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Abstract 

 The goal of this research project is to understand how different methods of protein 

immobilization affect the function and orientation of a redox active protein (cytochrome 

c) on an electrode surface.  Cytochrome c (cyt c) is widely thought to adsorb onto 

negatively charged electrode surfaces with the heme pocket close to the electrode in a 

narrow orientation distribution that facilitates rapid electron transfer; however, a direct 

relationship between this orientation and the electron transfer properties has not been 

experimentally proven.  Establishing structure-function relationships is crucial to the 

development of molecular devices based on immobilized proteins (e.g. biosensors).  

Differences in the structure and activity of two different types of protein films have been 

studied by comparing their surface coverage, orientation distributions and 

electrochemical behavior on the indium tin oxide (ITO) electrode surface.  Films were 

formed by printing cyt c onto the ITO surface using microcontact printing (µCP) and by 

direct adsorption out of solution. 

A combination of surface-sensitive spectroscopic techniques was used to probe 

the prosthetic heme group of the protein, and by extension, the protein as a whole.  

Attenuated total reflectance (ATR) spectroscopy was used to measure the surface 

coverage and second order parameter of the cyt c films on glass and ITO.  Differences in 

the surface coverage depended on the substrate and the method of deposition.  Total 

internal reflectance fluorescence (TIRF) was used to measure the fourth order parameter 

of these films and the angle between the absorption and emission dipoles of the Zinc 

substituted heme.  Using the second and fourth order parameters, orientation distributions 
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were calculated using the maximum entropy method.  The electrochemical behavior of 

these films was investigated using cyclic voltammetry.  µCP films have a slightly slower 

rate of electron transfer and a lower electroactive surface coverage compared to films 

formed by solution adsorption.  The percent of electroactive proteins in solution adsorbed 

films was about 50 %, while for µCP films it was only about 5 %. 

The ability to directly probe the total surface coverage and orientation distribution 

of molecules on the ITO electrode surface, as developed here, could be useful in many 

fields where optically transparent electrodes are in wide use, such as solar cells and 

organic light emitting diodes. 
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1. Introduction 

1.1 Electrochemical Biosensors 

 Biosensors use the specificity that is inherent to biological molecules to sense one 

particular analyte or set of analytes in a complex sample.  In principle, biosensors can 

sensitively and selectively detect analytes without any separation or preconcentration of 

the sample (in contrast with chromatography or mass spectrometry).  Biosensors in which 

the detection is based on the transduction of an electrochemical signal (as opposed to 

fluorescence, a change in mass etc.) are classified as electrochemical biosensors.1  The 

electrochemical signal can be a change in the current, potential, or capacitance at the 

electrode surface.  There are many different molecular architectures that can be used to 

create a sensitive and selective biosensor of this type.2  In what are referred to as ‘third 

generation’ electrochemical biosensors,3, 4 a redox-active protein is used to impart 

selectivity to the electrode surface on which it is immobilized (either by adsorption, 

covalent tethering, or biospecific binding).5  The interface between an immobilized 

biomolecule and a conducting surface is very complex.  Proteins are surface active 

molecules which display activity in the form of specific binding of analytes, electron 

transfer, and catalytic activity.  Often, these activities are not fully maintained upon 

immobilization, as a result of denaturation and/or incorrect orientation of the active site 

of the protein.6, 7  The research presented in this dissertation investigates one possible 

factor, which is the orientation of the molecules in the adsorbed film. 
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1.1.1 Effect of Immobilized Protein Orientation 

Figure 1.1 shows one possible architecture for an electrochemical biosensor.  The 

protein film selectively binds the analyte of interest from solution, which triggers an 

electron transfer event with the electrode surface.  The orientation of the immobilized 

film is important for the sensitivity and selectivity of this type of sensor.  The percent of 

proteins on the surface that are ‘active’ is also important to quantify as a measure of the 

maximum signal possible from the sensor.  The molecular issues addressed and 

techniques used to investigate these issues are also of interest to many research fields 

besides biosensors, such as organic electronics and bioelectronic devices.  In all of these 

applications, a carefully controlled molecular architecture determines the flow of 

electrons in the device. 

 

1.1.2 Methods of Protein Immobilization 

 Methods to immobilize proteins on electrode surfaces (or any surface) can be 

classified into two broad categories.  Proteins can be immobilized using either covalent 

bonds or by noncovalent interactions with the surface/chemically modified surface.  

Noncovalent interactions include simple adsorption, physical entrapment in porous 

materials,8 and biospecific binding between covalently immobilized ligands and the 

proteins.5  While solution adsorption is very effective at immobilizing most proteins, in 

many cases, they do not retain their activity upon adsorption due to conformational 

changes.6, 7  In practice, the boundaries between these two categories are blurred because 

even when the desired interaction is a covalent bond or a noncovalent interaction,  
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Figure 1.1  Schematic of an electrochemical biosensor.  The analyte molecules in solution (circles) are 
specifically bound by the immobilized film of proteins (half-rings) and the binding event triggers an 
electron transfer event which is sensed by the transducer (electrode surface).   
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nonspecific interactions (which can be covalent or noncovalent) between the protein and 

the surface also occur. 

Choice of immobilization technique depends on the specific application and the 

properties desired of the surface, i.e. surface coverage, reversibility of immobilization, 

etc.  The goal of any immobilization technique is to functionalize the surface with the 

specific activity of the protein that will be used in the sensing platform.  In the next 

section, a recently developed developed method of forming protein films, microcontact 

printing, will be discussed.  This technique relies on noncovalent interactions between the 

protein and the surface to immobilize the protein. 

 

1.2 Microcontact Printing of Proteins 

The technique of microcontact printing (µCP) was initially developed in lab of 

George Whitesides as a way of selectively etching gold substrates by depositing 

alkanethiol films on gold using a patterned stamp.9  Patterned elastomeric stamps are 

created by curing the prepolymer in a master template created using photolithography.  

The elastomer that is most commonly used is polydimethylsiloxane (PDMS).  Molecules 

adsorbed onto the stamp can be transferred to a substrate to create a patterned surface 

which can then be selectively etched, or otherwise reacted to create a patterned functional 

surface (see Figure 1.2).  Compared with other techniques used to spatially place 

molecules at high resolution (ink jet printing, scanning probe lithography, etc.), µCP has 

the advantage of being very cheap and easy to do.  The disadvantages of µCP are that it is  
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Figure 1.2  Illustrates the µCP process for proteins (figures are from Bernard et al.14): a) the stamp 
formation process, b) adsorption of protein to the stamp and printing the protein, c) pattern formed from 
stamping the substrate twice (with the pattern in different directions) with fluorescently labeled proteins.   
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less reproducible and currently cannot generate features less than 30 nm in size (scanning 

probe lithography can generate 1 nm features).10 

Some recent work has focused on the formation of patterned arrays of proteins, 

cells and oligonucleotides for use in assays and high throughput screening applications.11-

13  Microcontact printing (µCP) is one method that has been used to form these arrays.12-

15  In the case of proteins, the array is created either by printing the protein directly onto 

the substrate surface (direct µCP)16, 17 or by printing the surface with surface-active 

molecules that inhibit or enhance protein adsorption, followed by adsorption of dissolved 

proteins onto the functionalized surface (indirect µCP).18-20  In the former method, the 

protein is initially adsorbed onto a polymer stamp, and in some cases the adsorbed film is 

dried before being transferred by µCP onto a substrate surface. 

The first report of the direct µCP of proteins was in 1998.16  Figure 1.2 shows the 

µCP process from stamp formation to the printing of proteins.  This is a somewhat 

idealized picture of the process because there is no evidence that only a monolayer of 

protein adsorbs to the surface of the stamp.  Although the authors of these first reports on 

µCP proteins state that one monolayer is adsorbed onto the polymer stamp and nearly 

quantitatively transferred to the substrate,14, 16 there is no data to support this claim.  

Oxidation of the surface of the PDMS stamp is known to increase protein adsorption.21, 22  

Recently, the importance of the surface chemistry of the stamp has been studied in more 

depth to determine how wettability,23 chemical modification,24 and the adhesion forces 

between the stamp and the surface can affect the µCP films created with the stamp.25, 26 
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The activity of µCP protein films has been assayed to determine if binding 

activity is retained through the printing process.  Even though the protein molecules are 

removed from solution and noncovalently adsorbed to both the stamp and substrate, there 

is evidence that the printing process does not adversely affect the specific binding 

capabilities of some proteins.22, 27-29  The electrochemical activity of µCP redox active 

protein films has not been investigated to determine the effect of the µCP process on 

electron transfer between the protein and the surface. 

 

1.3 Electrochemical Studies of Cytochrome c Films 

Cytochrome c (cyt c) is the most widely used model protein to study immobilized 

redox active proteins.30  Cyt c is a small (~3 nm diameter), very stable, and highly 

charged protein that transfers electrons between transmembrane proteins in the 

mitochondria.  Figure 1.3 shows structure of horse heart cyt c, used in this research. It has 

104 amino acid residues and a charge of +9 at pH 7 (M.W. 12,384).  The iron coordinated 

to the prosthetic heme group can be reduced and oxidized.  The structure of 

ferrocytochrome c (the reduced form) is more compact and stable in solution than 

ferricytochrome c.30  The electrochemistry of cyt c has been studied in solution and on 

electrode surfaces for thirty years, and there are several excellent reviews of the 

subject.31, 32  Studies of cyt c electron transfer at electrode surfaces are of interest as both 

a model system for protein film-based biosensors and to understand the pathways for 

electron transfer in proteins.  The breadth of studies done on cyt c films is remarkable: 

from their use as sensors for nitric oxides and superoxides,33-35 mediators in biofuel  
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Figure 1.3  Ribbon structure of cytochrome c showing the prosthetic heme group and coordinated iron.  
From www.chem.cornell.edu/faculty/index.asp?fac=23.  
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cells,36 to the use of site directed mutagenesis  to determine the amino acid residues 

involved in electron transfer.37-40 

 

1.3.1 On Modified Gold and Silver Surfaces 

 The electrochemistry of cyt c adsorbed to bare gold and silver has been found to 

be unstable because the structure of the protein changes upon adsorption to a form that is 

not electroactive.31, 32  Initially, it was thought that impurities in the protein preparations 

were the source of the inactivity; however, cyclic voltammetry of freshly-prepared 

protein solutions is only stable for about 12 hours.41  The wettability of bare metal 

electrodes is a factor in the electrochemical response, and as the electrode surface is 

fouled with denatured (non-electroactive) protein, the faradaic current due to oxidation 

and reduction of cyt c decreases. 

Modified gold and silver surfaces have been found to be suitable electrode 

surfaces for stable voltammetry of adsorbed cyt c films.  Direct electrochemical 

(diffusionless) studies of immobilized cyt c have been most commonly performed using 

Au modified with alkanethiol self assembled monolayers (SAM).42-44  Many different 

terminal groups of the alkanethiol chain have been used to effect changes in the rate of 

electron transfer and orientation of the adsorbed or covalently attached cyt c film.45-47  

For example, a carboxy terminated SAM film has an overall negative charge at neutral 

pH.  At this surface, electrostatic interaction of the lysine residues of cyt c with the 

carboxy terminated SAM, similar to the interactions between cyt c and its biological 
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redox partners, is thought to orient the protein in a manner that allows for efficient 

electron transfer with the Au electrode (Figure 1.4).42, 48 

The rate of electron transfer can be varied on these surfaces by changing the 

length of the alkanethiol modifying layer.49  Small changes in the distance (6-8 Å) can 

change the electron transfer rate by three orders of magnitude.  At long chain lengths 

(>10 carbons), the rate of electron transfer decreases exponentially as the length of the 

alkanethiol chain increases, as predicted by Marcus theory.  At shorter chain lengths, the 

rate is independent of chain length, which has been interpreted two different ways.  The 

first is that the rate is limited by a conformational change in the protein necessary to 

undergo electron transfer, referred to as a ‘gating’ process.49  A second interpretation is 

that the rate at this limit is controlled by the frictional coupling between the reactants and 

the surrounding environment.50 

Changing the terminal group of the alkanethiol modifier can also change the 

electron transfer behavior and formal reduction potential of cyt c adsorbed to the surface.  

