AgR/MUA/cyt  c under identical

experimental  conditions are (-67 ± 2) mV and  (-68 ± 1) mV respectively,  the formal

reduction potential of cyt  c obtained in the three cases (AgS/MUA/cyt c, Au/MUA/cyt c

and AgR/MUA/cyt c) is the same (see Table 4.2.1). 
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System E°’ / mV ks / s-1
�Ep / mV fwhm / mV

t-dependent AgR/MUA/cyt c -51 10 24 123
stable AgR/MUA/cyt c -68 16 20 99

AgS/MUA/cyt c -68 13 49 121
Au/MUA/cyt c -67 33 18 108

Table 4.2.1. Comparison between the electrochemical properties of four different

electrode systems. E°’ , ks, �Ep, and fwhm were found reproducible within ± 1 mV, ± 8%,

± 2 mV, and ± 4 mV.

However,  in  spite  of  this  result,  some  significant  differences  were  observed  in  the

behavior  of  the  adsorbed  protein  on  different  electrodes.  In  particular,  while  smooth

surfaces featured long term identical  CV profiles,  roughened surfaces showed a time-

dependent behavior.

In fact, the CV signal of AgR/MUA/cyt  c recorded immediately after protein incubation

showed the profile  reported  in the inset  of  Figure  4.2.3 (darkest  line),  with a  formal

reduction  potential  of  –  51  mV  (quite  different  from  the  above  -68  mV),  a  peak

separation of 24 mV and a full-width at half-maximum (fwhm) value of 123 mV. After

24 hours of immersion in the 10 mM phosphate buffer working solution (inset of Figure

4.2.3, lighter line) the formal reduction potential was shifted to more negative values (-68

mV), a peak separation of 20 mV and an fwhm value of 99 mV. The time-dependent CV

signal of the AgR/MUA/cyt  c electrode reached always a stable and reproducible profile

(both in terms of fwhm and E°’ values) after 24 hours of immersion of the AgR/MUA/cyt

c electrode in a 10 mM phosphate buffer at 4 °C. A similar trend was reported by Clark et

al.19 who observed a decrease in peak broadening, peak separation and formal reduction

potential after short-time exposure (10 seconds) of the electrode to 1 M KCl solutions. In

our case, instead of waiting for 24 hours, the stable signal was also achieved by exposing

the electrode to high ionic strength solutions (1 M KCl for 1-2 seconds), according to the

experimental procedure described by Clark et al. In the cited work, the peak broadening

observed for CV signals recorded immediately after immersion in the working solution

was ascribed to the heterogeneous population of adsorbed cyt c. In the present paper this

hypothesis was investigated with SERRS. For this purpose AgR/MUA/cyt c electrode was

placed inside the spectroelectrochemical  cell  immediately after  protein incubation and

SERRS spectra were acquired at applied voltages ranging between +0.05 and -0.2V. 
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Figure 4.2.3. SERRS spectra of AgR/MUA/cyt  c at the applied voltage of -0.2 V immediately

after protein incubation (darkest line) and after keeping the electrode immersed for 24 hours in

the working solution (lighter line). The inset shows the CV plots of AgR/MUA/cyt c immersed in

10 mM NPB immediately after protein incubation (darkest line) and after keeping the electrode

immersed  for  24  hours  in  the  working  solution  (lighter  line).  Scan  rate  is  0.1  Vs-1.  The

electrochemical response is different in the two cases, while the SERRS spectra are identical.

In all cases the only species detected by SERRS was the native cyt c state denoted as B1,

as  revealed  by  the  presence  of  the  bands  at  1361,  1492,  1591,  and  1621  cm-1,
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corresponding  to  the  �4,  �3,  �2,  and  �10 vibrational  modes of  the fully  reduced  cyt  c

(Figure 4.2.3)20, as reported by Murgida and Hildebrandt21. 

Therefore, since merely the native species was observed, we should conclude either that

the population of conformers is homogeneous or that SERRS is not selective enough to

discriminate among different conformers under the circumstances at hand, especially in

the  high  frequencies  region  studied  here.  At  the  state  of  our  knowledge  the  latter

hypothesis has to be preferred. In fact, as proposed by Clark et al., the partial desorption

of  the  protein  film induced  by  exposing  the  electrode  to  concentrated  KCl solutions

would reduce the number of lateral interactions among the adsorbed proteins leading to a

film  configuration  where  the  proteins  are  not  longer  in  direct  contact  with  their

neighbors. In this scenario proteins would experience a similar environment giving rise to

the homogeneous population needed to observe the reported quasi-ideal electrochemical

behavior  (�Ep = 20 mV; fwhm = 99 mV). However,  since the re-arrangement  of the

protein film on the electrode is not expected to involve massive structural changes but

only  minor  variations  in  the  heme  orientation  or  in  the  protein-SAM  binding

configuration, these changes could not be observed by SERRS.

Another significant difference in the redox behavior of cyt  c immobilized on different

metal substrates is the ks value. These values, calculated with the Laviron’s method22, 23,

were  about  2.5  fold  smaller  for  silver  (both  smooth  and  roughened)  than  for  gold

electrodes under similar experimental conditions. This is remarkable, since we reported

earlier that under diffusion conditions, the ks values obtained at silver and gold electrodes

chemically  modified  with  PySH  are  similar  as  reported  earlier11.  In  that  paper  we

concluded that the factor controlling the ET process (and thus the ks value) is related to

the conformation of the protein, independent of the nature of the electrode material itself,

but influenced by the surface preparation, the properties of the SAM and the history of

the electrode. The difference in ks values observed in the present paper suggests that the

metal substrate does affect  the ET process indeed. In  our opinion, the reason for this

behavior could be searched in the way different metals support the SAM formation. In

fact,  considering  the  diverse  treatment  of  the  bare  metal  surfaces,  the  presence  of

contaminants might be more pronounced on silver (light  cleaning conditions) than on

gold (drastic  cleaning conditions).  Such contaminants  might  easily inhibit  the correct
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formation of the SAM. However, in the case of well-formed SAMs, the MUA layers on

the two metal substrates will differ in thickness because of the different tilt angle. In fact,

the hydrocarbon chains reside at a tilt angle of approximately 30° on gold and 10° on

silver from surface normal24. Therefore the distance of the functional group of the SAM

(the carboxyl group) from the electrode is estimated to be 19Å for Ag/MUA, and 17Å for

Au/MUA9,  25-27. The distance of the heme iron from the electrode surface, affects the  ks

value as indicated by the Marcus equation:

� �
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where �0 is the frequency factor28, � is the tunneling constant, r0 is nucleus-to-nucleus ET

distance at donor-acceptor closest approach (assumed to be 3 Å), and  r is the distance

between the centers involved in the ET process28, 29. In our case,  r will be always larger

for SAM supported by silver than gold, resulting in a smaller  ks value for the former.

Recent studies reporting the plot of ks vs. the length of the alkanethiols SAM in the case

of cyt c immobilized on gold electrodes showed a similar drop of ks upon increasing the

distance of the protein from the metal surface (from 2.5 to 3 fold per methylen unit for

long chain SAMs)30. In the cited work ks varies from 30 to 10 s-1 per one methylen unit,

which corresponds roughly to an increase of 1 Å in the SAM thickness. In our case a

similar change in the ks values were observed for SAMs having the same chain length but

an estimated difference of 2 Å in their thickness. Moreover, since the ET process occurs

via a tunneling mechanism, the different tunneling constants for Ag-S and Au-S might

also play a role in this process, even if this topic was not investigated so far. However,

together with the thickness of the SAM and the different tunneling constants, also the

potential of zero charge (which is significantly different for gold and silver) might affect

the ks values of the immobilized protein. In fact, the magnitude of the electric field at the

electrode interface – which is different for gold and silver because of the diverse zero

point  charge  potential  –  might  either  promote  or  suppress  the  ET  process.  In  this

scenario, a systematic study in this direction would be desirable, especially to achieve

quantitative information about the contribution of each of the mentioned factors on the ks

value.
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Conclusions

Direct  comparison  between  the  electrochemical  properties  of  cyt  c immobilized  at

different  metal  substrates  chemically modified with MUA indicates  that  the metal  of

choice does play a role in determining the electrochemical  properties of the adsorbed

protein.  In  particular,  comparing the voltammetric response of roughened and smooth

silver electrodes, the topography of the surface was found to influence the quality of the

CV signal (higher signal-to-background ratios were observed for cyt  c immobilized at

roughened surfaces), but  not the electrochemical properties of the protein (E°’ and  ks).

However, ks (but not E°’) values are dependent on the nature of the metal, revealing that

the ET process occurs faster for systems supported by gold than for analogue systems

supported  by  silver.  Despite  more  systematic  studies  are  required  to  unambiguously

clarify this finding, the observed behavior was tentatively explained taking in account the

differences between gold and silver in supporting the formation of the SAM.
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Figure S4.2.1. Electrochemical treatment of gold electrodes performed in 1 M H2SO4

at scan rate of 0.1 Vs-1.
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Figure S4.2.2. Gaussian distribution of surface feature dimensions on roughened

silver electrodes. Lighter line represents the experimental data and the darkest curve is

the fitting.
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Figure S4.2.3. Peak current vs. scan rate for AgS/MUA/cyt c electrodes. The linearity

of the plot indicates that cyt c is adsorbed onto the electrode system.

Appendix 4.2.1

Efforts to determine the real area of roughened silver electrodes

First attempt

The determination of the real area of a roughened silver electrodes is a crucial topic in

electrochemistry  studies,  especially  in  order  to  calculate  important  parameters  often

reported  in  literature  such  as  the  coverage  of  the  electrode  (pmol  cm-2)  and  the

capacitance of the mono- and the bi-layer (nF cm-2). The latter parameter, for instance, is

needed  to  evaluate  wheter  the  SAM and  the  t-HBM have  been  formed  correctly  or

present defects. Moreover, the roughness of the metal substrate seems to influence the

process of SAM formation promoting the protein adsorption. 

According to literature1, a rough estimate of the real area of an electrode can be inferred

from CV under diffusion conditions. This can be done applying the following equation

(at 25 °C):
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2/1
0

/2/35102.67 vCADn=i 21

p 	 (4.2.1)

ip is the measured Faradic current,  v the scan rate in V s-1,  n the number of electrons

involved in the electrode reaction, C0 the concentration of the electroanalyte in the bulk

solution, D the diffusion coefficient of the electroanalyte and A the electrode area. In the

case of a standard compound, all quantities are known except for A, which can be easily

calculated from equation 4.2.1. In the case of Ru(NH)6Cl3 (a standard compound used for

silver electrodes), D= 4.6·10-6 cm2 s-1.

According to literature1, 2, this method is applicable only if the features of the surface (in

our case  from 50 to 250 nm) are  bigger  than the diffusion layer.  Therefore  CV is  a

reliable  method to  determinate the electrode area  with an accuracy of some microns,

while surface features smaller than the diffusion layer cannot be detected via CV.

Unfortunately  the  latter  situation  applies  to  our  roughened  silver  electrodes.  The

dimensions of the features generated by the ORC procedure go from 50 to 250 nm, while

the thickness of the diffusion layer is in the order of microns). 

In Figure 4.2.1.1 the voltammogramm of a bare silver electrode polished as previously

described,  is  compared  with that  of  a  silver  electrode  roughened  with an  ORC.  The

geometric (apparent) area of the electrodes is the same (0.0314 cm2). The experiments

were  performed  in  a  5  mM  Ru(NH)6Cl3 solution  with  0.5  M  KCl  as  supporting

electrolyte.  As can be seen, the CV plots feature similar Faradic currents but different

capacitive  currents.  The  capacitive  currents  are  bigger  for  the  roughened  electrode

because  of  the  bigger  area.  Moreover,  the  criteria  of  reversibility  of  the  system are

obeyed for both systems showing excellent linearity for the ip vs. v plot indicating that the

electrochemical process at is diffusion-controlled. 

In  conclusion,  since  the  Faradic  current  of  the electroanalyte  at  the roughened  silver

electrode is identical to that at the smooth one, we conclude that CV is not a suitable

method to determine the real area of our roughened silver electrodes.
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Figure 4.2.1.1 CV plots of 5 mM Ru(NH3)6Cl3 in 0.5 M KCl at roughened (darkest trace) and

smooth (lighter trace). Both electrodes have the same geometric area. The dotted lines indicate

the peak current.

Second attempt

A widely used method to determine the real  area of silver electrodes  is the so-called

double-layer capacity method3, 4. Literature reports several studies for single-crystal and

polycrystalline silver electrodes5. 

This  method  was  followed  in  the  second  attempt  to  determine  the  real  area  of  a

roughened  silver  electrode.  We  followed  the  procedure  described  by  Valette  and

Hamelin5,  consisting of  measuring the  differential  capacity  of  a  polycrystalline  silver

electrode in contact with a 0.04 NaF solution. Given the value of 25 ± 1 �F cm-2 for the

differential  capacity at  -1.55 V (SCE), the roughness  factor  (Rf,  defined as the ration

between the real and the geometric area of the electrode) can be easily determined as the

ratio between the differential capacity of the roughened electrode and the capacitance of a

flat surface (calculated as 25 ± 1 �F cm-2  times the geometric area).

Unfortunately,  this  method  appears  to  be  not  applicable  to  our  roughened  silver

electrodes. 
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In fact the data inferred from our  i vs.  E plots indicate that the capacity of our smooth

silver electrode is always 10 times higher than that of our roughened electrode as shown

in Figure 4.2.2.2. This trend is reproducible and the Rf calculated in this way were always

less than 1, which is impossible! 

Although  a  clear  understanding  of  the  phenomenon  occurring  at  roughened  silver

surfaces  and  the  finding  of  a  method  to  determine  their  real  area  is  far  beyond  the

purpose of this thesis, anyway a simple explanation can be drawn from our observations

in view of some studies performed by Georges Valette6, 7. In his papers, Valette describes

how  the  surface  heterogeneity  (such  as  pits  and  stripes)  can  promote  the  specific

adsorption of certain ions (including F-). This could be the case of our silver surfaces,

where the number of defects – compared to the smooth surface – is very high, both at a

macroscopic and at an atomic level.
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Figure 4.2.1.2. AC voltammetric plots obtained for roughened (darkest trace) and smooth (lighter

trace) silver electrodes having the same geometric area. Measurements were done in 0.04 M NaF.

134



Chapter 4 – Comparing gold and silver

Third attempt

In the third attempt we followed the method described by Waszckuk et al.8 based upon

the measuring of the capacitive currents during a CV experiments. In  fact, the double

layer  capacitance  grows  as  increasing  the  electrode  area,  as  already  seen  in  Figure

4.2.1.1, and the capacitance C is simply measured as the slope of the i vs. v plot. In fact C

= Q/E, but  E = tv, and therefore C = Q/tv; but since Q/t = i, it results that C = i/v. As

expected,  the experiments  performed on a bare roughened silver electrode showed as

expected a linear dependence of the capacitance from the scan rate v (Figure 4.2.1.3), and

C can be readily inferred as the slope of the linear fit. Knowing the C/cm2 determined for

a flat silver surface, the Rf can be easily obtained. Unfortunately,  despite the excellent

linear fit of the plot in Figure 4.2.1.3, the Rf found with this method is too high to be

reliable (as high as 34!). This is not surprising, especially because capacitive currents are

generally  measured  with  AC  methods  instead  of  the  DC  method  here  described.

Moreover, the presence of voltammetric peaks on the CV plots at both roughened and

smooth electrodes (data not shown), which is indeed expected to be essentially flat in the

investigated  potential  region,  reveals  the  presence  of  adsorbed  species  which  can

probably interfere with the determination of the Rf.
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Figure 4.2.1.3. Capacitive current for roughened silver electrode in 0.1 M HClO4. 2icap (twice the

capacitive current) is the thickness of the voltammetric signal at -0.4 V.
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Fourth attempt (the successful one)

Our fourt attempt was based on the procedure described by Hupp et al.9 which follows

the method of the capacitive current already described (second attempt), but in this case

the supporting electrolyte is different (ClO4
- instead of F-). The results revealed a Rf of

20.6 ± 0.8, a value that was accepted in view of the reliability of the method. In fact,

before testing it on our roughened silver electrodes we were able to reproduce the results

obtained by the authors on a silver electrode roughened as described in the paper (120

mC/cm2 instead of 670 mC/cm2 used in our ORC procedure). This was done because the

Rf in the cited paper was confirmed by experiments performed with different techniques

providing excellent agreement among different methods.
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Chapter 5

Other heme proteins

The  studies  presented  in  the  previous  chapter  prove  our  spectroelectrochemical

approach is reliable. This is true for the cyt c. Nevertheless, our aim is exploring the

possibilities of extending this experimental approach also to other heme proteins, this

being the core of the present chapter. In section 5.1 of this chapter, the focus of study is

cyt  c’,  which  has  been  recently  proven  to  exhibit  direct  ET  at  SAM-modified  gold

electrodes. As for section 5.2, the focus of study is CYP2D6, an enzyme that is suitable to

be studied both with RR and SERS, but does not exhibit electrochemical activity at SAM-

coated electrodes.

5.1 Cytochrome c’a

Cytochrome c’ (cyt  c’) is a di-heme protein found in many different photosynthetic and

denitrifying bacteria. Both heme groups are electrochemically active and have the same

formal reduction potential. However, even if the iron atoms are quite close to each other

(23Å), they do not seem to transfer electrons among each other. The protein in its native

state has a five-coordinated iron atom with a histidine amino acid residue acting as axial

ligand. In the ferrous state cyt c’ binds CO and NO reversibly, but not O2. At the state of

our knowledge the physiological role of cyt  c’ is not known, especially since cyt  c’ was

never observed in vivo, but only after purification1. However,  since this protein binds

NO, it might play a role in NO degradation, and this property could be profitably used to

design a biosensor.