If only the orientation of cyt c on the electrode surface is affected, changing the terminal 

groups of the SAM film would have the same effect on the rate of electron transfer as 

changing the length of the alkanethiol chain (i.e. changing the distance that the electron 

travels between the heme and the electrode surface).  However it not clear from the 

electrochemical data alone if the observed changes in rate are due to differences in the 

electronic coupling between the modifier and the protein or if the orientation of the 

protein on the surface has changed.  Thus, while voltammetry can be a probe of how cyt c 

electrochemistry is affected by the terminal group of the SAM film, the orientation  
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Figure 1.4  Proposed structure of an adsorbed cyt c film on a carboxy terminated SAM film (from Song et 
al.42). 
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distribution of the proteins cannot be inferred from electrochemical measurements 

alone.51  In addition, since the electroactive surface coverage is usually not near the 

theoretical limit for one monolayer (22 pmol/cm2),52 it is possible that a significant 

portion of the adsorbed film is not contributing to the measured current. 

 

1.3.2 On Indium Tin Oxide  Surfaces 

 Indium Tin Oxide (ITO) is a ubiquitous material for many applications that 

require an electrode material that is both conductive and transparent to visible light.  Cyt 

c electrochemistry at indium tin oxide has not been widely studied,53-57 which may be 

partially attributed to the fact that the surface chemistry of ITO is very complex.58, 59  In 

addition, the conditions for sputtering ITO films on glass substrates can vary widely and 

have a huge impact on the properties of the film.  Donely’s XPS studies of the ITO 

surface have provided an excellent model for the type of ITO used in this research.58  

Figure 1.5 shows this model of the ITO surface.  ITO is difficult to reproducibly modify 

due to the heterogeneity of the surface, which limits the variety of architectures that can 

be built up on its surface.  However, the optical transparency of ITO does allow the use 

of spectroelectrochemical techniques to assess film structure and electron transfer 

properties,60-65 which has led to renewed interest in ITO as an electrode for direct electron 

transfer studies with adsorbed films.  Surface characterization of ITO and its modified 

surfaces is an active field of research because it is a necessary part of opto-electronic 

devices due to its conductivity and transparency to visible light. 
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Figure 1.5  Proposed chemical structure of the ITO surface used for these studies (Figure taken from 
Donley et al.57). 
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Unlike unmodified gold and silver electrodes, cyt c electrochemistry on ITO and 

other transparent electrodes such as tin oxide and fluorine doped tin oxide is very stable.  

Furthermore, analogous to its behavior at carboxy SAM/Au surface electrodes, cyt c 

adsorbs through partially electrostatic interactions to ITO, forming an electroactive 

protein submonolayer.55, 56 

 

1.3.3 Methods for Measuring Electron Transfer Rate 

 Several different methods for determining the rate of electron transfer between 

redox active proteins and electrode surfaces have been discussed in the literature.  

Traditional electrochemical techniques such as cyclic voltammetry and impedance 

spectroscopy can be used to determine the rate of electron transfer, ks.66-68  

Spectroelectrochemical techniques are also applicable due to the difference in molar 

absorptivities between the reduced and oxidized forms of cyt c.  Electroreflectance has 

been used extensively on SAM modified gold electrodes by Niki to measure rates of 

electron transfer.39, 69-72  Recently, total internal reflectance fluorescence has been used to 

measure rates of electron transfer for individual protein molecules.73 

 

1.4 Spectroscopic Studies of Cytochrome c Films 

 In addition to electrochemical studies, cyt c is widely used as a model protein 

system to investigate the structural properties of immobilized films.  The prosthetic heme 

group in cyt c is a useful spectroscopic probe of the structure of cyt c because it absorbs 

strongly in the ultraviolet and visible regions.  The structures of ferricyt c and ferrocyt c 
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have both been determined with high resolution using X-ray crystallography.74  Figure 

1.6 shows the heme’s position in cyt c in relation to the overall dipole moment of the 

protein (induced by the positively and negatively charged groups on the surface of the 

protein), and the structure of the heme.75  Because of this large dipole moment, it is 

thought that cyt c interacts with its biological transmembrane redox partners through 

electrostatic interactions which guide the binding close to the heme pocket.  Vanderkooi 

and coworkers have studied the binding of cyt c to cytochrome c oxidase using 

fluorescence techniques.76    Although native cyt c is not fluorescent, the iron atom 

coordinated by the heme can be removed or replaced with zinc to create a fluorescent 

analogue of cyt c.77-79  From the quenching of the fluorescence of cyt c upon binding to 

cytchrome c oxidase, they have estimated the distance between the porphyrins in cyt c 

and cyt c oxidase to be 3.5 nm. 

Time resolved surface enhanced resonance Raman spectroscopy (sensitive to the 

heme group) has been used to study the rate of electron transfer for cyt c films on 

alkanethiol modified silver electrodes.30, 80, 81  Using alkanethiol chains of different 

lengths, Hildebrandt and coworkers have found a similar electron transfer rate 

dependence as the cyclic voltammetry and electroreflectance studies.  They suggest that 

for alkanethiol chains shorter than 19 Å, the electron transfer rate does not vary with 

chain length because of the effect of an increased electric field closer to the electrode, 

which increases the activation energy for electron transfer.  Recently surface enhanced 

infrared difference spectroscopy has been used to study the vibrational spectra of the 

entire protein as a function of electrode potential on alkanethiol modified gold  
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Figure 1.6  a) Schematic of cyt c structure showing position of heme (side view) relative to the dipole 
moment of the protein and the distribution of position and negative charges. b) Structure of prosthetic heme 
group of cyt c. 
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electrodes.82  It was found that the vibrational peaks did not shift position when the 

terminal group of the alkanethiol modifier was changed, indicating that the protein 

remains in its native conformation on each of the modified electrodes.  This is 

contradictory to some electrochemical data, which shows a loss of electroactivity on 

some types of modified electrodes, which is an indication of a conformational change.45  

While a wide variety of other spectroscopic techniques have been used to study surface 

immobilized cyt c,30, 83, 84 the remainder of this section will focus on techniques based on 

total internal reflection in the visible region of the spectrum. 

 

1.4.1 Total Internal Reflection Based Spectroscopies 

Figure 1.7 illustrates the experimental geometry of techniques based on total 

internal reflectance.  Visible light is coupled into the substrate with a prism and reflected 

down the length of the substrate.  At every point where the light reflects at the 

substrate/superstrate interface there is an evanescent electric field that extends a few 

hundred nanometers into the superstrate.  If molecules that absorb light are within the 

evanescent field near this interface, they can absorb this light.  In attenuated total 

reflectance (ATR), this light is outcoupled from the substrate, detected and referenced to 

the light transmitted in the absence of the absorbing film on the surface to calculate the 

film’s absorbance.  In total internal reflectance fluorescence (TIRF), the light in the 

evanescent field is used to excite fluorescence in this molecular film.  Linearly polarized 

light can be incoupled into the substrate in either the transverse electric polarization (in 

the y plane) or the transverse magnetic polarization (in the x and z  planes) (see Figure  
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Figure 1.7  Total internal reflectance geometry showing the light incoupled through a prism and reflected 
internally down the length of the substrate.  The inset shows the interface where the immobilized protein 
film is absorbing light from the evanescent field. 
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1.7).  Using polarized light is one way to probe the orientation of the absorption dipoles 

in the molecules immobilized on the surface because the probability of a dipole absorbing 

light is proportional to the cosine squared of the angle between the dipole and the 

direction of electric field oscillation in the polarized light. 

ATR and TIRF techniques are sensitive enough to detect monolayer and 

submonolayer molecular films absorbed to transparent substrates.  The sensitivity of ATR 

relative to a transmission absorbance measurement depends on the number of reflections 

along the substrate on which the molecular film is adsorbed.  This is determined by the  

length and thickness of the internal reflection element.  The internal reflection element 

used in the experiments described in this dissertation is one millimeter thick and has 

about 10-12 reflections over the length used for measurements.63  In contrast, integrated 

optical waveguides are a few microns thick and have several thousands of reflections 

over a similar length, and a corresponding increase in sensitivity.85-88 

This sensitivity makes it possible to obtain spectra of monolayer and 

submonolayer films of cyt c. The denaturation of the cyt c adsorbed to glass has been 

followed using ATR UV-Vis spectroscopy to monitor the Söret band of the protein89, 

analogous to the many denaturation studies on cyt c in solution.30  The adsorbed cyt c 

unfolded at a slightly higher pH than dissolved cyt c, suggesting that the protein is less 

stable in the adsorbed state.  Adsorption of cyt c onto an ITO coated waveguide as a 

function of surface potential has also been investigated.87  The rate and extent of 

adsorption was increased by increasing the voltage applied to the electrode surface.   
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Previous work in the Saavedra group has used integrated optical waveguides to 

study the linear dichroic ratio (the ratio of absorbances in and out of the plane of the 

substrate) of the prosthetic heme in cytochrome c immobilized at dielectric and 

conductive interfaces, both by adsorption from solution and site directed immobilization 

through amino acid groups on the protein and coupled with biotin/streptavidin chemistry 

at the interface.52, 65, 85, 90-95  Because the prosthetic heme in cyt c has a defined orientation 

within the protein (which is assumed to remain intact upon immobilization), the linear 

dichroic ratio can be related to the orientation of the protein molecule on the surface. 

Fluorescence anisotropy measurements have also performed on immobilized cyt c 

films (using Zn-substituted cyt c) in a TIRF geometry.52  Similar to the ATR 

measurements, the heme was used as a spectroscopic probe and polarized excitation light 

was used to selectivity excite molecules based on the orientation of their dipole.  Using 

the anisotropy, along with the linear dichroic ratio measured using ATR, orientation 

distributions of cyt c were constructed using a Gaussian distribution as a model (further 

discussion of the methodology involved in constructing orientation distribution is in the 

following section).  The results of these studies clearly show that in films where there are 

more types of interactions between the surface and cyt c, there is a broader distribution of 

heme dipole orientations present than those which have one dominant interaction, such as 

an electrostatic interaction. 
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1.5 Orientation Distribution Measurements of Molecular Films 

Focusing on the determination of molecular orientation in thin films, it is 

important to divide the goal into two major tasks.  The first task is to extract orientation 

order parameters from experimental measurements of the film.  This task depends on the 

information content of the experimental technique being employed (for example, if it is a 

one photon or a two photon process) and defines the geometrical information (order 

parameter) that a particular optical technique can provide.  Typically the information 

obtained here is the ensemble average of a particular spherical harmonic function (or a 

particular Legendre function if the film is uniaxial).  For example, the second and fourth 

order parameters, which are defined here as the mean values of the second ( )θcos2P  

and fourth ( )θcos4P  terms of the Legendre polynomials, can be calculated from the 

values of θ2cos  and θ4cos  by:96-98 

( )
2
1cos

2
3cos 2

2 −= θθP         (1.1) 

( )
8
3cos

4
15cos

8
35cos 24

4 +−= θθθP        (1.2) 

where θ is the angle between the symmetry axis of the transition dipole and the surface 

normal.  The second task is to use these order parameters to construct an orientation 

distribution.  Order parameters are typically limited to a few discrete pieces of 

information, and a model is necessary to construct an orientation distribution that can 

potentially determine an infinite number of order parameters.  Both tasks above have 

been the subject of much theoretical and experimental research over the past thirty 
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years.96-109  Typical experimental systems studied have been liquid crystals (with a high 

degree of order) and fluorescent probes in lipid bilayers.102, 107, 108, 110-113 

 

1.5.1 Orientation Order Parameters 

In general, the second order parameter can be determined by techniques that 

involve the one photon process of absorbance such as IR, UV, or visible spectroscopy.107, 

114-118  Techniques that involve two photon processes such as Raman scattering and 

fluorescence emission provide information about the second order parameter as well as 

the fourth order parameter.  For example, polarized Raman microscopy has been used to 

determine the second and fourth order parameters98, 114, 119-121 for polymer systems.  

Recently, non-linear optical techniques such as sum frequency generation and second 

harmonic generation have been used to measure the third order parameter.122, 123  This 

section will focus on the present understanding in the literature for the determination of 

order parameters from polarized fluorescence spectroscopy because that is where the 

major theoretical advances were made (presented in the following chapter) which were 

used to interpret the data in this dissertation. 

Chapoy and DuPrè calculated order parameters from polarized fluorescence 

measurements for a geometry where the optical beam is polarized along the axis of 

symmetry (z-axis) for both the excitation and emission process (Izz).97, 102  Levine and 

coworkers have determined the second and fourth order parameters for fluorescent probes 

in lipid bilayers using a similar configuration.  Their work extends these fluorescence 

measurements to both the steady state and time resolved domains.103, 106-108, 112, 113, 124-126  
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However, the literature cited above is unsuitable for measurements in the total internal 

reflectance fluorescence (TIRF) geometry, where the excitation along the z-axis also 

involves a contribution along the x-axis (as p-polarized excitation light has electric field 

components in both the x and z directions), and needs to be considered for an accurate 

calculation of order parameters (see Figure 2.3).  In addition, for most of the work cited 

above and others,110, 111 it is assumed that the geometric information on the angle between 

the absorption and emission dipoles, γ2cos , is known independently. 