Aim of the study 

The aim of this study was to determine if cyt  c’ immobilized on electrodes coated with

different  self-assembled  monolayers  (SAMs)  could  be  investigated  by  voltammetric

techniques in combination with surface-enhanced resonance Raman scattering (SERRS)

spectroscopy. This approach was shown to be fruitful in earlier heme protein studies: in

fact, cyclic voltammetry (CV) appears to be a very sensitive technique for determining

a The work discussed in this chapter was done in collaboration with Matheus de Groot, Marc
Koper and Maarten Merkx, who generously provided the protein.
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the conformational changes of the protein during the electron transfer (ET) process, but

unfortunately  the  E°’  values  as  such  do  not  provide  structural  information  about  the

changes itself. In the case of heme proteins immobilized on roughened silver electrodes,

such  information  can  be  provided  by  SERRS.  This  special  Raman  spectroscopy

technique selectively yields the vibrational spectrum of the active site of the protein.

Experimental section

Chemicals, instrumentations and procedures are the same as those described in Chapter

3.3, with the only exception of cyt c’, expressed and purified as described elsewhere2, and

the  chemicals  used  to  immobilize  covalently  the  protein  according  to  the  procedure

described by Patel et al.3

Results – RR and SERRS

The procedure followed to characterize cyt  c’ immobilized at MUA-coated electrodes

was similar to that  adopted by others to study cyt  c (see Chapter  1.4),  involving the

comparison between RR and SERRS experiments. Figure 5.1.1 A shows the RR spectra

of  cyt  c’  with  and  without  CO.  Such  spectra  were  compared  to  those  published  by

Andrew et al. hereby reported in Figure 5.1.1 B4. As can be seen, the band at 1368 cm-1 in

Figure 5.1.1 A indicates that the CO-adduct is formed to some extent (see Table 5.1.1 for

peak assignment).

Cyt c’ �4 �3 �2 �10 �(Fe-His) �(Fe-CO) �(Fe-CO) �(C-O)
5c 1352 1469 1577 nr 231 / / /

+ CO (6c) 1371 1591 nr 492 565 1978
Table 5.1.1. RR frequencies (cm-1) for ferrous cyt  c’ from Allochromatium vinosum.  These

values were taken from reference 5.

However, the presence of the CO-adduct should be more prominent (see Figure 5.1.1 B),

as revealed by the relative intensities of the peaks at 1351 and 1368 cm-1,  which are

inverted compared to those shown in Figure 5.1.1 A. This might be due to the high power

of  the  laser.  In  fact,  Andrew  et  al.  reported  that  the  CO-adduct  underwent  rapid

photodissociaton and therefore its presence was detected only at very low laser powers
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(0.3 mW)4. Despite our efforts, the quality of the RR spectra recorded with our setup at

very low laser power (0.5 mW) was too low to detect any significant band ascribable to

the protein (data not shown). 

The poor formation of the CO-adduct is also clear from the persistence of the  �3 band

(which should decrease after adding the CO) and the lack of a clear peak at 1596 cm-1. In

conclusion, our RR data do not indicate a significant CO binding.

1400 1500 1600

* (1469)

Raman shift (cm
-1
)

cyt c' reduced

 cyt c' reduced + CO

1351

1368*

��

�3 �2

Figure  5.1.1  A.  RR  spectra  of  cyt  c’. Excitation

wavelength was 413.1 nm and laser power was 5 mW

on the sample. Fully reduced protein was obtained after

adding dithionite solution to the protein sample (108

mM cyt  c’ from Allochromatium vinosum in 100 mM

phosphate  buffer)  according  to  the  procedures

described by reference 4.

Figure 5.1.1 B. RR spectra of cyt

c’.

Excitation wavelength was 413.1 nm

and laser power was 0.3 mW on the

sample.  The  spectra  (top  to  the

bottom) are: fully reduced native cyt

c’;  CO-adduct;  NO-adduct.  (Taken

from reference 4)

Cyt c’ was successfully immobilized on SERRS-active silver electrodes coated with 11-

mercapto-1-undecanoic  acid  (MUA).  Several  adsorption  procedures  were  tested  (see

Table 5.1.2). In all the cases, the silver electrode coated with a SAM of MUA was kept in

a protein solution for approximately 1 hour at 4 °C; then the electrode was rinsed with a
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buffer solution and subsequently placed into the spectroelectrochemical  cell  described

elsewhere6.

 Type of immobilization pH cyt c’ conc. SERRS

Electrostatic 4.3 0.1�M (No signal)
Electrostatic 4.3 1 �M Potential-controlled experiment
Electrostatic 4.3 2 �M Potential-controlled experiment
Electrostatic 7.0 2 �M No signal
Covalent 7.0 2 �M No signal

Table  5.1.2. Overview  of  the  experimental  conditions  adopted  for  immobilizing  cyt  c’  at

Ag/MUA electrodes.

Evaluating the signal to noise ratio of the SERRS spectra, it  was found that the most

effective adsorption procedure was the one performed at  pH 4.3 from a 2  �M cyt  c’

solution.  On  this  system  it  was  possible  to  perform  a  potential-controlled  SERRS

experiment.

The spectra obtained for the adsorbed protein under electrochemical control are shown in

Figure 5.1.2. The increasing of the peak at 1351 cm-1 indicates that the adsorbed cyt  c’

undergoes partial reduction upon applying a sufficiently negative voltage. However, even

upon the remarkable increasing of the applied voltage to -600 mV, the fully reduced

species, as revealed by the band at 1371 cm-1, cannot be detected. 

Remarkably, the reduction of the protein was found to occur very slowly: it took more

than 10 minutes for the system to reach the conditions of constant current required to

record the spectra. It should be noticed that for cyt  c, the equilibrium (i  = 0) is reached

within few seconds. This can be visualized in the i vs. t plot recorded while applying a

constant voltage to the working electrode (Figure 5.1.3).
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Figure 5.1.2. SERRS spectra of Ag/MUA/cyt c’ at different applied voltages. At -0.55 V the

protein is reduced and in a 5-coordinated high spin (5cHS) state, which is necessary to form the

CO adduct.  No protein was present in solution during measurements.  However,  there  are no

evidences of the CO-adduct formation.

The electrode with the reduced protein was then placed in a conventional electrochemical

cell under a flow of CO and at a constant applied voltage (-0.05 V vs. SCE). After 10

minutes the electrode was placed into the spectroelectrochemical  cell and the SERRS

spectra shown in Figure 5.1.2 (-550 mV + CO) were obtained. As can be seen, the spectra
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are  essentially  identical,  and  do  not  follow  the  spectroscopic  behavior  described  by

Andrew et al.4. In particular, the persistence of a 5cHS species excludes the presence of

the CO adduct.
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Figure 5.1.3. i vs. t plot for Ag/MUA/cyt c’ at the applied voltage of -0.55 V vs. SCE.

Results – CV

Each  and  every  time  the  presence  of  the  immobilized  protein  on  the  electrode  was

detected via SERRS, a CV experiment was also performed. In all cases the CV plot was

identical to the voltammetric response of the background, and a CV signal ascribable to

the immobilized protein was never observed (see Figure 5.1.4).

Protein adsorption and the CV experiments were also performed under the experimental

conditions indicated by de Groot et al.2 (protein concentration = 100 nM under constant

CO or  Ar  bubbling).  Even  in  this  case  no  electrochemical  signal  due  to  cyt  c’  was

detected. In particular, the voltammetric peaks centered around 0.3 V (vs. SHE) did not

increase in time and were identical to the voltammetric signal of the background. This

behavior, which is in contrast with a previous work2, is not surprising if considering the

inertia of the system to change its oxidation state (see Figure 5.1.3). 
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Figure 5.1.4. CV plots of Ag/MUA/Cyt  c’ (lower plot). CV was recorded in 10 mM acetate

buffer at pH 4.3; no protein was present in solution during the experiments. The voltammetric

peaks centered around 0.3 V were detected on the background as well (Ag/MUA) under the same

experimental conditions. The upper plot shows the CV response of cyt c’ immobilized on smooth

gold electrodes chemically modified with a SAM of mercaptohexanoic acid2. All potentials are

expressed vs. SHE.

Conclusions

Our results can be summarized as following:

1. Cyt c’ was adsorbed on SERRS-active Ag/MUA electrodes.
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2. The potential-controlled SERRS experiment could be performed even if no useful

information  about  the  formal  reduction  potential  could  be  inferred  from such

experiment.

3. No CV signal ascribable to the immobilized protein was observed.

4. No CO binding was observed. 

It  should  be  concluded  that  these  preliminary  experiments  were  not  entirely

successful. However, they indicate that a significant improvement of the quality of

the SERRS signals might be achieved using more concentrated protein samples for

protein  incubation,  and  furthermore  mixed  SAMs  (having  a  lower  pKa,  so  that

deprotonation is accomplished even at low pH). Also the experimental conditions to

achieve the CO-adduct formation should be optimized, performing the experiments in

a  glove  box  to  work  under  saturated  CO  atmosphere.  Under  such  optimized

conditions, a satisfactory spectroelectrochemical characterization of adsorbed cyt  c’

will be possible.
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5.2 Characterization of hybrid bilayer membranes on silver electrodes

as  biocompatible  SERS  substrates  to  study  membrane-protein

interactionsa

Abstract

Hybrid bilayer lipid membranes (HBMs) were built on roughened silver electrodes. Such

a bilayer consists of a first layer of octadecanethiol (ODT) directly bound to the electrode

surface,  on  which  a  second  layer  of  1.2-Diphytanoyl-sn-glycero-3-phosphocholine

(DPPC) is  self-assembled by phospholipid vesicle fusion.  The  effectiveness  of  HMB

formation  was  proven  with  several  electrochemical  techniques  such  as  cyclic

voltammetry (CV), AC voltammetry and electrochemical impedance spectroscopy (EIS)

in combination with surface-enhanced resonance Raman scattering (SERRS). In fact, the

silver  electrodes  do exhibit SERS-activity in view of their roughened profile.  Further

evidence of HBM formation was obtained by studying the interaction of the bilayer with

molecules such as antibiotic GraD D (graD) and the human enzyme Cytochrome P459

2D6  (CYP2D6).  Both  molecules  were  found  to  perturb  on  some  extent  the  bilayer

architecture, revealing a different degree of incorporation within the HBM. In particular,

in the case of CYP2D6, the bilayer-enzyme interaction is consistent with the hypothesis

of an alpha-helix insertion within the HBM.

Introduction

The  demand  for  biocompatible  metal  surfaces  to  achieve  protein  immobilization  is

nowadays a fundamental subject in  fields such as  protein electrochemistry,  biosensors,

and biocatalysis, as well as in bio- and nano-technologies in general. In fact, since direct

contact  of a protein with a metal  surface can lead to the denaturation of the protein,

several strategies were developed over the past decades to preserve the protein activity by

preventing  its  direct  contact  with  the  metal.  Among  these  strategies  the  use  of

a Adapted from: Millo, D.; Bonifacio, A.; Moncelli, M. R.; Sergo, V.; Gooijer, C.; van der Zwan,

G.; manuscripit in preparation.
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experimental  models  of  biological  membranes  (biomimetic  membranes)  is  quite

challenging,  and  in  principle  suitable  for  several  applications.  In  the  present  study

biomimetic membranes were covalently attached on the electrode; on a first layer of an

alkanethiol monolayer a second layer of phospholipids was self-assembled by fusion of

unilamellar vesicles from solution. In this way a bionanostructure is obtained resembling

the  cell  membrane  at  the  lipid/solution  interface,  with  the  polar  heads  of  the

phospholipids facing the aqueous solution. Usually this kind of biomimetic membrane is

called hybrid bilayer membrane (HBM).

Surface-enhanced resonance Raman scattering (SERRS) has proven to be a selective and

sensitive spectroscopic technique to study proteins immobilized on metal surfaces. This

technique is based on the Raman scattering of laser radiation whose wavelength is in

resonance with an electronic transition of the molecule studied  1-3,  leading to a signal

enhancement denoted as resonance Raman effect (or RR). Additional sensitivity is gained

through surface enhancement (or SERS effect) if the protein is close to a metal surface

with particular characteristics. To fulfill the requirements to achieve both resonance- and

surface-enhancement for heme proteins, roughened silver is the surface-enhancing metal

of choice4. That is why we intended to develop a method to build and characterize such

HBM on SERS-active silver electrodes. In recent years, Hicks and co-workers5 pioneered

in  this  field,  though  using  a  different  experimental  approach.  They  immobilized  a

peripheral membrane protein such as cytochrome c on HBM built on SERS-active silver

electrodes and they investigated the effectiveness of the bilayer formation with different

analytical  techniques,  including  several  electrochemical  measurements  on  gold

electrodes. 

In  our  study  we  performed  electrochemical  characterization  of  the  HBM directly  on

roughened  silver  electrodes,  basing ourselves  on the  same experimental  procedure  as

employed for smooth surfaces (Au and Hg). Such a direct approach is quite appropriate,

since previous studies indicate that differences in the topography of the electrode play a

critical  role  in  tethered  lipid  bilayers  (t-BLM)  formation6.  t-BLMs  consist  of  a  lipid

bilayer  tethered  to  a  metal  surface  (Hg,  Au)  via  a  hydrophilic  “spacer”,  usually  a

tetraethyleneoxy chain7. The effect played by the topography of the electrode on the t-

BLM formation is  more  relevant  than for  HBM, especially  in  view of  the molecular
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architecture of t-BLM, which is more complex than that of our HBM. In fact, in the study

cited, Knoll and co-workers found that only ultraflat metal substrates were capable of

adequately supporting t-BLM formation. As in the case of several  studies on t-BLM,

further evidence of HBM formation was obtained by studying the insertion of gramicidin

within the bilayer.  It is well known that Gramicidin D (GraD) is a mixture of antibiotix

coumpounds obtained from soil bacterial species  Bacillus brevis. GraD is a mixture of

linear pentadecapeptides that assemble inside of the hydrophobic interior of the cellular

lipid  bilayer  to  form  a  beta-helix.  The  helix  itself  is  not  long  enough  to  span  the

membrane but it dimerizes to form the channel needed to span the whole membrane. The

structure of GraD dimer in micelles and lipid bilayers was determined by solution and

solid state NMR8. These dimers act as ion channel and therefore, for these characteristics,

GraD is used to test  the biomimetic proprieties of  experimental  models of biological

membranes9, 10. 

The HBM obtained were  used as  biocompatible substrates  to  study with SERRS the

interaction between the HBM and the human enzyme Cytochrome P450 2D6 (CYP2D6),

a peripheral membrane protein having an alpha helix terminus which is thought to be

inserted as an anchor in the endoplasmatic reticulum membrane11-13 (Figure 1). CYP2D6

is  one of  the  most  important  mono-oxygenases  in  humans,  being responsible for  the

metabolism  of  about  30%  of  drugs.  Its  role  as  a  drug-metabolizing  enzyme  makes

CYP2D6  a  relevant  topic  of  research  in  pharmacology,  toxicology  and  clinical

applications.
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Figure 1.  Schematic view of  the HBM after CYP2D6 insertion (not  scaled).  The equivalent

circuit used to simulate the system is also shown.

2. Experimental Section

Chemicals

Merck suprapur® NaF was baked at 600 ˚C before use to remove organic impurities. 1-

Octadecanethiol  (ODT),  1.2-Diphytanoyl-sn-glycero-3-phosphocholine  (DPPC)  and

GraD were  purchased  from  Sigma  Aldrich,  Avanti  Polar  Lipids  and  Sigma  Aldrich

respectively, and they were used without further purification. All other chemicals were of

reagent  grade.  CYP  2D6  was  expressed  and  purified  as  described  elsewhere14.

Electrochemical  measurements  were carried out in deoxygenated water  solutions.  The

water used was obtained from the installation providing demineralized water obtained

from inverted osmosis and continuous deionization. This demineralized water was then

further  treated  in  a  MilliQ  system  and  used  without  further  purification.  Aqueous

solutions were deoxygenated with nitrogen obtained by evaporation from the liquid one.
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Electrochemical instrumentation

Chemicals

Polycrystalline  silver  disk  electrodes  (IJ  Cambria  Scientific,  Carms,  UK)  of  2  mm

diameter  (geometric  area  =  0.0314  cm2)  were  used  as  working  electrode  (WE);  a

platinum coil and a saturated calomel electrode (AMEL Instruments, Milano, Italy) were

used as counter (CE) and reference electrode (RE), respectively.  The RE and the cell

were kept at constant room temperature (20±0.1 °C) during all the experiments. The three

electrodes system was controlled with a �Autolab potentiostat (Eco Chemie, Utrecht, The

Netherlands) supplied with FRA2 module for electrochemical impedance spectroscopy

(EIS) measurements and GPES 4.9 software for AC voltammetry and cyclic voltammetry

(CV). EIS data were recorded at 50 different frequencies ranging from 0.1 MHz up to 1

Hz using a perturbation amplitude of 14 mV.

All potentials were calibrated against  the methylviologen (MV) MV2+/MV+ couple and

referred versus a saturated calomel electrode (SCE).

Raman instrumentation

SERRS and RR measurements were performed on the setup previously described15. The

excitation wavelength was 413.1nm for all measurements; the laser power was 5mW at

the sample. The monochromator slit was set to 170 microns, yielding a step of 0.8 cm-1

per data point.

Silver colloids coated with a SAM of MPA were prepared as previously described16, 17. A

drop of 3 microL of colloid was laid on the electrode tip, and left there for a few seconds.

Then the excess of colloid was removed and the electrode was put under the Raman

microscope.

Treatment of the electrode

Silver  working electrodes  were  polished with water  on aluminum oxide lapping film

sheets (261X and 262X, 3MTH, USA) from 5 to 1 micron grain size until a mirror-like

appearance of the surfaces was obtained, as previously described15. For the CV and the

SERS experiments, immediately after polishing, the electrodes were roughened  ex situ

with an oxidation reduction cycle (ORC) procedure described elsewhere  15. The ORCs
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(ca. 0.67 C/cm2 of anodic charge passed per step) were performed in an ordinary glass

electrochemical  cell (5mL) filled with a 0.1M KCl solution using the three electrodes

system described above. 