Polarized fluorescence in a TIRF geometry has been described by several groups 

to recover the orientation distribution of cyt c films.52, 91, 96, 100, 109, 127-131  There are 

limitations present in the literature, discussed here, which are addressed in the 

methodology presented in Chapter 2.  In some cases, the absorption and emission 

transition dipole moments are assumed to be collinear.91, 129  In addition, γ2cos  is 

assumed or measured in viscous solution for all but one of the works cited.  Kleijn and 

coworkers used TIRF to obtain the second and fourth order parameters of cyt c films, and 

their work provides the theoretical basis of the calculations described in Chapter 2.  In 

their work, γ2cos , was arbitrarily chosen with the purpose of placing the order 

parameters inside the physical boundaries; however, this approach cannot uniquely 

determine γ2cos  and lacks an experimental justification. 
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1.5.2 Orientation Distribution Models 

Orientation distributions can be based on several models such as delta 

distribution, Gaussian function, Legendre polynomials, maximum entropy model, etc.  

One of the most common approaches in the literature is to determine one order parameter 

by measuring the absorption dichroic ratio, and use a delta function distribution to 

determine one specific tilt angle for the whole population of molecules.85, 89, 94, 132-134  The 

delta distribution, where all molecules have the same geometrical configuration, is the 

most ordered distribution among all possible solutions that satisfies the information 

contained in a single order parameter (see Figure 1.8).  If other order parameters are 

measured and the ensemble being described is not completely ordered, each order 

parameter will give a different tilt angle under the delta distribution assumption, showing 

the inconsistency and limitation of this model. 

An approach employing two order parameters was used in the Saavedra group52, 91 

to construct a Gaussian distribution in an iterative procedure between ATR and TIRF 

measurements, and applied to immobilized cyt c films.  As discussed in Section 1.4.1, 

these studies clearly show that films which have many different types of interactions 

between the surface and cyt c have a broader distribution of orientations than those which 

have one dominant interaction.52, 91  However, some of the cyt c films studied (e.g. cyt c 

films solution adsorbed to glass) could not be fit with a Gaussian distribution.52 

Other groups have also used the order parameters from fluorescence and sum 

frequency generation to construct an orientation distribution using the Gaussian 

distribution as model.130, 135, 136  As will be discussed in Chapter 2, the Gaussian  
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Figure 1.8  Some possible distributions from the same value of θ2cos .  The vertical line at the same 

angle as θ from θ2cos  is the distribution created using the Delta Distribution. 



 43

distribution with a priori fixed shape is not capable of describing a large fraction of the 

physical domain of all possible values for two order parameters.  Although the raw data 

of those experiments remain valid, the final distribution based on the Gaussian 

assumption fails to converge for a large population of experimental results.  Details on 

inherent difficulties of the Gaussian distribution are provided in Section 2.8.3.  Besides 

these difficulties, the Gaussian approach is limited to describing situations where only 

two order parameters are available, and fails to provide any answer for situations where 

only one or more than two order parameters are available. 

Several works have described the orientation distribution function as an expansion 

of orthogonal Legendre terms, where each term is an experimentally determined order 

parameter.97, 102, 110, 111  Unlike the delta and Gaussian functions, the Legendre expansion 

can accommodate any number of order parameters and can describe the whole domain of 

possible values for the order parameters.  The more terms present in the expansion, the 

more precisely the calculated distribution approaches the true distribution.  If an infinite 

number of moments could be experimentally determined, then the orientation distribution 

would be described exactly.  Chapoy and DuPrè97, 102 have described the orientation 

distribution of uniaxial liquid crystals using a truncated Legendre expansion.  They 

proposed using experimental data to calculate order parameters that successively add 

information about the distribution by adding terms in the Legendre expansion.  Others 

have also used the Legendre expansion to construct orientation distributions.110, 111  One 

disadvantage to using the Legendre expansion to define orientation distributions is that it 

is not a positively defined function.  As a result, when only one or two moments are used 
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to define the orientation distribution function (as is the case of nearly all works in this 

area),101, 137 the probability density can have negative values.99, 138 

Several researchers have used the maximum-entropy method139, 140 to determine 

an orientation distribution; this method can be applied for any number of order 

parameters and provides a positively-defined distribution.96, 98, 101, 125, 131  The maximum-

entropy method finds the most random (least ordered) distribution that is consistent with 

the available information (order parameters which can be the terms of the Legendre 

expansion) about the system.  The method is the basis of several well-known distributions 

such as the Boltzmann probability function.   

 

1.6 Overview of Experiments 

 The research described in this dissertation is focused on characterizing the 

structure and electron transfer activity of immobilized cyt c films formed by direct 

solution adsorption and µCP in order to determine if and how changing the method of 

deposition for the cyt c film changes the structure of the film and the electron transfer 

behavior with the electrode.  Conditions were determined to create, for the first time, 

electroactive cyt c films using µCP; the activity of these films was characterized 

electrochemically and compared to solution adsorbed films.  In addition, the structure of 

the films with the highest electroactive surface coverage was investigated 

spectroscopically in order to determine their total surface coverage and orientation 

distributions. 
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1.6.1 Measuring the Total and Electroactive Surface Coverages of Cytochrome c Films 

Formed by Solution Adsorption and Microcontact Printing on a Conductive Substrate 

 Because spectroscopic techniques measure structural properties for the entire 

protein film and cyclic voltammetry measures only the portion of the film that transfers 

electrons with the surface, it is important to be able to quantify differences between these 

populations.  Ideally the surface coverages of both would be the equal; however, it is not 

possible to determine relationships between structure, as determined by one set of 

techniques, with activity, measured by a different technique, without being able to 

quantify any differences between the two populations of protein molecules.  Figure 1.9 

illustrates the difference between the electroactive surface coverage and the total surface 

coverage.  Chapters 2 and 4 outline the theory and experimental work which were used to 

determine the total surface coverage using attenuated total reflectance (ATR) 

spectroscopy.  This work was done in collaboration with Dr. Sergio Mendes, who 

developed the theory, and Nicole Rasmussen.  Chapter 6 discusses how the 

electrochemical parameters of the solution adsorbed films and µCP films (including 

electroactive surface coverage, kinetics and adsorption isotherm behavior) were measured 

with cyclic voltammetry.  The electroactive fraction for solution adsorbed films was 

found to be much greater than µCP films (43% vs. 5%), which is an important way to 

distinguish between these films and cannot be determined from cyclic voltammetry alone. 
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Figure 1.9  Cyt c adsorbed to the ITO surface. The gray proteins represent those that can transfer electrons 
with the ITO surface while the white proteins represent those that are not in electrical contact with the 
surface because they are adsorbed onto regions of the ITO surface that are insulating. 
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1.6.2 Determination of the Orientation Distribution of Cytochrome c Films Using the 

Maximum Entropy Method on Glass and ITO 

 Chapters 2 and 5 discuss the theory and experimental data involved in 

determining the orientation distributions of cytochrome c films immobilized on both 

glass and ITO.  This work was also done in collaboration with Dr. Sergio Mendes and 

James Joubert.  Orientation distributions for four different types of cyt c films are 

discussed: solution adsorbed films on glass and ITO and µCP films on glass and ITO.  

Second and fourth order parameters were determined from attenuated total reflectance 

(ATR) and total internal reflection fluorescence (TIRF) spectroscopies.  In addition, the 

treatment of the data described here allow for the angle between the absorption and 

emission dipole to be determined from the TIRF data.  Using the second and fourth order 

parameters, orientation distributions for the four different types of films were determined 

using the maximum entropy method.  Also described is a method to determine the 

influence of surface roughness and the dipole orientation with respect to the molecular 

axis on the second and fourth order parameters, and therefore, the orientation 

distributions of the films.  While orientation distributions could be recovered for the 

heme in cyt c, it was found that the orientation of the heme in the structure of the protein 

molecule was such that the orientation distribution for the protein molecule could not be 

recovered. 
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1.6.3 Relating the Orientation Distribution to the Electron Transfer Rate of the Film 

 Initial studies of this subject are presented using cyt c as a model metalloprotein 

and indium tin oxide (ITO) as the electrode.  Table 1.1 shows the hypotheses guiding the 

research presented here.  Films formed by direct adsorption onto glass substrates are 

believed to interact with the surface through electrostatic as well as Van der Waals 

interactions, leading to a fairly broad orientation distribution.  Direct adsorption of cyt c 

onto ITO should lead to a film where the positively charged residues on the surface of the 

protein near the heme pocket direct the adsorption of the protein onto the negatively 

charged electrode surface, creating a film with a narrow orientation distribution, and as a 

consequence, a relatively fast rate of electron transfer.  One of the first questions 

addressed in the research was – a fast rate of electron transfer relative to what?  µCP 

printing was investigated as a way to change the orientation distribution of the proteins in 

the molecular film without changing the characteristics of the electrode surface by 

modification.  Because of the different interactions present between the protein and the 

polydimethyl siloxane stamp, the orientation distribution of a film formed by µCP was 

hypothesized to be broader than that formed by solution adsorption.  A broader 

distribution of the proteins in the film should increase the mean rate of electron transfer 

measured between the protein and the electrode surface as well as increase the 

distribution of rates measured.  Efforts in this area did not produce a clear relationship 

between the orientation distribution and the electron transfer rate, but do illustrate the 

complexities of this subject and some strategies for treating the data.  
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Table 1.1  Shows the hypothesized relationship between the method film formation and the 
structure/activity properties of the protein films. 
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1.6.4 Characterization of Microcontact Printing as a Method of Depositing Cyt c on 

Electrode Surfaces 

 µCP was evaluated as a method of forming immobilized cyt c films on dielectric 

and conductive substrates using different surface treatments for the PDMS stamp and two 

other electrode surfaces in addition to ITO (indium zinc oxide and alkanethiol modified 

gold).  Figure 1.10 shows the µCP process used in this research.  Unpatterned PDMS 

stamps were used to create the µCP films.  The results of these efforts are explained in 

Chapter 7.  It was found that pretreatment of the stamp in an air plasma to make the 

surface hydrophilic is necessary for the creation of electroactive protein films on all of 

the electrode surfaces investigated.  Studies of the adsorption of protein onto PDMS and 

XPS of the printed films on ITO demonstrate that the amount of protein adsorbed to the 

stamp is not necessarily the amount transferred to the substrate during stamping.  
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Figure 1.10  µCP process used for the creation of µCP films studied in this dissertation. i. adsorption of cyt 
c to an unpatterned PDMS stamp, ii. Transfer of film to the glass or a electrode substrate, iii.  µCP cyt c 
film. 
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2. Theory for the Determination of Optical Constants, Surface Coverage, Order 
Parameters and Orientation Distributions of Molecular Films Using Attenuated 
Total Reflectance and Total Internal Reflectance Fluorescence Spectroscopies 

 

This chapter describes the theoretical basis and calculations, developed by Dr. 

Sergio Mendes with assistance from this author, Nicole Rasmussen and James Joubert, 

involved in determining the surface coverage and orientation distribution of surface 

absorbed molecules by two polarized spectroscopic measurements. 

2.1 Background to Attenuated Total Reflectance Spectroscopy (ATR) and Its 

Use in Determining Surface Coverage and Order Parameters of Molecular Films 

Attenuated total reflectance (ATR) spectroscopy is a useful technique for studies 

of adsorbed molecular films because of its enhanced sensitivity relative to direct 

transmission measurements.  In addition, the probing electric field is spatially confined 

near the surface, which imparts a high selectivity for sampling surface events with 

negligible interference from bulk dissolved components.  The use of a polarized light 

beam in ATR absorbance measurements allows for the determination of the transition 

dipole strength along each lab coordinate axis and the associated optical anisotropy of a 

film under investigation. Since Harrick’s pioneering work,141 molecular dichroism 

calculations with polarized ATR spectroscopy have been traditionally performed by first 

determining the electric field intensities along each Cartesian direction and then using the 

respective measured absorbance values to solve for the transition dipole projection along 

each Cartesian direction.  When dealing with either a two-phase system or a three-phase 

system in which the center layer can be approximated as an extremely thin film (on the 

order of a few nanometers for visible light) surrounded by two semi-infinite media, the 
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expressions for the electric fields are readily available141 and the approach is 

straightforward.  To calculate the electric field for more complex geometries, several 

researchers have employed a rigorous electromagnetic wave approach using a transfer-

matrix, which relates the tangential components of the electromagnetic field from one 

interface to another interface across the intervening layer.  The matrix elements depend 

on the optical constants and thickness of the layer.  This formalism was first developed 

by Abelès142 in 1950 and since then has been a key analytical tool for designing 

multilayer stacks for optical interference filters; the approach is mainly known to the 

chemistry community through the work of Hansen.143  However, most transfer-matrix 

calculations of the electric field in ATR configurations have ignored the extinction 

coefficient (imaginary part of the complex refractive index) of the absorbing layer by 

implicitly assuming its value to be zero. A few works138, 144 have included the extinction 

coefficient in the matrix calculation, although these only considered the simplest case of 

an isotropic extinction coefficient. 

Polarized ATR is routinely employed for studies of dichroic layers, which 

mathematically should be represented by an anisotropic extinction coefficient that allows 

for a different value along each Cartesian direction.  An anisotropic extinction coefficient 

can affect the values one calculates for the electric field, which will ultimately affect the 

molecular anisotropy one determines for the dichroic layer.  In addition to this limitation, 

transfer-matrix calculations presented in the literature for ATR applications138, 144 have 

focused mainly on the determination of the Cartesian components of the electric field, 

which are essentially used as auxiliary variables for subsequent calculations of either a) 
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the polarized absorbance using anisotropic optical constants determined (or known) by 

other means or b) the anisotropic optical constants from polarized ATR data. In 

configurations where the thickness of the absorbing layer cannot be neglected, the 

electric field is no longer constant across this layer, and an average needs to be evaluated 

to obtain accurate absorbance results, which makes the overall calculation cumbersome 

as already pointed out by Axelsen.138  An approach that overcomes these difficulties was 

provided by Buffeteau et al.145 who reported a transfer-matrix formalism and numerical 

procedure in which the anisotropic optical constants are calculated directly without 

explicit determination of the electric fields (although they are rigorously considered in the 

calculations).  However, due to their choice of spectroscopic techniques (normal 

incidence transmission and reflection absorption infrared spectroscopy (RAIRS)), the 

anisotropic optical constants are decoupled in each measurement: normal incidence 

transmittance only involves an electric field component either along x or y, and RAIRS 

only involves the z-component (see Figure 2.1); therefore the conventional transfer-

matrix formalism developed for isotropic media is sufficient to describe their 

experiments.  In an ATR experiment, because the TM polarization contains electric field 

components in both the x and z directions, the optical constants in both directions are 

simultaneously present in the experimental results, and the isotropic transfer-matrix 

expressions cannot be applied. 
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Figure 2.1  a) ATR configuration showing the path of the light beam as it is incoupled, reflected down the 
ATR substrate (guiding medium), and outcoupled.  b) Expanded view of the multilayer structure showing 
our coordinate system where the x-y plane is the sample plane and light is propagating in the x-z plane.   
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2.2 The Transfer Matrix Formalism 

Following the seminal work of Berreman146 and Yeh,147 Parikh and Allara148 and 

Yamamoto and Ishida149 have outlined a general transfer-matrix formalism to describe 

the interaction of polarized light with a stratified multilayer stack composed of 

anisotropic layers. In this chaper, the formalism is applied to specifically describe 

polarized ATR experiments involving an anisotropic molecular layer, and to show a 

procedure to recover the anisotropic optical constants, the molecular surface coverage, 

and one order parameter from the ATR data.  First, the transfer-matrix formalism is used 

to calculate polarized reflectance (R) values, instead of the conventional approach of 

determining electric field values. Once the reflectance is known, polarized ATR 

absorbance (A) values are determined through the following expression: 

( )rRA 10log−= , where r is the number of reflections at the interface between the 

molecular layer and the ATR guiding element. This approach circumvents an explicit 

determination of the electric field, which is implicitly and rigorously included in the 

transfer-matrix analysis.  Variations in the electric field within an absorbing layer are 

automatically considered when calculating reflectance (and consequently also 

absorbance), and the approach avoids the need to calculate electric field intensities at 

every point across an absorbing film for an accurate absorbance determination.  Next, the 

expressions of the transfer-matrix approach are extended to allow the molecular layers to 

have both a dichroic extinction coefficient (imaginary part of the complex refractive 

index) and a birefringent refractive index (real part of the complex refractive index).  

Lastly, a numerical procedure is established to determine the anisotropic optical 
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constants, which then allow calculation of the molecular surface coverage and one order 

parameter. 

 

2.2.1 ATR Configuration 

In the ATR configuration shown in Figure 2.1 with this choice of coordinate 

system, a light beam propagates in the x-z plane through a transparent guiding medium 

(here called medium 0) and impinges on a stratified assembly composed of m arbitrary 

layers (m ≥ 1) and a semi-infinite superstrate (medium m+1). The superstrate must have a 

refractive index (nm+1) lower than that of the guiding medium (refractive index, n0) and 

the angle, 0θ , in medium 0 must be greater than the critical angle, ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= +−

0

11sin
n

nm
critθ , to 

prevent power from flowing into the superstrate medium, although an exponentially 

decaying, evanescent field is still present in this medium.  The analytical ATR signal is 

measured after the beam has been reflected several times along the length of the guiding 

element.  The absorbance signal, A, can be calculated by the following expression 

 ( )Rr
I

RI
I
IA

inc

r
inc

inc
101010 logloglog −=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−= ,  (2.1) 

if the reflectance, R, for a single reflection and the number of reflections, r, are 

determined.  The number of reflections can be easily determined from geometrical 

considerations and is given by:150 

    
Nh

NnL
r

2

22
0 −

=     (2.2) 
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where h is the thickness of the guiding element, L is the distance between the in- and out-

coupling prisms, n0 is defined above, and N is the effective refractive index (also called 

Snell’s invariant, 00 sinθnN = ).  N is experimentally determined by the incoupling 

conditions of the propagating beam into the guiding element151 

  ϕθϕθθ sin)sin(cossinsin 2/1222
00 incincprincinc nnnnN −+==   (2.3) 

as shown in Figure 2.1, where θinc is the angle between the prism normal and the incident 

beam, ϕ and npr are the prism base angle and refractive index, respectively, and ninc is the 

refractive index of the medium (usually air) outside the prism. 

Focusing on ATR applications involving anisotropic layers, the refractive index 

of any layer is allowed to have different values along each Cartesian direction.  The real 

part of the refractive index is then described in general by three numbers nx, ny, nz; 

similarly the imaginary part of the refractive index is described by kx, ky, kz.  The complex 

anisotropic refractive index of any layer is written as 

γαγαγα ,,,
~ kinn −=     (2.4) 

where α=0,1,2, ,m-1,m,m+1 specifies a particular medium and zyx ,,=γ  defines a 

particular Cartesian axis. 

 

2.2.2 Transfer-Matrix Formalism Calculations 

       To extend the isotropic transfer-matrix approach to include optically anisotropic 

films as described by Equation (2.4), Horowitz and Mendes,152 following Berreman’s 

formalism,146 have shown that it is sufficient to generalize the expressions for the phase, 
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β, and admittance, η, used in the transfer-matrix (defined below).  For the transverse 

electric (TE) polarization, these terms are given by 

   mNnt y ,...,1,~2 22
, =−= α

λ
πβ ααα    (2.5) 

   1,,...,1,0,~ 22
, +=−= mmNn y αη αα    (2.6) 

and for the transverse magnetic (TM) polarization, they are written as 

   ( ) mNn
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where λ is the light beam wavelength measured in vacuum and tα is the thickness of layer 

α.  With these expressions, the reflectance, R, of a light beam incident from a transparent 

medium (k0,γ = 0) and impinging onto a stratified stack (which can include anisotropic 

and absorbing media) can be expressed for both polarizations in the usual format:153 
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where B and C are calculated using the matrix relation 
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and the transfer-matrix Mα  is defined by 
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The transfer-matrix M relates the values of the tangential components of the electric (U) 

and magnetic (V) fields at the two interfaces that bound a particular layer.  In this 

notation, the subscript (0, 1) represents the boundary between the guiding medium (0) 

and the first layer (1), and the subscript (m, m+1) represents the boundary between the 

last layer (m) and the superstrate (m+1). The transfer-matrix Mα uses the optical 

constants of layer α ( αγαγα tandkn ,, ,, , with zyx ,,=γ ) to relate the tangential 

electromagnetic fields at the interfaces (α-1, α) and (α, α+1).   

 For the TE polarization, the tangential components of the electromagnetic field, U 

and V, are given by: 
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and for the TM case are described by: 
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where the vacuum permittivity, εvac, and permeability, µvac, were used to provide the 

same physical dimension (units) to both vector components U and V, which simplifies the 

notation of the admittance and transfer-matrix.  Finally, the calculation with Equation 

(2.10) can be performed by noting that, at the last interface, the electric and magnetic 

field components can be related by  
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since only a forward propagating wave is present in the superstrate.   

Once the Snell’s invariant (N), optical constants (nα,γ, kα,γ), and thicknesses (tα) of 

the stratified stack are known, Equations (2.5-2.14) provide a straightforward approach 

for the calculation of polarized reflectance results. It is important to note that the 

definition of the complex refractive index with a minus sign in Equation (2.4) for the 

imaginary part was dictated by a particular choice of the time-harmonic description of the 

electromagnetic wave, )( ztie βω − , as already discussed by others.143, 153  Consistency with 

this choice also requires that, among the possible mathematical solutions for Equations 

(2.5) and (2.7) involving the square root of complex numbers, the physically acceptable 

solution will satisfy the condition { } 0Im ≤β  as the light beam power should 

exponentially decay, not grow, as it propagates in an absorbing medium. 

To summarize to this point, a method to calculate reflectance, R, of a light beam 

probing a stratified stack of anisotropic layers, which are described by Equation (2.4) has 

been outlined.  For ATR experiments, the transfer-matrix formalism above combined 

with Equations (2.1) and (2.2) provides a direct path for calculating polarized absorbance 

values, ATE and ATM.  This method avoids an explicit calculation of auxiliary variables 

such as the Cartesian components of the electric field across an absorbing layer, although 

these fields are rigorously considered in the entire calculation and variations of the 

electric field strength across any absorbing layer are automatically considered.  In 

addition the transfer-matrix formalism includes the anisotropic optical constants of any 

layer in the stratified stack; therefore the effects of birefringent and dichroic layers on the 
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electromagnetic fields, and ultimately on the absorbance results, are fully and rigorously 

accounted for in this analysis. 

  

2.3 Iterative Procedure for the Calculation of Anisotropic Optical Constants 

 The transfer-matrix formalism above shows that once the optical constants of a 

stratified stack are known, absorbance calculations are straightforward. However, 

typically one is faced with the inverse problem, where absorbance data are collected and 

determination of the anisotropic optical constants of a particular layer is desired.  