After the ORC, the roughened WE was first rinsed with water and then with ethanol.

Subsequently it was dried with a nitrogen flow and finally immersed in an ODT ethanolic

solution (2mM) for a span raging from 18 to 20 hours.

HBM preparation

The experimental procedure to obtain the second layer (DPPC) is described elsewhere18.

In brief, the aqueous suspension of DPPC (0.2 mg/mL) was kept in the ultrasonic bath for

10 minutes. Then it was treated in an extruder using a polycarbonate filter with pores

having a diameter of 100 nM. The extruded suspension was then diluted with water up to

a  final  concentration  of  0.04  mg/mL19.  The  Ag/ODT  electrode  was  exposed  to  the

vesicles suspension for 1 hour at room temperature (20 °C).

GraD and CYP2D6 insertion

The Ag/ODT/DPPC electrode  was exposed  to  a  GraD solution  for  10 minutes.  This

solution was prepared from a 2 mM GraD solution (in ethanol) which was then diluted

with a 0.04 M NaF solution (in water) up to a final concentration of 25 �M GraD.

CYP2D6 immobilization was achieved by exposing the Ag/ODT/DPPC electrode to a 7

�M CYT2D6 buffered solution for 1 hour at room temperature (20 °C). 

Results and discussion

Characterization of HBM

Electrochemical characterization of HBM was done using voltammetric techniques (AC

and CV) in combination with EIS. 

The AC plots are linear and constant in the entire range of investigated potentials. Both

the monolayer and the bilayer were tested. Capacitive current values between 0.06 and

0.08  �A, and between 0.12 and 0.17  �A were found for Ag/ODT and Ag/ODT/DPPC

respectively (Figure 2,  darkest  and lighter  full  line respectively).  The capacity  of  the

bilayer is therefore twice that of the SAM. Our findings are therefore in contradiction
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with previous characterization of similar systems on Hg and smooth Au, which shows an

opposite trend (i.e.: iHBM < iSAM)20. A possible explanation of this unexpected behavior can

be attributed to the role of the supporting electrolyte. In fact, in this case NaF was chosen

in  view  of  the  abundant  literature  on  silver  electrodes21,  22.  However,  some  studies

performed on silver surfaces (either roughened or smooth with few defects) suggested

that the presence of features on silver can promote the specific adsorption of fluoride

ions23-25. For this reason, in their work on electrochemically roughened silver electrodes,

Hupp et al. suggested the use of NaClO4 instead of NaF26. Anyway, in the case of our

system, a rough estimate of the capacitive currents can be also inferred from the CV plots

shown in Figure 3. The comparison of the thickness of the full traces in Figure 3 clearly

indicates that  the capacitive current of the monolayer  is  higher (approximately twice)

than that of the bilayer. This is in contrast with our AC data, but it is in line with previous

findings, reporting similar relations between the capacitive currents obtained for a well-

formed monolayer and the correspondent bilayer built on it27. Therefore, since the only

significant  difference  between  the  CV and  the  AC voltammetry  experiment  was  the

presence of different supporting electrolyte (KCl and NaF respectively),  we can argue

that  the  voltammetric  response  is  heavily  influenced  by  the  nature  of  the  chosen

supporting electrolyte. In conclusion, we will consider the observed trend in the AC plot

(iHBM > iSAM) as indicative of HBM formation. In fact, bilayers built on monolayers with

current values out of the indicated range did not fulfill the other experimental  criteria

(CV, EIS, and SERRS) and did not support adequately the formation of the second layer.
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Figure 2.  AC plots of roughened Ag electrode (dotted line),  Ag/ODT (darkest  full line) and

Ag/ODT/DPPC (lighter full line). Measurements were done in 0.04 M NaF solution at 160 Hz.

Cyclic  voltammetry  (CV)  has  been  often  used  as  a  method  to  confirm  the  HBM

formation  on  electrodes.  The  procedure  consists  of  recording  the  response  of  an

electroactive compound in absence and in presence of the HBM. CV plots of a 1 mM

Ru(NH3)6Cl3 solution in 0.1M KCl recorded at different electrodes are shown in Figure 3.

The  voltammetric  response  of  Ru(NH3)6Cl3 at  bare  silver  electrode   leads  to  the

characteristic  plot  featuring two voltammetric peaks ascribable to the fully reversible

monoelectronic reduction and oxidation of Ru(NH3)6Cl3 (Figure 3 dotted line). To the

contrary,  the  voltammograms  of  the  Ag/ODT  and  Ag/ODT/DPPC  systems  strongly

deviate  from  electrochemical  reversibility  (Figure  3,  darkest  and  lighter  full  line

respectively). This is in agreement with previous results20, 28 and indicates how the mono

and the bilayer insulate the metal substrate from the electroactive compound present in

the solution. Moreover, it should be noticed that while in the plot obtained for Ag/ODT

the voltammetric wave still presents a sigmoidal shape with two ill-defined voltammetric

peaks, in the case of Ag/ODT/DPPC, the voltammetric response is essentially flat. This

difference between the two plots indicates that the electroreduction of Ru(NH3)6Cl3 still
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occurs  to  a  minor  extent  at  Ag/ODT,  whereas  it  is  completely  inhibited  at  the

Ag/ODT/DPPC electrode, as expected for a well-formed HBM.
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Figure 3. CV plots of 1 mM Ru(NH3)6Cl3 at smooth Ag electrode (dotted line), Ag/ODT (darkest

full line) and Ag/ODT/DPPC (lighter full line). Supporting electrolyte was 0.1 M KCl and scan

rate was 0.1 Vs-1.

The successful  HBM formation was confirmed by  EIS experiments as well. Figure 4

shows the Bode plot (log�Z� and phase angle  � vs logf) of Ag/ODT/DPPC (Figure 4,

square plot). The measurements were done in 0.04 M NaF solution. The plot resembles

those for Hg and Au electrodes, with a phase angle close to 85° in the frequency range

from 300 to 3000 Hz. This indicates that the Ag/ODT/DPPC electrode behaves as an

ideal condenser in that range of frequencies, as expected for a well-formed bilayer. Once

again, some differences are observed in the properties of HBM supported by roughened

and smooth substrates.  In  fact,  bilayers  built  on Hg and Au electrodes  feature  phase

angles close to 90° in a broader range of frequencies (from 0.5 up to 3000 Hz)29. This

difference,  which  is  often  related  to  the  compactness  of  the  HBM,  can  be  readily

conceived in view of the fact that our roughened metal substrate influences the bilayer

formation,  probably leading to  a  less  ordered  structure  than that  obtained  for  similar

HBM on smooth electrodes.
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After performing the experiments, the system was incubated in a 25 �M GraD solution

for 10 minutes. The resulting Bode plot is shown in Figure 4 (circle plot). The data were

fitted according to the model of the equivalent circuit shown in Figure 1 and the values

obtained  are  presented  in  Table  1.  As  can  be  seen,  the  presence  of  graD  leads  to

significant  changes  following  a  definite  trend:  Rsol (Ag/ODT/DPPC)  <  Rsol

(Ag/ODT/DPPC/graD);  RHBM (Ag/ODT/DPPC)  >  RHBM (Ag/ODT/DPPC/graD);  CHBM

(Ag/ODT/DPPC) < CHBM (Ag/ODT/DPPC/graD). 

This  trend  –  always  observed  after  adding  GraD  to  the  working  solution  –  can  be

rationalized as follows: the increase of Rsol is due to the GraD present in solution during

the measurements; the diminished RHBM is an effect of the GraD insertion, perturbing the

ordered structure of the bilayer; the enhancement of CHBM is ascribable to the presence of

ions in the regions of the bilayer perturbed by the GraD insertion. It should be noticed

that GraD does not span the HBM as it does in the case of t-BLM. In fact GraD insertion

within  the  t-BLM  is  associated  to  a  dramatic  change  in  the  Bode  plot  that  was  not

observed in the case of our HBM.

Therefore, since our EIS data can be interpreted as an evidence of GraD insertion within

the HBMs, they provide also indirect evidence of bilayer formation.
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Figure 4. Bode plot of Ag/ODT/DPPC (square plot), Ag/ODT/DPPC/GraD (circle plot) and Ag/

ODT/DPPC/CYP2D6 (triangle plot). Measurements were done in 0.04 M NaF solution, except

for Ag/ODT/DPPC/GraD, which was measured in a 0.04 M NaF + 25 �M GraD solution.