Although an explicit solution relating the optical constants of the layer to the polarized 

ATR data is not possible (or would be extremely cumbersome), a simple numerical 

procedure can solve the inverse problem.  In this procedure, the value for the complex 

refractive index of the absorbing layer (an adsorbed cyt c film in the present work, here 

called layer q) is varied in an iterative manner to match the calculated and experimental 

absorbance values.  If the stratified stack is composed of multiple layers, the optical 

constants and thickness of the other layers must be known (or determined by other 

techniques).  The iteration process is summarized in a flowchart shown in Figure 2.2 (for 

simplicity, the subscript q is dropped; all optical constants and surface coverages are for 

layer q):  

 a) TE polarized absorbance data is considered first because it involves only the y-

component of the refractive index given in Equations (2.5) and (2.6).  The real part of the 

refractive index of the protein film along the y-axis (ny) is initially estimated, then the 

value for ky is iteratively varied to make the difference between calculated and  
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measure ATE,exp , ATM,exp

estimate ny

estimate ky

calculate ATE,calc

∆TE = ATE,calc – ATE, exp

assume nx = ny , kx = ky

estimate  kz

calculate ATM, calc

∆TM = ATM,calc – ATM, exp

∆TM > δTM

∆TE > δTE

∆TE < δTE

∆TM < δTM

calculate Γ

estimate nz

calculate nx, ny, nz

Κramers-Kronig

output kx,ky, and kz

a) 

b)

c)

measure ATE,exp , ATM,exp

estimate ny

estimate ky

calculate ATE,calc

∆TE = ATE,calc – ATE, exp

assume nx = ny , kx = ky

estimate  kz

calculate ATM, calc

∆TM = ATM,calc – ATM, exp

∆TM > δTM

∆TE > δTE

∆TE < δTE

∆TM < δTM

calculate Γ

estimate nz

calculate nx, ny, nz

Κramers-Kronig

output kx,ky, and kz

a) 

b)

c)

 

 

Figure 2.2  Flow chart for iteration process to determine nx, ny, nz, kx, ky, kz, and Г for layer q from 
measured values of ATE, ATM. 
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experimental absorbances, exp,, TEcalcTETE AA −=∆ , less than (typically 10 times smaller) 

the precision in the experimental measurement (δTE).  

 b) Second, the TM absorbance data is considered for which the calculations 

involve both x and z components of the refractive index, as described in Equations (2.7) 

and (2.8).  However, for many types of molecular films (including the adsorbed cyt c 

films examined here), in-plane symmetry for the optical constants can be assumed (the 

molecules are randomly oriented in the sample plane), meaning nx = ny and kx = ky.  Next, 

a value for the real portion of the refractive index along the z-axis (nz) is estimated and a 

value for kz that minimizes the difference in TM absorbance, exp,, TMcalcTMTM AA −=∆ , is 

iteratively determined.   

 c) Once the imaginary parts of the refractive index along each Cartesian axis are 

determined, then the surface coverage (Γ) can be calculated through the following 

relation:150 

( )
)10ln(3

4
λε

π qzyx tkkk ++
=Γ     (2.15) 

where ε is the molar absorptivity of the dissolved molecule (i.e. measured in solution) 

and tq  is the thickness of the layer.  Layer q is formed by solute molecules that may be 

dispersed in a solvent matrix (in this study, cyt c in an aqueous solution). The thickness 

of the layer is a function of the dimensions, conformation, and packing geometry of the 

solute molecule.  The real portion of the refractive index of this layer depends on the 

solute and solvent concentration in the layer.  For the adsorbed cyt c films examined here, 
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the surface coverage obtained from Equation (2.15), the molar absorptivity of cyt c 

measured over a broad spectral range, and Kramers-Kronig (KK) relations (discussed in 

the following section) are used to refine the initial estimate for the real part of the 

refractive index along each Cartesian axis, γn . 

Once refined γn values are determined, the previously described routine (steps a -

c) is repeated to generate refined values of γk  and Γ, which are used to further refine 

values of γn .  This loop is repeated until it reaches a numerical precision that is better 

than the experimental precision determined by the uncertainties in the absorbance 

measurements.  Typically this process converged in just a few loops (3-5), even when 

initial estimates of nγ that were significantly different from the expected final result were 

intentionally provided (see Section 4.4). 

 

2.4 Kramers-Krönig Relations 

 According to KK relations,154 if the imaginary part of the refractive index 

(extinction coefficient) is known over the entire frequency range, the real part of the 

refractive index can be calculated.  These quantities are related through the complex 

optical susceptibility.  For a film with an extinction coefficient of qk  and formed by 

molecules with a susceptibility "' χχχ i+= dispersed in a transparent solvent of 

refractive index nm+1, the following expression can be written154 

  ( ) ( ) ( ) ( )
q

mqm t
nkn

π
νελννχ

4
10ln22 11

" Γ
==− ++      (2.16) 
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for any frequency, ν.  Then the real part of the susceptibility, χ’, can be calculated using a 

KK relation154 

    ∫
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v
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which  allows the determination of the real part of the refractive index (in the case of a 

weakly absorbing medium, χ” <<1):154 
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Since the spectral information on the molar absorptivity ( )νε , and therefore on ( )νχ " , is 

limited to a finite range (for instance, from ν1 to ν2), Equation (2.17) is calculated by 
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where the second term is dependent on the concentration of the solute molecule in the 

layer of interest.  This corrects for background absorption bands outside the integral that 

affect the real component of the optical susceptibility.  The coefficient f can be 

experimentally determined by measuring the dependence of the refractive index on the 

concentration of the solute molecule dissolved in the solvent matrix.   

 Finally it is noted that, since kγ is in general anisotropic for an adsorbed molecular 

film, the molar absorptivity ( )νε  in Equation (2.16) is replaced by 

   ( ) ( ) ( )
( ) ( ) ( )000
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ν
νενε γ

γ
zyx kkk

k
++

=      (2.20) 
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and Equations (2.16), (2.19), and (2.18) are calculated for each Cartesian direction γ  to 

determine the anisotropic real part of the refractive index ( γn ). 

 

2.5 θ2cos  and the Second Order Parameter 

Once the anisotropic optical constants have been determined, a measure of the 

dichroism in the molecular film, θ2cos , can then be calculated for the layer of interest 

using the dichroic values of the imaginary part of the complex refractive index: kx, ky, and 

kz.150, 155  In the case of a linear absorber it is given by 

zyx

z

kkk
k

++
=θ2cos       (2.21) 

where θ is the angle between the dipole and the z axis, and in the case of a circular 

absorber it is given by 

zyx

z

kkk
k

++
−=

21cos 2 θ       (2.22) 

where θ is the angle between the normal to the dipole plane and the z axis.  θ2cos  can 

be used to calculate the second order parameter, ( )θcos2P  (Section 2.7). 

 

2.6 Polarized Fluorescence Measurements 

This section describes two alternative mathematical formalisms for the 

determination of the second and fourth order parameters of molecular films using optical 

spectroscopic techniques.  Method A uses polarized total internal reflection fluorescence 

(TIRF) to calculate the second and fourth order parameters using an independent value 
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for the angle between the absorption and emission dipoles, γ.  Method B uses the second 

order parameter, obtained from attenuated total reflection (ATR) data, to calculate the 

fourth order parameter and γ2cos  from polarized TIRF measurements.  The choice of a 

specific method should rely on experimental considerations.  By employing polarized 

light, TIRF can be used to extract information on orientation order parameters of a thin 

film.52, 91, 96, 100, 127-131, 135  A theoretical description which overcomes current limitations 

in the literature (discussed in Section 1.5.1) is outlined below. 

As shown in Figure 2.3, a linearly polarized optical beam that is totally reflected 

at the substrate / film / superstrate interface is used for excitation of fluorescent species in 

the molecular film.  A set of detection optics collects the fluorescence signal that is 

emitted normal to the sample surface.  In the detection path, the optical beam passes 

through a linear polarizer oriented either parallel or perpendicular to the plane of 

incidence, p- or s-polarization respectively.  The combination of excitation and emission 

polarizations leads to four different fluorescent measurements, Iss, Isp, Ipp, and Ips, where 

the first subscript refers to the excitation polarization and the second subscript refers to 

the emission polarization.  The intensities of the fluorescence signal are given by:96 

( ) ( )2
e

2
aea eEI ˆ, ⋅⋅= νµ

rrr       (2.23) 

where aE
r

is the electric field of the excitation beam, eê  is a unit vector in the direction of 

the detection polarizer, µr  is the optical absorption dipole, and νr is the fluorescence 

emission dipole. 
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Figure 2.3  Configuration for polarized TIRF experiments.  Fluorescence in the molecular film is excited 
by the optical field of an incoming light beam incident in the x-z plane, which is polarized at either s or p.  
Fluorescence is detected normal to the substrate and a polarizer in the detection path selects either s or p 
emission relative to the incident (x-z plane).  The molecular film with a refractive index nf is between the 
substrate and the superstrate, which has a refractive index nc. 
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2.6.1 Derivation of Fluorescence Intensity Expressions for a Linear Absorber 

To relate the TIRF signals to the molecular optical dipoles, a coordinate system is 

defined (x’-y’-z’) where the absorption dipole has the following components: 

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
=

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

′

′

′

µµ
µ
µ

0
0

z

y

x

       (2.24) 

In this coordinate system the emission dipole, which in the general case can be non-

collinear with the absorption dipole, is described by the following components: 
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with a rotation matrix, ( )γR , defining the orientation of the emission dipole with respect 

to the absorption dipole: 
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where γ is the angle between the absorption and emission dipoles (see Figure 2.4a).  The 

absorption and emission dipole vectors can be fully described in the lab coordinate 

system (x-y-z) through a set of Euler rotation matrices: 
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Figure 2.4  The spectroscopic probe is defined by the x’, y’ and z’ (only z’ is shown) molecular axes which 
are related to the lab axes x, y, and z as shown.  a) Laboratory axis for linear absorbers.  The absorption 
dipole ( )µ

r
 is defined along z’-axis for a linear absorber.  γ is the angle between the absorption and 

emission ( )ν
r

 dipoles. Relation between the molecular and laboratory axes is given by the Euler matrices 
with rotations defined as following: α is the angle of rotation around the z-axis.  θ is a rotation about the y-
axis and defines the angle between the lab z-axis and the molecular z’-axis, which is parallel to the 
absorption dipole. The angle ø is a rotation around the z-axis.  b) Shows the laboratory axis for circular 
absorbers. Both the absorption dipole ( )µ

r
 and the emission dipole ( )ν

r
 lie in the x’, y’ plane of the heme 

and the angle between them is defined as γ.  The angle between the axis normal to the heme plane and the 
lab surface normal is defined as θ.   
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where α, θ, and ø are defined as shown in Figure 2.4a.  By inserting the vector 

components into Equation (2.23) and assuming in-plane symmetry (random in α and φ), 

the following equations are obtained: 
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where 2
xE , 2

yE , and 2
zE  are the electric field intensities in the molecular film in the x, y, 

and z directions.  It is worth noting a few points in Equations (2.30) - (2.33): 

a) 
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b)  
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c)  
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The results (a) - (c) above express the complete symmetry between the in-plane x and y 

components; in Section 2.6.2 expressions are derived that are analogous to Equations 

(2.30 - 2.33) for the case of a circular absorber molecule and identical symmetry is found.   

d) If the absorption and emission dipoles are completely aligned, then 12 =γcos  and: 
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e) If the emission dipoles are completely depolarized (randomized), either due to internal 

and/or Brownian motions of the fluorophores, then 312 =γcos  and all four polarized 

fluorescence intensities will be completely independent of θ4cos ; in addition Iss = Isp 

and Ipp = Ips.  As one would expect for complete depolarization, polarized fluorescence 

measurements do not add any extra orientation information and only the second order 

parameter ( )θcos2P  can be determined, which is related to the polarized absorption 

process. 

f) From Equations (2.30) and (2.31) the fluorescence anisotropy, r, can be determined for 

an ordered system: 
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which for an isotropic molecular assembly, where 312 =θcos  and 514 =θcos , 

reduces to the usual relation: 
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Returning to the general case, Equations (2.32) and (2.33) can be simplified by 

noting that the electric field along x and z directions are related through the following 

equations:155 
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where nf  is the refractive index of the molecular film, nc is the refractive index of the 

solution above the film, and NTM is the effective index of the propagating beam, which is 

determined by the propagation angle of the incident beam and was defined in Equation 

(2.3) (as N) as well as previous work.151 

Equations (2.30) and (2.31) are combined to obtain: 
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Similarly, the combination Equations (2.32) and (2.33), and using Equations (2.40) and 

(2.41) results in the following expressions: 
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As can be observed above, Equations (2.42) and (2.43) no longer depend on 

,, 22
yx EE and 2

zE ; thus collecting four different fluorescence intensities eliminates the need 

to determine the evanescent field intensities in the molecular film.  Equations (2.42) and 

(2.43) relate three unknowns: θ2cos , θ4cos , and γ2cos .  Mathematically, two 

approaches are possible at this point: one option (Method A) is to use a value for 

γ2cos  (either assumed on the basis of some theoretical hypothesis or experimentally 
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measured by another technique) and solve Equations (2.42) and (2.43) for θ2cos  and 

θ4cos  to get: 
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Alternatively, a second option (Method B) is to use an independently determined value 

for θ2cos  (in this case experimentally measured by another technique, like ATR114) 

and solve Equations (2.42) and (2.43) for θ4cos  and γ2cos  to get: 
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2.6.2 Derivation of Fluorescence Intensity Expressions for a Circular Absorber 

Next analogous equations for a circular absorber (see Figure 2.4b) are derived; the 

equations here are numbered to correspond with those already presented for the case of a 

linear absorber.  The case of a circular absorber was already reported by Tronin et al.130, 

135 who obtained the same symmetry as expressed in their Equations (14); however, there 

are mistakes in their auxiliary Equations (12) and (13) that impact the derivation of the 

order parameters.  In the molecular coordinate system (x’-y’-z’), the absorption dipole for 

a circular absorber can be described as follows: 
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and the emission dipole: 
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Neglecting the out-of-plane depolarization β: 
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The expressions above agree with those from Tronin et al. after a couple of glitches are 

fixed in their publication.135, 156  In Equations 12 and 13 of the referenced article, the 

numerical terms ¼ and ¾ should be associated only with the u term and it should be: 

⎟
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⎛ + qu

4
1 instead of ( )qu
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− . 
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Method A:  
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Method B: 
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2.6.3 Choice of Method A or B 

 Equations (2.44) and (2.45) can be used to determine the second and 

fourth order parameters from polarized TIRF data.  In this first method, which called 
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method A, γ2cos  must be assumed, or measured independently.  In most of the 

literature on this topic, values for γ2cos  are determined for the molecule of interest in 

viscous solutions to eliminate fluorescence depolarization from rotation of the 

fluorophores.96, 100, 130  Equations (2.46) and (2.47) show how the fourth order parameter 

and the depolarization term γ2cos  can be calculated from the fluorescence data, 

provided that the second order parameter is independently measured.  Using this method, 

which called method B, a value of γ2cos  does not need to be assumed or measured 

independently.  Since γ2cos  can change significantly depending on the environment of 

the fluorophore,131, 137, 157, 158 it is useful to be able to calculate γ2cos  directly in the 

same environment (in this case, an immobilized film at a solid/liquid interface) in which 

the order parameters are measured. 

 

2.7 Orientation Order Parameters 

In both the linear and circular absorber models, the second and fourth order 

parameters, which are defined as the mean value of the second ( )θcos2P  and fourth 

( )θcos4P  terms of the Legendre polynomials, can be calculated from the values of 

θ2cos  and θ4cos  by: 

( )
2
1cos

2
3cos 2

2 −= θθP       (2.48) 

( )
8
3cos

4
15cos

8
35cos 24

4 +−= θθθP     (2.49) 
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So far, the orientation order parameters of the dipoles with respect to the lab 

coordinate system through a set of Euler rotation matrices given in Equation (2.27) have 

been described.  Such orientation can be the overall result of several discrete factors.159 

As shown in Figure 2.5, three possible factors are considered here:  

a) ( )111 ,, αθφR , which describes the orientation of the absorption and emission dipoles 

with respect to the molecular coordinate system, 

b) ( )222 ,, αθφR , which describes the orientation of the molecular coordinate system with 

respect to the local coordinate system, and 

c) ( )333 ,, αθφR , which describes the orientation of the local coordinate system (which 

may be different from the lab coordinate system due to roughness features larger than the 

individual molecules in the molecular film) with respect to the lab coordinate system. 

This last term describes the effects of surface roughness on the experimental results. 

The contributions of all effects are translated into the experimental results, 

( )αφθ ,,R , through the expression: 

( ) ( ) ( ) ( )111222333 ,,,,,,,, αθφαθφαθφαθφ RRRR ⋅⋅=      (2.50) 

and by assuming axial symmetry in φ1 and φ2: 

( ) ( ) ( ) ( )1n22n23n2n2 PPPP θθθθ coscoscoscos =     (2.51) 

for 2n = 2, 4, 6, …  The result above is a consequence of the sum of spherical harmonics.  

For the specific case of 2n = 2, the expression reproduces the result already reported by 

others,159 and later derived by Simpson and Rowlen using a different approach to account 

for surface roughness effects on the second-order parameter, ( )θcos2P .160  Here, the  
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Figure 2.5  A cross section of the substrate showing the relationship between θ1, θ2, and θ3 projected into 
the x-z plane. 
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expression for 2n = 4 is also described, as TIRF experimental results also contain 

information on ( )θcos4P . 

 

2.8 Orientation Distributions Based on the Maximum Entropy Method 

All the information on the order parameters obtained above can be obtained 

directly from experimental measurements and the calculations do not invoke any model 

for the molecular orientation distribution.  In this section, concepts of statistics are 

employed to construct a probability distribution function.  The aim here is to construct an 

orientation distribution function that will describe the probability of having molecules 

tilted at every angle.  This must be preformed when only a few pieces of information (i.e. 

a few order parameters) have been experimentally determined.  This scenario is a typical 

problem in statistics (and in information theory) that can be approached using the 

maximum entropy method to provide the most random probability function that is 

consistent with a given set of information available.140   

 

2.8.1 Orientation Distribution Calculation 

The method can be applied to any amount of information available and the 

probability distribution in general can be described by: 
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where gi(θ) are the experimentally determined (or known) information about the system, 

λi are the associated Lagrange multipliers, m is an integer defining the number of known 

order parameters, and µ is related to the normalization of the probability function 

    ( ) 1dN
0

=∫ θθθ
π

sin       (2.53) 

For the case where only one order parameter is known, m = 1, 

    ( ) ( )θθ cos21 Pg =        (2.54) 

and the value of the Lagrange multiplier λ1 is found by imposing the experimental 

information available: 
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  (2.55) 

Expression (2.55) is a transcendental equation that requires a numerical procedure to 

solve for λ1; several numerical approaches to treat this sort of problem are readily 

available in codes like Mathematica.  For the case where two order parameters are 

known, m = 2, 

    ( ) ( )θθ cos21 Pg =        (2.56) 

    ( ) ( )θθ cos42 Pg =        (2.57) 

and the values of the Lagrange multipliers λ1 and λ2 are found by imposing the 

experimental constraints: 
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Again, Equations (2.58) and (2.59) require a numerical procedure to determine the values 

of the Lagrange multipliers.  An alternative approach for Equations (2.56) and (2.57) 

would be to define them in terms of ( ) θθ 2
1 cosg =  and ( ) θθ 4

2 cosg = , which are 

linearly independent functions and for the purpose here means that they do not contain 

redundant information.  However, all Legendre terms are orthogonal functions to each 

other, therefore linearly independent, and provide a straightforward basis to expand as 

more information becomes available. 

 For sake of comparison a Gaussian distribution is defined by: 
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for 
2

0 πθ ≤≤ , with the axial symmetry obtained by assuming ( ) ( )θπθ −= NN  

for πθπ
≤≤

2
.  As constant c in Equation (2.60) is determined by normalization of the 
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probability function, the other fitting parameters of the Gaussian distribution, a and b, are 

found by numerically solving the following Equations imposed by the experimental data: 
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2.8.2 Orientation Distribution with One Order Parameter (and Comparison with the 

Delta Distribution) 

If only one order parameter is measured experimentally, for example ( )θcos2P  

from an ATR absorbance measurement, the orientation distribution can be determined 

from Equation (2.52) – (2.55).  Table 2.1 shows the radial plots for the orientation 

distributions determined for different values of ( )θcos2P using the maximum entropy 

method.  For comparison, the orientation distributions determined using a delta function 

are also shown.  As illustrated by the distributions in Table 2.1, the delta function 

describes the most ordered distribution possible that is consistent with the experimental 

order parameter, while the maximum entropy method creates distributions with the most 

random distribution of dipoles that also satisfies the same order parameter.  When  
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Table 2.1  One Order Parameter fit with the Maximum Entropy Distribution and the Delta Function.  Polar 
plot representations are explained in one of the plots, where the length of the dashed line is proportional to 
the probability density. 
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( )θcos2P  is close to the extremes of -0.5 and 1 and the dipoles are either perpendicular, 

02 =θcos , or parallel, 12 =θcos , to the substrate (for a linear absorber), the radial 

plots in Table 2.1 indicate that the distributions created using the two models converge to 

the same profile and agree well.  At intermediate values of ( ) 1P50 2 <<− θcos. , the two 

distributions show significantly different profiles, although they both predict the same 

order parameter.  Additional order parameters can be logically incorporated into the 

maximum entropy function to define more details of the distribution profile; on the other 

hand the delta function is completely defined and fixed with just one order parameter, 

and if the molecular system is not fully ordered, any additional order parameter would 

show the inconsistency of the delta distribution approach. 

 

2.8.3 Orientation Distribution from Two Order Parameters (and Comparison with the 

Gaussian and Delta Distributions) 

Now a scenario is considered where two order parameters are known; in particular 

the common situation where ( )θcos2P  and ( )θcos4P  are determined, although other 

combinations of order parameters could be treated similarly.  Figure 2.6 shows the 

mathematical domain of physically meaningful values for ( )θcos2P  and ( )θcos4P .  

As described in previous works,96, 120 the two limiting curves of the physical domain are 

defined by: a) upper curve: ( ) ( )
12
7P

12
5P 24 += θθ coscos  (which is a consequence of  
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Figure 2.6  Graph of possible values of ( )θcos2P  and ( )θcos4P .  Regions 1 and 2 are excluded because 

these combinations of ( )θcos2P  and ( )θcos4P  values are not possible.  The dashed line indicates the 
combinations that are well defined by the delta distribution.  The three vertical lines (a, b, and c) show the 
values of ( )θcos2P  and ( )θcos4P  that were used in the calculations shown in Figure 2.7. 
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θθ 24 coscos ≤ ) and b) lower curve: ( ) ( ) ( )
18
7P

9
5P

18
35P 2

2
24 −−= θθθ coscoscos  

(due to the Schwarz inequality 224 θθ coscos ≥ ).  This physical domain is established 

purely on the basis of mathematical arguments and is independent of any orientation 

distribution; therefore any valid experimental data, i.e. a pair of values for 

{ ( )θcos2P , ( )θcos4P } must fall within this area.  

Next the delta, Gaussian, and maximum entropy approaches for describing an 

orientation distribution are examined for the possible values of the second and fourth 

order parameters.  As a delta distribution dictates that 22 θcos  = θ4cos , this 

distribution is only consistent with points in the lower limiting curve (dashed line) of 

Figure 2.6.  Any other point in the two-dimensional physical domain cannot be 

consistently described by a delta distribution.   

The maximum entropy and Gaussian distributions are compared at several points 

{ ( )θcos2P , ( )θcos4P } of the 2-D domain shown in Figure 2.6.104, 105, 161, 162  For each 

point, a Mathematica routine (root-find) has been used to numerically solve for the fitting 

parameters that are present in the maximum entropy distribution at Equations (2.58) and 

(2.59) (Lagrange coefficients 2λ  and 4λ ) and in the Gaussian distribution at Equations 

(2.61) and (2.62) (constants a and b).  Once the fitting parameters were determined, the 

distribution functions were used to recalculate the two order parameters.  Although for 

the maximum entropy method the numerical routine could always find a set of 2λ  and 4λ  

that simultaneously solved Equations (2.58) and (2.59), the Gaussian approach presented 
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difficulties in converging to a solution for a and b to simultaneously satisfy Equations 

(2.61) and (2.62) at several points.  To quantify the ability of each distribution to describe 

a particular point of the 2D-domain, an error function is defined as the sum of the 

absolute difference between the left-hand and right-hand side of Equations (2.58) and 

(2.59), 
59.58. EqEq

RHSLHSRHSLHS −+− ; for the maximum entropy approach; an identical 

definition is applied but using the corresponding Equations (2.61) and (2.62) for the 

Gaussian distribution.  Figure 2.7 shows the error for the Gaussian and maximum entropy 

fittings for three fixed values of ( ) 625.0,25.0,0cosP2 =θ , in plots (a), (b), and (c) 

respectively, with values of ( )θcosP4  spanning across the whole possible range.  The 

error is always numerically very small for the maximum entropy approach (essentially 

round-off error); however for the Gaussian distribution a transition can be clearly defined 

between a region that is well fit and a region that cannot be properly fit.  For any value of 

( )θcos2P , when ( )θcos4P  is close to the lower limiting curve, the fitting is 

acceptable; however as ( )θcos4P  approaches roughly the midway point of the 

allowable range for a fixed ( )θcos2P  then the error sharply increases and the Gaussian 

distribution is clearly a poor fit beyond that point.  Therefore, the region of the physical 

domain shown in Figure 2.6 that can be described well with a Gaussian distribution is 

confined to the lower boundary of the whole domain. 

Table 2.2 illustrates the orientation distribution calculated with the maximum 

entropy method for different combinations of ( )θcos2P  and ( )θcos4P  that span over  
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Figure 2.7  Graphs show the error for different values of ( )θcos2P : a) ( )θcos2P  = 0,  b) ( )θcos2P  = 

0.25,  c) ( )θcos2P  = 0.625 for the Gaussian distribution (squares connected by a dashed line) and the 
maximum entropy method (diamonds connected by a solid line). 
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Table 2.2  Two order parameters fit with the maximum entropy distribution.  Each column is a different 
( )θcos2P  value and each box contains an orientation distribution created with the ( )θcos4P  value 

shown in the box. 
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the whole physical domain.  For those points in Figure 2.6 where the Gaussian 

distribution also provides a good fit (a smaller region of the whole physical domain), 

Table 2.3 compares the shapes of the distributions determined from the Gaussian and the 

maximum entropy methods.  By comparing the orientation distributions in Table 2.3 it is 

observed that when the Gaussian distribution is successful in achieving a good fitting 

then the shape of its orientation distribution is similar to the one produced by the 

maximum entropy method. 