Interaction of CYP2D6 with HBMs  

This hypothesis is further  confirmed by the experiments done with  CYP2D6.  In  fact,

after protein incubation, the properties of the HBM – as inferred from the fitting of the

EIS data – changed according to the same trend observed after GraD insertion (Figure 4,

triangle  plot).  As  shown  in  Table  1,  Rsol (Ag/ODT/DPPC)  =  Rsol

(Ag/ODT/DPPC/CYP2D6); RHBM (Ag/ODT/DPPC) > RHBM (Ag/ODT/DPPC/CYP2D6);

CHBM (Ag/ODT/DPPC) < CHBM (Ag/ODT/DPPC/CYP2D6). The observed behavior can

be conceived by considering that CYP2D6 adsorption occurs via the insertion of a helix

inside the HBM. In fact, since GraD and CYP2D6 induce analogue effects on the HBM,

similar mechanisms of insertion may be proposed. 
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Table 5.2.1

Electrode Rsol / K��(%) RHBM / M��(%) CBLM / nF (%)

Ag/ODT/DPPC 0.64 1.42 15.6

Ag/ODT/DPPC/graD 0.69 (+ 8%) 0.84 (- 41%) 16.9 (+ 8%)

Ag/ODT/DPPC/CYP2D6 0.64 (0%) 0.61 (- 67%) 53.2 (+ 241%)

Table 5.2.1. The percentages shown in the table were calculated with respect to the values of Ag/

ODT/DPPC. Such values were obtained by fitting the experimental data with the equivalent

circuit shown in Figure 1. The error associated to each fitting process is below 9%.

This can be inferred observing the trend of the fitted data (Table 1). However, the effects

produced by CYP2D6 and GraD insertion are clearly different and indicate a difference

in interaction with HBM. The presence of CYP2D6 leads to a significant change in the

bilayer composition resulting in variations of 0.81 M� and 37.6 nF for the RHBM and the

CHBM respectively. On the contrary, the effect of graD insertion on the same system led to

substantially smaller variations (0.58 M� and 1.3 nF). Such differences suggest that the

perturbations  induced  by  GraD on  the  HBM are  less  pronounced  than  those  due  to

CYP2D6.  This  can  be  rationalized  by assuming  that  GraD  is  incorporated  less  than

CYT2D6 inside the bilayer. It should be noticed that in the case of HBM GraD cannot

form dimers that span the bilayer as for t-BLM. This is due to the difference between t-

BLM and our HBM. In fact, the t-BLM  tethered system consists of a first monolayer

attached covalently to the surface and a second monolayer  of lipids. The first layer  is

separated from the surface by a spacer group, which provides space for incorporation of

water molecules and outer membrane domains of transmembrane proteins. Our HBM,

being supported by ODT, do not provide any hydrophilic region for incorporation of

water between the first layer and the electrode surface. In this scenario it is not surprising

that GraD cannot span through our HBM. It should be noticed that despite our efforts, we

could  not  build  a  t-BLM  on  SERS-active  silver  electrode.  In  fact,  electrochemical

characterization (data not shown) proved that it was not possible to build a monolayer of

2,3-di-O-phytanyl-sn-glycerol-1-tetraethylene glycol-D,L-R-lipoic acid ester (DPTL)  on

roughened  silver  electrodes.  This  result  is  in  line  with  that  of  Naumann  et  al.,  who

156



Chapter 5 – Other heme proteins

showed  that  only  ultraflat  gold  surfaces  can  support  adequately  the  formation  of  a

compact monolayer of DPTL on which it is then possible to build the second lipid layer6.

Finally, it should be noticed that Rsol (Ag/ODT/DPPC) = Rsol (Ag/ODT/DPPC/CYP2D6)

while Rsol (Ag/ODT/DPPC) < Rsol (Ag/ODT/DPPC/GraD). This is not surprising, since

the composition of the working solution in the case of Ag/ODT/DPPC/CYP2D6 did not

vary,  – the EIS experiments with CYP2D6 were done in a 0.04 M NaF CYP2D6-free

solution –, while the experiments with GraD were performed in a 0.04 M NaF + 25 �M

GraD solution. In fact, this finding is an indication of the reliability of our fitting model

(the equivalent circuit shown in Figure 1).

A SERRS spectrum obtained from CYP2D6 on Ag/ODT/DPPC is shown in Figure 5.

Despite the long accumulation time (900s), the signal to noise ratio is rather low. This is

probably due to the great distance between the protein and the roughened silver surface,

since the surface-enhancement effect is rapidly decreasing with this distance17, 30, 31, 32.
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Figure  5. RR spectrum (a)  of  a  70  �M buffered  CYP2D6 solution,  and  SERRS spectra  of

Ag/ODT (b) and Ag/ODT/DPPC (c) electrodes incubated with a 7 �M CYP2D6 solution, after

rinsing (see experimental section). Excitation wavelength 413.1 nm, power at the sample 5mW,

accumulation time 900s.
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Fortunately,  the intensity is sufficient to allow the identification of the  �4 band of the

CYP2D6 at 1371 cm-1 (a marker band for the oxidation state, indicating that the protein

heme is found in its oxidized state), whereas all other CYP2D6 bands are too weak to be

clearly observed. In fact, it should be noted that the relative intensities of the bands in

CYP2D6 SERRS spectra are virtually identical to those observed in RR spectra17, so that

the other bands in the 1450-1650 cm-1 region (commonly referred as spin state marker

bands) are too weak to be observed in spectra with a low signal to noise ratio such as

those shown in Figure 5. Moreover, in that region other bands are present at 1559, 1611

and 1649 cm-1, which interfere with the detection of the spin state marker bands.

Since no bands are observed in this region in SERS spectra of Ag/ODT (see Figure 5) or

Ag/ODT/DPPC33-35, these bands must be due to vibrations of the protein. SERS selection

rules  may yield  spectra  with  markedly different  relative  intensities  depending  on the

molecule orientation, and such orientation-dependence of  relative intensities  has been

observed in SERRS spectra of metalloporphyrins indeed36, 37. However, SERRS spectra of

heme proteins obtained using a Soret excitation, as in our case, are dominated by the RR

rather than SERS selection rules,  and therefore no dependence from the orientation is

expected17.

Therefore, most probably, the three bands at 1559, 1611 and 1649 cm-1 are not caused by

the heme. These bands must be due to a part of the protein which is close to the silver

surface.  This  would  imply  that  the  integrity  of  the  hybrid  bilayer  must  have  been

perturbed upon binding of CYP2D6, as suggested by electrochemical data.

The band at 1649 cm-1 is tentatively assigned as the amide I vibration of an alpha-helix

backbone. Bands in this spectral region have been previously observed in SERS spectra

of  proteins  and peptides  adsorbed  on silver  surfaces38-40.  This  interpretation would be

particularly interesting when considering that  the N-terminus of CYP2D6 – an alpha-

helix structure – has been proposed to be a transmembrane helix working as an anchor to

the  membrane.  The  presence  of  such  amide  bands  would  be  consistent  with  the

transmembrane  alpha  helix  penetrating  the  ODT/DPPC layer  and  reaching  the  silver

surface.

The  broad  band  centered  around  1610cm-1 might  be  the  sum  of  different  spectral

contributions from the ring stretching of the aromatic amino acids present in the helix (1
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Phe, 1 Trp and 1 Tyr),  which usually present bands in that region of their respective

SERS spectra39, 40.

Also the band at  1559 cm-1 is  tentatively assigned  to  vibrations  of  a  Trp  or  another

aromatic amino acid residue, as previously suggested in various studies for SERS bands

in that region.

The band at 1324 cm-1 and the weak bands at 1435 and 1470cm-1 could originate from the

side-chain  vibrations  of  non-aromatic  amino  acids  such  as  Gly,  Leu,  Val  and  Ala,

consistently  with  their  presence  in  the  transmembrane  helix  of  CYP2D611-13.  An

alternative assignment for the band at 1345cm-1 could be the amide III band for an alpha

helix, although it is usually observed at lower frequencies (below 1310cm-1). 

Admittedly the interpretation of all these bands remains uncertain, because of both the

complexity of the system and the poor quality of the spectrum. Nevertheless the positions

of these bands strongly indicate that some amino acid residues of CYP2D6, probably

forming an alpha helix, are close to the silver surface.

It should be stressed that the SERRS signal obtained was close to the limit of detection of

the setup used. However, also in the cases in which no signal from CYP2D6 could be

detected  using  the  SERS effect  from  the  roughened  electrodes,  the  addition  of  few

microliters of a coated silver colloid on the Ag/ODT/DPPC/CYP2D6 electrode yielded a

weak SERRS spectrum of CYP2D6 (Figure 6), indicating that the enzyme was always

bound to the membrane41. The use of a silver coated colloid as a metal substrate to obtain

SERRS  spectra  of  CYP2D6 was  reported  recently17.  The  weak  SERRS spectrum  in

Figure 6 suggests that in some cases the amount of CYP2D6 present on the membrane is

not enough to yield a spectrum exploiting the SERS effect originated by the electrode

surface, but can be revealed by the use of an additional metal substrate (i.e. the silver

colloid) whose distance from the heme is smaller than the one from the electrode.
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Figure  6. RR spectrum (a)  of  a  70  �M buffered  CYP2D6 solution,  and  SERRS spectra  of

Ag/ODT (b) and Ag/ODT/DPPC (c) electrodes incubated with a 7 �M CYP2D6 solution, after

rinsing (see experimental  section),  obtained upon addition of MPA-coated Ag colloid on the

electrode surface. Excitation wavelength 413.1 nm, power at the sample 5mW, accumulation time

900s.

  

Moreover, the difference between the SERRS spectra obtained with the electrode only

(Figure 5) and with the metal colloid (Figure 6) support the hypothesis that there is a part

of  the  protein  which  is  buried  into  the  membrane  and  is  inaccessible  to  the  metal

nanoparticles  of the colloid. In  fact,  whereas in the former case the intensities of the

SERRS signal from the heme moiety and the non-resonant SERS signal from the amino

acids  residues  are  comparable  because  of  the  greater  distance  between  the  electrode

surface and the enzyme’s active site, in the latter case the heme is closer to the metal and

its SERRS signal is the only one visible.  

Unfortunately due to the low signal to noise ratio the coordination and spin states of the

enzyme’s  heme  moiety  cannot  be  inferred  from  the  SERRS  spectra.  However,  the

absence of the intense �3 band at 1491cm-1 which is characteristic of a 5cHS heme, and
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the presence of a band at 1582 cm-1 typical of a 6cLS species seem to suggest that the

enzyme is in 6cLS state, as expected for a CYP2D6 in its resting state.

On the other hand, no SERRS spectral signal ascribable to CYP2D6 was ever observed

from Ag/ODT electrodes incubated with CYP2D6, even when an aliquot of coated silver

sol is added on the tip the electrode.  Therefore, CYP2D6 appears not to bind to ODT

surfaces.

SERS of GraD was never observed on Ag/ODT/DPPC electrodes incubated with this

polypeptide, despite the fact that electrochemical data indicate that this molecule perturbs

the  membrane  structure.  This  suggests  that  the  mechanism  of  GraD-membrane

interaction does not involve the positioning of this molecule near the silver surface. 

Conclusions

Electrochemical  data indicate that HBM are formed on roughened (i.e.:  SERS-active)

silver electrodes and that GraD can be incorporated on some extent within the bilayer.

SERRS measurements revealed that CYP2D6 binds to the HBM but not to the ODT

monolayer,  confirming  that  a  layer  of  phospholipids  is  formed  on  the  alkanethiol.

Spectra also indicate that the part of CYP2D6 having an alpha-helix structure is found in

the  proximity of  the  silver  electrode  surface  upon binding  of  the  protein.   CYP2D6

appears to perturb the integrity of the HBM without disrupting it, as evidenced by EIS

measurements  suggesting that  CYP2D6 insertion is  more  pronounced  than  the  effect

produced by GraD. It should be finally noticed that the electrochemical characterization

of our HBM performed for the first time on roughened surfaces makes these substrates

appealing not only for SERRS, but also for other surface techniques requiring roughened

metal platforms, such as surface-enhanced infrared absorption (SEIRA)42.
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Chapter 6

Concluding remarks

The scope of this thesis was to show how direct electrochemistry and SERRS could be

coupled in order to achieve complementary information about cyt c (see Chapters 3.3, 3.4

and 4.2) and other heme proteins (Chapter 5). This was possible thanks to the seminal

work of Therese Cotton, who reported the first SERRS spectroelectrochemical study on

cytochrome c (Cotton, M. T.; Shultz, S. G.; Van Duyne, R. P. J. Am. Chem. Soc. 1980,

102, 7960) and subsequent work done by Peter Hildebrandt and coworkers who brought

this  combination  to  a  mature  level.  However,  in  the  past  two  decades,  despite  the

renaissance  of  bioelectrochemistry,  the  spectroscopic investigation  in  the

spectroelectrochemical approach became predominant. The work described in this thesis

was aimed to fill this gap.

Our results indicate that this approach is fruitful in the case of cytochrome c (the protein

used to test the methods) but not yet for other heme proteins. In particular, despite such

proteins could be profitably immobilized on the  electrode,  it  is  difficult  to  obtain an

adequate control of the potential. At the moment this is the main drawback of the present

spectroelectrochemical  approach.  It  represents an intriguing challenge to stimulate the

developing of novel strategies to tackle the “surface” problem. In fact, the main obstacle

in combining CV and SERRS is to find an electrode surface where both techniques can

be used simultaneously. For instance, protein film voltammetry (PFV) of enzymes like

hydrogenase and cytochrome P450 can be “easily” done at pyrolytic graphite edge (PGE)

and clay electrodes. Unfortunately, such non-metallic electrodes – whose interaction with

the enzymes are still poorly understood – do not exhibit SERRS activity. In this scenario

I guess that the continuation of the multidisciplinary approach  outlined  in this thesis –

which is becoming more and more prominent in view of the increasing complexity of the

systems  investigated  (proteins,  ion  channels,  receptors)  – depends  very  much on  the

future developments in the field of nanotechnology, especially toward SERS-active non-

metallic surface. 
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Another  fundamental  aspect  in  protein  studies  is  to  achieve  protein  immobilization

without  affecting  its  functionality  significantly.  To  accomplish  this,  biocompatible

surfaces are needed. In our study we focused basically on SAMs, because they have been

studied  extensively  in  the  past  two  decades  and  they  are  relatively  easy  to  prepare.

However, despite they are essential investigating the redox properties of cytochrome c at

metal interfaces,  they are not always needed in the case of other proteins. In fact, the

already cited hydrogenase and some cytochrome P450 enzymes bind directly to the bare

electrodes (PGE and clay) and transfer electrons without any promoter. Moreover, in the

case of SAM-coated electrodes,  no voltammetric response of these enzymes (which are

indeed in their native states) could be detected. This is not surprising since the ET rate

constants  decreases  upon enlarging  the  distance  between  the  metal  substrate  and  the

protein,  which is modulated by the thickness of the SAM. Since this trend is already

evident in the case of small proteins such as cytochrome c, it will be far more pronounced

for bigger proteins, leading often to a total suppression of the voltammetric signal.  In

addition, SERS is also sensitive to the distance between the chromophore and the metal

substrate, which should be minimized to achieve maximum enhancement. In this view,

despite the SAMs are still fundamental tools to control and monitor the electrochemical

properties of immobilized proteins, their use should be carefully reconsidered and limited

to the cases where they are really indispensable. 

In  this thesis we focused on electrochemically roughened silver electrodes,  since they

represent  the  best  compromise  for  preparation  (quick  and  easy),  reproducibility  and

performances. 

Finally, the thesis clearly underlines the statement that combining techniques in protein

science  is  mandatory,  challenging,  and  very  promising,  especially  if  such  techniques

provide  complementary  information  about  the  system  investigated.  However,  every

technique has its own limitations, which can be easily controlled if under single operation

at the proper experimental conditions. When techniques are combined, a compromise has

to be found since the experimental conditions have to be appropriate for both. In general

this requires exploring of the frontiers of each technique. It happened also in the case of

our roughened silver electrodes, as reported in Table 6.1 which briefly summarizes the

benefits of combining PFV and SERRS to study heme proteins.
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Table 6.1. Comparison between different information provided by CV and SERRS

about cytochromes.

Information CV SERRS

Formal reduction potential

Eº’

� �

Potential- controlled

SERRS experimenta

Thermodynamics of the ET

process (�S and �H)

� �

Difficult T-controlb

Kinetics (mechanism and

rates) of the ET process

� �

Time-resolved experimentc

pH- T- ligand-induced

conformational changes

�

CV is very sensitive but

does not provide structural

information

�

Oxidation- spin- and

coordination-state

of central iron atom
Controlling and monitoring

enzyme catalytic activity

Control/monitord Control/monitord

Protein orientation No direct evidence Direct evidence
Axial ligands identification � �

Table 6.1. The full circle indicates the most reliable method; the empty circle indicates where the

information is given by a particularly method in a limited number of cases.

a A Raman setup with an adequate electrochemical control is needed. The advantage of CV over

SERRS is that CV is faster. Moreover, the most common fitting procedures used to obtain the Eº’

value requires the spectra of the pure species (the native fully reduced and the native fully

oxidized species) which are often difficult to obtain experimentally. However, in the case

of very slow ET processes (i.e. under conditions of electrochemical irreversibility) CV might not

be applicable, while SERRS experiment could provide the  Eº’ value (see for instance Chapter

5.1). It  should be noticed that since this value is obtained under equilibrium conditions (i = 0

while recording the spectra) it is the thermodynamic Eº’ value.

b In  a  typical  Raman  spectroelectrochemical  setup  it  is  difficult  to  achieve  an  adequate

temperature control because of setup geometry and the local laser heating, while thermostated

electrochemical cells allow a very precise T-control.

c A Raman setup with a proper electrochemical control and a triggering system to interface the

potentiostat and the Raman acquisition data program is needed. 
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d The potential  is  a  key  variable  to  activate  and  control  enzymatic  activity,  which  could be

monitored by PFV and SERRS. This field is relatively new and up to now there are no examples

of combining electrochemical and spectroscopic techniques in this direction, especially because

PFV is performed preferably on pyrolitic graphite edge electrodes, which are not suitable for

combination with vibrational spectroscopic techniques.