While the Gaussian distribution can describe more combinations of order 

parameters than a delta function, which is strictly confined to lower limiting curve, it still 

only covers a small region of the full domain of the order parameters.  In contrast, the 

maximum entropy distribution can provide an orientation distribution for every possible 

combination of order parameters.  Near the upper boundary of Figure 2.6, the a priori 

shape of the Gaussian distribution can not describe distributions that have maxima at 

polar angles of zero or ninety degrees.  The same is true for values of ( )θcos2P  and 

( )θcos4P  close to the isotropic values of zero, where the orientation distribution does 

not have a well defined maximum, and the Gaussian also fails to provide a reasonable fit. 

 

2.9 Conclusions 

In this Chapter, the theory and application of the rigorous electromagnetic 

transfer-matrix approach for the calculation of anisotropic optical constants, surface 

coverage, and one order parameter in polarized ATR experiments have been described.   
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Table 2.3  Two Order Parameters fit with the Maximum Entropy Distribution and the Gaussian 
Distribution. 

( )θcos2P  ( )θcos4P  Maximum Entropy 
Distribution 
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This approach can be used for any molecular film where the anisotropic complex 

refractive index can be described by Equation (2.4).  This method does not require the 

explicit calculation of the electric field across the absorbing layer, although it is implicitly 

and rigorously considered in the analysis. 

In addition, two methods for determining order parameters for a molecular film 

using polarized fluorescence techniques based on total internal reflection have been 

described.  In method A, fluorescence data is used to determine θ2cos  and θ4cos  by 

assuming (or independently measuring) a value for γ2cos .  Method B uses the 

fluorescence data along with an independently measured θ2cos  value to determine 

θ4cos  and γ2cos .  The advantage in using the latter approach is that γ2cos  can be 

recovered with the chromophores located in the physical/chemical environment of 

interest (e.g. confined to a solid/liquid interface).  Mathematical formalisms for 

determining the effects of substrate roughness and the relationship between the molecular 

axis and the dipole which is probed spectroscopically on the even numbered order 

parameters are also presented.  The experimentally determined order parameters relating 

to θ (as defined in the linear and circular absorber cases, shown in Figure 2.4) include 

these factors inherently so it is useful to be able to factor them out in order to recover the 

distribution of the molecule with respect to the local surface plane. 

From a pair of experimentally determined order parameters, an orientation 

distribution can be constructed using the maximum entropy method.  The maximum 

entropy method was compared with two other orientation distribution models, the delta 
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and Gaussian distributions, showing that the maximum entropy method is capable of 

fitting the physical domain composed of all possible values of ( )θcos2P  and 

( )θcos4P , unlike the other two distributions that have significant limitations in their 

applicability.  In Chapters 4 and 5 the formalisms described here will be applied to study 

cytochrome c protein films formed by different techniques (direct adsorption out of 

solution and microcontact printing) both dielectric and electroactive substrates (glass and 

ITO). 
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3. Experimental Methods 

3.1 Materials 

Cytochrome c from horse heart (> 99% purity) was obtained from Sigma (C-

7752).  Indium tin oxide (ITO) films sputtered on soda lime glass with a sheet resistance 

of approximately 20 ohms per square, and a root mean square (rms) surface roughness of 

1-2 nm (determined using atomic force microscopy on scan areas of 1 µm2) were used 

throughout.  A tapping mode AFM image of this ITO is shown in Figure 3.1, which is 

from the first batch bought by the Armstrong group from Colorado Concept Coatings in 

2000.  The only exceptions are the ITO sputtered on a coverslip (Appendix C) made in 

the Armstrong lab and some experiments in Chapter 7 (noted in the text) which were 

done on the second batch of ITO from Colorado Concept Coatings (which had slightly 

larger rms values).  Gold Seal glass microscope slides (Gold Seal Products #3010) were 

used for all glass substrates.  A Sylgard-182 Elastomer kit (Dow Corning) was used to 

make PDMS stamps. 

 

3.2 Iron Cytochrome c Solutions 

A detailed procedure of the purification of iron cyt c can be found in Appendix A.  

The purity of the protein from Sigma is already very high, so this procedure is not 

necessary when the purity of the protein is not crucial for an experiment.  Cyt c is 

purified on a cation exhange column which separates on the basis of charge.  For this 

reason, the protein should all be in the same oxidation state before it is loaded onto the 

column to avoid separation of the reduced and oxidized forms of the protein.  The cyt c  
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Figure 3.1  Tapping mode AFM image of first batch of Colorado Concepts ITO, obtained in air. The total 
z-scale is 24 nm. 



 100

from Sigma is roughly 25 % ferrocyt c and 75% ferricyt c (measured by UV-vis peak 

ratios), however, the ferrocyt c can be converted to ferricyt c with the addition of a few 

crystal of ferricyanide.  

The purpose of this purification step is to remove any deamidated forms of the 

protein.163  Since the deaminated forms of cyt c have a lower net charge, they will elute 

first.  In the visible, their spectrum can be differentiated from the fully aminated form of 

the protein because their Söret band maxima are between 406-408 nm and the maximum 

for native cyt c is 409 nm.  The collected fractions with Söret band maxima of 409 nm or 

greater are concentrated in 10 mM (pH 7) phosphate buffer, stored at 4o C, and used 

within 4 weeks.  The concentration of this stock solution is determined using UV-vis 

spectroscopy and published molar absorptivities (see Figure 3.2).164  Ferriytochrome c 

was used to prepare all protein films.  Deionized (DI) water (18 MΩ) was obtained from 

a Barnstead Nanopure apparatus and was used throughout.  

 

3.3 Zinc substituted Cytochrome c Preparation 

3.3.1 Procedure for Preparation from Iron Cytochrome c  

The procedure for the synthesis and purification of Zinc substituted cyt c (Zn-sub 

cyt c) is in Appendix A.  This section will describe in detail the changes that were made 

to the procedure that was previously used in the Saavedra group.  The first step in the 

procedure is to use hydrogen fluoride gas (HF) to remove the coordinated iron from the 

prosthetic heme in cyt c.  In preparations of metal-free cyt c in the literature, water is 

removed from the cyt c and HF gas prior to the procedure.165-167  In this setup (as  
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Figure 3.2  Absorbance spectra of ferricyt c (solid line) and ferrocyt c (dashed line) calculated using 
published molar absorptivity values.164 
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presently constructed), the HF gas flows directly out of the tank to the cyt c in a sealed 

Teflon container.  This is because of the safety issues involved in drying the HF (it must 

be held in a vessel with the drying agent and distilled over to the Teflon container with 

cyt c).  However, not using dry HF increases the likelihood of forming side products, 

such as heme-free cyt c.  In order to minimize the formation of side products, three 

changes were made to the HF procedure.  First, the cyt c from Sigma should be 

lyophilized to remove water before it is exposed to HF.  Secondly, the HF apparatus must 

be thoroughly dried before exposing the protein to HF.  Finally, the exposure time of cyt 

c to HF has been shortened from 2-3 minutes to less than 10 seconds.  The appropriate 

length of exposure to HF will depend on the pressure of HF in the tank and other factors 

such as humidity and temperature; therefore, a good rule of thumb is to expose the 

protein to HF long enough so that no unreacted iron cyt c remains but not so long that 

heme-free cyt c becomes a major product of the reaction.  This can be determined in the 

next step where the products of HF reaction are separated by gel chromatography. 

After the HF reaction, the metal-free protein is separated from any side products 

with a Sepadex G-25 size exclusion column equilibrated with pH 7 phosphate buffer.168  

Previously, a pH 5 ammonium acetate buffer was used to equilibrate the Sepadex 

column,165 however, this does not effectively separate the metal-free protein from other 

products formed in the HF reaction step.  The first band to elute off of the Sephadex 

column is the metal-free cyt c (absorbance peak maxima at 406, 506, 540, 568, and 620 

nm) plus heme-free cyt c.  These are not completely separable at any step in this 

procedure (although they might possibly be able to be separated on a Sephadex G-50 
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column169), so it is important to minimize the amount of heme-free cyt c formed in the 

reaction with HF.  Sometimes a second band elutes, with a Söret maximum at 380 nm.  

This may be the heme of cyt c with part of the amino acid chain of the protein intact.  The 

free porphyrin strongly adsorbs to the Sephadex column,but can be eluted with 0.2 M 

NaOH (the amount of free heme that sticks to the Sephadex column can be used to 

estimate from the amount of heme-free cyt c formed). 

The metal-free cyt c is then reacted with zinc acetate or zinc chloride to insert 

zinc into the heme.  Zn-sub cyt c is then purified on a CM-52 column in the same way as 

iron cyt c.  Two absorbance peak ratios are used to determine the purity of the collected 

fractions (the UV-vis spectrum of Zn-sub cyt c is shown in Figure 3.3).  The ratio of the 

absorbance peak at 423 nm to the peak at 280 nm should be greater than twelve.  Heme-

free cyt c contributes to the absorbance at 280 nm but not 423 nm, therefore a ratio less 

than twelve means there is a significant amount of heme-free cyt c present.  The ratio of 

the absorbance peak at 423 nm to that at 549 nm should be greater than 15.4.79  If this 

ratio is lower than 15.4, then the protein is being exposed to too much light during 

preparation (this lowers the molar absorptivity of the Söret band at 423 nm).  Using this 

procedure, the % yield for the preparation of Zn-sub cyt c was 10% (compared with 35% 

in the literature.168) 

 

3.3.2 Three methods for Assessing the Purity of Zn-cyt c 

There are several other methods to check the purity of the Zn-sub cyt c.  The first 

is to do a Lowry total protein assay (which measures the protein concentration  
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Figure 3.3  Absorbance spectrum of Zinc substituted cyt c.  
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independently of the visible absorbance bands of the protein).  The results of this assay 

should match the concentration determined using the absorbance at 423 nm (ε = 243,000 

M-1cm-1).  If the concentration measured using the Lowry assay is significantly greater 

than that measured by UV-vis, then heme-free cyt c is a likely contaminant.  A second 

method is to absorb a 10% Zn-sub cyt c/ 90% Fe cyt c to an ITO electrode and measure 

the current upon reduction and oxidation of the protein film (see procedure in Section 

3.6).  Since Zn-sub cyt c is not electroactive, the current should be only be reduced by 

10% relative to a film composed of 100% Fe cyt c (see Figure 3.4).  If the current is 

reduced by more than 10%, heme-free cyt c is a likely contaminant.  The third method is 

to analyze a purified Zn-sub cyt c sample by MALDI.  While the mass peak for heme-

free cyt c never completely disappears (this ionization method may be too harsh), its 

intensity should be lower than the mass peak for Zn-sub cyt c (see Figure 3.5). 

 

3.4 Substrate Preparation 

3.4.1 ITO  

The ITO substrates were cleaned by scrubbing with a cotton swab soaked in a 2% 

Triton-X solution for 1 minute, and then sonicating for 10 minutes each in 2% Triton-X, 

water and ethanol, followed by low temperature air plasma cleaning (Harrick model 

PDC-3XG) for 15 minutes at 30 W.58  After this cleaning procedure, the water contact 

angle on the ITO surface was less than 5o.  Before use, ITO substrates were soaked for 12 

– 48 hours in 10 mM phosphate buffer, pH 7.  Wet chemical etching of ITO was 

accomplished by soaking the ITO coated substrates in a 6 M HCl / 0.2 M FeCl3 solution  
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Figure 3.4  Cyclic voltammograms of a solution adsorbed cyt c films composed of 100% Fe cyt c (solid 
line) and 90% Fe cyt c, 10 % Zn cyt c (dashed line). 
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Figure 3.5  MALDI spectrum of Zn-sub cyt c sample showing Zn-sub and heme-free cyt c.  The difference 
in mass/charge (624.82) corresponds to loss of the heme (calculated MW of 616.48 g/mol). 
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for five minutes (sections of the ITO were masked with parafilm to protect against 

etching).170, 171 

 

3.4.2 Glass 

Glass microscope slides were either cleaned in a Chromerge (Manostat) bath at 

60o C for one hour or in piranha solution (30% hydrogen peroxide, 70% Sulfuric acid) for 

one hour and rinsed thoroughly with DI water before use. 