Frequently asked questions

1. Question: Is  it  possible  to  infer  the  orientation  of  the  heme  from  SE(R)RS

measurements? 

Answer: Recent studies performed at 514 nm excitation (Kranich A. et al., JACS,

accepted)  indicate that  it  is  possible to infer the orientation of the heme from

SERRS spectra in the case of cytochrome c, even if these studies do not provide

exact values for the angle formed by the heme with the surface normal.

2. Q: Which  kinds  of  protein  can  be  studied  with  the  combination  of

electrochemistry and spectroscopic techniques?

A: All redox proteins having a chromophore are in principle suitable candidates

for performing PFV and SERRS.

3. Q: To which extent the understanding of the properties of the model system cyt c

can be used to describe the behavior of other heme proteins? 

A: Proteins are complex systems, and no method to predict their properties on the

basis of their primary structure is available yet. Therefore different proteins will

behave differently,  in a way which is – certainly in practice but maybe also in

principle – totally unpredictable. In this scenario it is very difficult to estimate to

which  extent  the  understanding  of  the  properties  of  a  small  protein  such  as

cytochrome  c can  be  used  to  describe  the  behavior  of  other  heme  proteins.

However,  the  extensive  studies  done  in  this  field  can  be  very useful  since  a

variety of strategies to solve the problems encountered in cytochrome  c studies

were developed. These strategies may not be entirely applicable to other heme

proteins, nevertheless they can serve as a guideline to approach novel problems

similar to those already encountered with cytochrome c.

4. Q: Does a protein retain its native conformation when adsorbed on a surface? 
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A: Protein-surface  interactions  are  a  fundamental  issue  in  biochemistry,  since

many biological processes occur at surfaces. However, except for very few cases

(like cytochrome c), protein-surface interactions are poorly understood and there

is no general rule to predict whether a protein will retain its native conformation

once  immobilized  on  a  surface.  The  best  –  and  only  –  approach  is  to  get

experimental  evidence:  it  should  consist  of  investigating  the  structure  and/or

monitoring the activity of the adsorbed protein. However, the response obtained

will depend much on what is meant by “native protein”. Usually this term is used

for a protein having the same structure and the same activity (especially relevant

for  enzymes)  as  in  vivo.  However,  an  enzyme  retaining  its  activity  once

immobilized on a surface is usually defined to be in its native state although no

information about its structure is available at all.

5. Q: Does the SAM retain its ordered structure when a protein is adsorbed on it?

A: SAM structures can be investigated by SERS. However, in the case of heme

proteins adsorbed on the SAM, the resonance effect obtained with the 413 and the

514 nm excitation lines is usually predominant, so that the peaks of the SAM are

not detectable. Studies with other laser lines would be needed to elucidate this

problem.

6. Q: Which are the dimensions of the roughness on SERS-active silver electrodes?

A: The dimensions of the surface features needed to observe the SERS effect are

very much dependent on the excitation wavelength used for the experiments. In

the case of silver surfaces, roughness with an average dimension of approximately

100 nm are usually needed.

7. Q: Fluorescence is known to mask the Raman signal. Does this happen for heme

proteins?

A: The heme group is  not fluorescent  as such, but heme proteins  might  have

fluorescing amino acids like Trp. However, at the laser wavelength applied Trp is

not  excited  and  furthermore,  as  in  the  case  of  cyt  c,  the  only Trp  present  is

quenched by its vicinity with the heme.

8. Q: Does cytochrome c bind molecular oxygen?
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9. A: The reduction  potential  of  cytochrome  c suggests  that  the oxidation of  its

ferrous  state  by  oxygen  is  thermodynamically  favorable;  nevertheless,  the

reaction is very slow at neutral pH and becomes very fast  only at extreme pH

values or in the presence of salts (Moore, G. R.; Pettigrew, G. W.; Cytochromes

c: Evolutionary, Structural and Physiochemical aspects; Springer-Verlag: Berlin,

1990).
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Samenvatting

Onderzoek aan eiwitten heeft in de laatste decennia een grote aantrekkingskracht, zowel

vanuit  het  oogpunt  van  fundamentele  interesse,  alsmede  vanwege  de  potentiële

toepasbaarheid  in  een  groot  aantal  vakgebieden.  Hieronder  vallen  bijvoorbeeld  de

ontwikkeling  van  bio-electronische  toepasingen  in  de  farmacologie,  medicijnen  en

milieu.  Intrigerende  toepassingen  waar  zo’n  tien  jaar  geleden  slechts  over  werd

gespeculeerd,  zoals  koppeling  van  neuronen  met  electronica  (“brain  computers”),

sensoren  die  de  insuline  en  glucosespiegel  in  het  bloed  in  de  gaten  houden,  en

brandstofcellen die stoffen in het lichaam gebruiken voor het opwekken van electriciteit,

worden  vandaag  de  dag  experimenteel  bestudeerd.  De  uitdagingen  die  hierbij

overwonnen  moeten  worden  hebben  wetenschappers  uit  verschillende  disciplines

gestimuleerd tot samenwerking, wat aanleiding heeft gegeven tot een multidisciplinaire

benadering, die mogelijk de meest opmerkelijke eigenschap is van de studie van eiwitten.

Het onderzoek dat in dit proefschrift is beschreven heeft de bedoeling een kleine doch

significante bijdrage te leveren aan dit interdisciplinaire aspect, daar het gericht is op het

met elkaar combineren van twee belangrijke analytische technieken in eiwitonderzoek,

namelijk  electrochemie  en  Raman  spectroscopie.  Deze  beadering:  het  simultaan

uitvoeren van experimenten met beide technieken, heeft tot doel gedetailleerde informatie

te verkrijgen over de relatie tussen structuur en functie van redoxeiwitten, alsmede een

beter begrip van ladingsoverdracht in biologische systemen.

Hoofdstuk  1 geeft  een  korte  inleiding  in  cytochroom  c,  een  heem-eiwit  dat  in

mitochondrieën het transport van electronen verzorgt, en dat gebruikt is om de gebouwde

spectro-electrochemische  set-up  te  testen.  Ook  worden  in  dat  hoofdstuk  de  twee

technieken die in dit onderzoek zijn gebruikt nader uitgelegd,  met name hun relevantie in

de studie van redoxeiwitten.  De beschrijving van de  theoretische  basis  van cyclische

voltammetrie, en van Raman spectroscopie zijn elementair, en hoofdzakelijk bedoeld om

onze  experimentele  strategie  voor  de  studie  van  eiwitten  duidelijk  te  maken.  Voor
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diepgaandere studie van beide technieken verwijzen we voor voltammetrische technieken

naar   het  boek  “Broadening  Electrochemical  Horizons”  (A.M.  Bond,  (2002),  Oxford

Science Publications) en voor de toepassing van vibratie spectroscopie naar “Vibrational

Spectroscopy in Life Sciences” (F. Siebert en P. Hildebrandt (2007), Wiley, NY).

Hoofdstuk 2  beschrijft  de  constructie  van  de  spectroelectrochemische  cell  nodig om

Raman spectroscopie en cyclische voltammetrie van heem eiwitten te combineren. Dit

gereedschap heeft in de loop van het onderzoek een aantal modificaties ondergaan, en dit

hoofdstuk  geeft  zowel  het  oorspronkelijke  ontwerp  alsmede  een  serie  latere

aanpassingen.

Hoofdstuk  3 laat  zien  hoe  de  combinatie  van  cyclische  voltammetrie  en  Raman

spectroscopie gebruikt is om de eigenschappen van cytochroom c op verschillende types

electrodes te bestuderen. 

Een grote uitdaging in dit onderzoek was de noodzaak om zilver electrodes te gebruiken,

vanwege  het  SERRS  effect,  in  plaats  van  de  veel  vaker  gebruikte  goud  electrodes.

Hoofdstuk  4 bevat  derhalve  een  systematisch  onderzoek  naar  de  verschillen  in

redoxgedrag van cytochroom c op goud en zilver electrodes, om eventuele verschillen in

eletrode materiaal op de electrochemische eigenschappen aan te tonen.

Hoewel onze interesse hoofdzakelijk was gericht op cytochroom c hebben we ook andere

redoxeiwitten in onze cel bestudeerd,  ondermeer cytochroom P450, en cytochroom  c’.

Hoofdstuk 5 bevat resultaten van deze studies, alsmede een strategie voor het maken en

karakteriseren van hybride dubbellagen op SERS actieve zilverelectrodes. Het maken van

kunstmatige bio-membranen op een vaste electrode is een relatief nieuwe ontwikkeling,

en de mogelijkheden die ze bieden vormt een uiterst aantrekkelijke richting voor verder

onderzoek, waarin ook de combinatie van electrochemische en vibratie-spectroscopische

methodes een belangrijke rol kan spelen. 

Hoofdstuk 6  bevat een aantal conclusies over de huidige status van de combinatie van

technieken die in dit proefschrift  ter sprake zijn gekomen  Een lijst van veel gestelde

vragen over deze onderwerpen is hieraan toegevoegd, en een aantal mogelijke richtingen

waarin het onderzoek zich kan gaan bewegen wordt aangegeven. 
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