 

3.4.3 Polydimethylsiloxane (PDMS) stamps 

PDMS stamps were made by mixing the monomer and curing agent in a 10:1 

ratio.  Flat (unpatterned) stamps were cured on planar ITO substrates (cleaned as 

described above) or oxidized Si wafers (Wacker) (cleaned in Chromerge) at 60o C for 12-

18 hrs.  There was no significant difference in the electrochemical response relative to 

those formed with stamps cured on ITO.  For cyclic voltammetry (see Section 3.6) and 

total internal reflection fluorescence (Section 3.8) experiments, circular PDMS stamps 

with a 1.0 cm diameter were punched out of the cured polymer film and mounted on 

metal stubs with epoxy.  For attenuated total reflectance (Section 3.7) experiments, 

stamps of approximately 50 x 10 mm were cut from the cured polymer films and used to 

stamp one half of the ATR substrate (lengthwise). 

Glass microscope slides were coated with PDMS following the procedure 

described by Robertson and coworkers.172  A 1% (w/w) solution of PDMS (monomer and 

curing agent mixed in a 10:1 ratio) dissolved in heptane was spun cast onto a microscope 
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slide for 1 min at 3500 rpm and cured for 2 hours at 60o C.  This resulted in a PDMS 

layer about 30 nm thick, as measured by ellipsometry on a film cast onto a silicon wafer, 

assuming a refractive index of 1.46 for the polymer. 

 

3.5 Formation of Protein Films 

3.5.1 Solution Adsorbed Films 

Solution adsorbed films were made by injecting a 10 µM cyt c solution into the 

electrochemical cell, ATR flow cell, or TIRF cell followed by a 15 minute static 

incubation period, then rinsing the cell with 10 mL of 10 mM (pH 7) phosphate buffer.  

For cyclic voltammetry and ATR, the solutions were 100% ferricytochrome c, for TIRF 

the solutions were ferricytochrome c with either 10% or 30% Zn substituted cyt c 

(mol/mol).  To measure adsorption isotherms, the procedure was as follows: starting with 

the lowest concentration, the ITO surface was incubated for 15 minutes, then rinsed with 

10 mL of 10 mM phosphate buffer.  After a measurement was taken, the surface was 

incubated with the next highest concentration and the process was repeated. 

 

3.5.2 Microcontact Printed Films 

Microcontact printed protein films were formed using either untreated, 

hydrophobic stamps (µCP-1) or plasma treated, hydrophilic stamps (µCP-2).  In µCP-1, 

the stamp was rinsed with water, dried under a nitrogen stream, then soaked in a cyt c 

solution for 15 minutes.  In µCP-2, the stamp was rinsed with water and dried under a 

nitrogen stream before and after a one minute low temperature air plasma treatment at 30 
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W, then soaked in a cyt c solution for 15 minutes.  For all three methods, a 15 minute 

incubation period for the cyt c on ITO and PDMS surfaces was sufficient to reach 

apparent thermodynamic equilibrium (i.e. the absorbance and the cathodic current 

measured for all three types of films did not increase with longer incubation times). 

For both µCP-1 and µCP-2, the volume of protein solution used to ‘ink’ the stamp 

was approximately 0.15 mL (for a 1 cm diameter stamp).  After soaking the stamp in the 

protein solution, the protein solution was removed with a pipette and the PDMS surface 

rinsed with three small aliquots (~0.5 mL total) of 10 mM phosphate buffer (pH 7).  The 

stamp was then dried very slowly and gently under a nitrogen stream.  Protein films were 

formed on ITO and glass by pressing the stamp onto the surface for between three and 

five seconds, using light pressure sufficient to make conformal contact between the stamp 

and the surface.  ‘Blank’ microcontact printed surfaces (both µCP-1 and µCP-2) were 

formed by soaking the PDMS stamp in 10 mM phosphate buffer for fifteen minutes, then 

drying it with nitrogen before stamping the ITO surface.   

 

3.6 Cyclic Voltammetry 

Cyclic voltammograms were obtained using an EG&G Princeton Applied 

Research potentiostat (model 263A) at a scan rate of 100 mV/sec (except where noted) 

and a potential range of 250 to –250 mV.  A Teflon electrochemical cell with a 0.785 cm2 

working electrode area, a platinum wire counter electrode and Ag/AgCl reference 

electrode (Bioanalytical Systems, Inc.) were used.  The potential of the ITO electrode 

was scanned 50 times to obtain a background that was used to correct subsequent 
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voltammograms (the 45th and 50th scans were saved and used to do the background 

subtraction).  The electrolyte was 10 mM phosphate buffer (pH 7, 18 mM ionic strength).  

For solution adsorbed films, the protein solution was then injected into the 

electrochemical cell, as described above. For µCP films, the glass side of the ITO was 

marked to show where the o-ring in the cell contacted the electrode, so that electrode 

would only be stamped in the active electrode area.  The electrode was then removed 

from the electrochemical cell and dried with nitrogen before stamping protein onto it, as 

described above.  For all protein films, ten voltammograms were then acquired.  The fifth 

and tenth scans were saved and used to measure the cathodic and anodic currents and 

peak potentials.  However, for all cyt c films, these values did not change from the first to 

the tenth scan.  For high ionic strength rinses, a 10 mM phosphate buffer with 0.1 M 

NaCl was used to rinse the surface after the highest point on the isotherm had been 

measured.  After flushing with the high ionic strength buffer, the cell was rinsed with 10 

mL of 10 mM phosphate buffer.  This was done to prevent a change in the non-faradaic 

background of the cyclic voltammogram due to the increase in the ionic strength of the 

solution.    

 

3.7 ATR Spectroscopy 

The attenuated total reflectance instrumental setup (see Figure 3.6) has been 

described previously.63  Briefly, collimated light from a Xe lamp was coupled into the 

glass slide (or ITO-coated glass slide) with a fused silica prism.  The collimated beam 

was about 1 mm in diameter.  The beam was totally internally reflected down the length  
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Figure 3.6  ATR setup showing the path of the propagating beam.  The signals from the chopper and the 
PMT connected to the lock-in amplifier to enhance the signal. 
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of the slide mounted in a liquid flow cell (about 10-12 reflections over L = 50 mm, h = 

1.0 mm) before being outcoupled by another prism and detected with a photomultiplier 

through a 413 nm bandpass filter (15 nm FWHM; Edmund Optics R43-054). The 

outcoupled beam was chopped at 1700 Hz and lock-in amplification (Stanford Research 

Systems, Model SR830) was used to increase the signal-to-noise ratio.  The blank 

transmission was measured with 10 mM phosphate buffer in the flow cell.  A cyt c 

solution was then injected into the flow cell and equilibrated with the surface for 15 

minutes before flushing the cell with 10 mL of 10 mM buffer.  After the bulk protein 

solution was removed, the transmission was measured.  For this instrumental setup, the 

effective molar absorptivity (ε) of cyt c was calculated to be 80,388 M-1 cm-1 based on 

the published molar absorptivities of ferricyt c164 and the bandpass filter transmission 

profile (see Figure 3.7). 

 

3.8 TIRF Spectroscopy 

The inverted microscope and associated instruments used for TIRF measurements 

are described in previous publications,91, 173 with the addition of a polarizer in the 

detection optics.  The experimental setup will be briefly discussed here to describe 

changes (see Figure 3.8).  An Argon Ion Laser (Coherent) was used in all lines mode to 

pump a dye laser (Coherent 599) at 585 nm (Rhodamine 6G laser dye).  The excitation 

polarization was selected with a half-wave Fresnel rhomb.  The laser excitation was 

coupled into the sample (mounted on the microscope stage) using a 45 degree angle 

prism (refractive index = 1.46) coupled to the upper surface of the sample with index  
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Figure 3.7  Filter profile of  413 nm bandpass filter used in ATR experiments.  
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Figure 3.8  TIRF setup. Solid lines indicate that the laser beam is parallel to the optical table and the dotted 
line is where the laser beam is perpendicular to the optical table. 
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matching fluid.  Fluorescence emission was collected with a 4X objective (0.13 

numerical aperature), normal to the substrate surface.  The collected fluorescence was 

directed through a 635 nm bandpass filter (10 nm bandpass) and sheet polarizer onto a 

liquid nitrogen cooled CCD camera (Photometrics).  The intensity of an unpolarized light 

source was detected after passing through the microscope optics, emission filter and 

polarizer and CCD and no polarization bias was found.  Each fluorescence image was 

background subtracted using an area of the same image outside of the fluorescent spot 

with the same pixel area as the fluorescent spot (see Figure 3.9).  In order to minimize the 

effect of photobleaching on the measurement the four fluorescence intensities Iss, Isp, Ipp, 

and Ips were measured in a different order at each of four spots on a single sample as 

shown in Figure 3.10.  Different spots were selected by moving the sample perpendicular 

to the laser excitation (on the y-axis).  Then each of the four fluorescence intensities was 

averaged over the four different spots.  One value of θ4cos  was calculated per sample 

(from the four average fluorescence intensities), and three independent samples were 

measured for each type of film.  The laser power was measured after every set of four 

measurements, and the laser power remained constant over the course of each sample.  

Laser intensities varied between 20 and 50 mW between samples. 

 

3.9 X-ray Photoelectron Spectroscopy 

X-ray photoelectron (XPS) spectra of cyt c films on ITO were obtained with a 

Kratos Axis-Ultra X-ray photoelectron spectrometer using a monochromatic Al Kα  
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Figure 3.9  CCD image of a TIRF spot showing a) the area summed to measure the signal and b) the area 
summed to measure the background. 
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Figure 3.10  Oval represents the TIRF cell area. X’s are the four TIRF spots measured on each sample.  
For each TIRF spot, the fluorescence intensities are measured in a different order to minimize the effects of 
photobleaching.  
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source at 1486.6 eV.  The spot size was 300 x 700 microns and the takeoff angle was 90o.  

The ITO samples were in electrical contact with the spectrometer.  This was done to 

avoid charging the sample, which can shift peak positions and intensities.  Most of the 

spectra were obtained using a 300 W X-ray source, however some were obtained with a 

150 W X-ray source.  There was no difference in the N1s/In3d peak area ratios obtained 

with the two sources, indicating that the high intensity of the electron beam did not 

damage the protein film during the analysis period.   

An analyzer pass energy of 80 eV was used for survey scans.  For high resolution 

spectra, analyzer pass energies of 20 eV (300 W X-ray source) and 40 eV (150 W X-ray 

source) were used.  Samples were prepared similarly to the protein films analyzed by 

cyclic voltammetry except that after formation, the films were rinsed with 10 mM buffer 

and dried under a nitrogen stream before being loaded into the vacuum chamber.  High 

resolution spectra of the In3d peaks and the N1s peak were integrated using Vision2 

software (Kratos). 

 

3.10 Refractive Index Measurements of Solutions 

For the implementation of Kramers-Kronig relations (described in Section 2.4), 

the dependence of the refractive index of dissolved cyt c on protein concentration was 

measured at one wavelength (633 nm). The measurement was performed using an 

interferometric technique174, 175  with the optical setup shown in Figure 3.10.  A He-Ne 

laser with an expanded beam was used as a coherent light source; reflection from the 

cuvette walls provided the two beams needed to generate the interference pattern (one  
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Figure 3.11  Interferometer setup: (1) lens to expand beam; (2) beamsplitter (glass slide); (3) iris. The solid 
line is the incident beam and the dashed lines are the beams reflected from the front and back glass/air 
interfaces of the cuvette.  
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beam probing the sample solution and the other was used as a reference).  The beams 

were redirected with a beam splitter, spatially filtered by a 400-µm pinhole, monitored 

with a photodiode detector, and recorded with Labview software.  Counting interference 

fringes as the protein concentration was varied allowed the refractive index dependence 

on the protein concentration to be determined (see Section 4.3). 

 

3.11 AFM Images and Analysis 
1 x 1 µm areas on the glass and ITO surfaces were analyzed by tapping mode 

atomic force microscopy to determine the angle between the lab surface normal and the 

local surface normal, (θ3).  Each image had 256 points per line (approx. 3.9 nm between 

points) and 256 lines per image.  The 3
2cos θ  for each AFM image was calculated using 

the method described by Simpson and Rowlen to calculate the average 2D local surface 

normal tilt angle using all the data in the 256 x 256 image.176  3
4cos θ  was determined 

by for each point in the image using 2

3
2cos θ , then averaging over one image.  Three 

AFM images of each substrate were analyzed to determine the average values of 3
2cos θ  

and 3
4cos θ . 
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4. Determination of Optical Constants, Surface Coverage and Second Order 

Parameter for Cyt c Films on Glass and Indium Tin Oxide 

4.1 Introduction 

The advantage of optically determining the surface coverage of an adsorbed film 

on an electrode surface is that all molecules in the film are probed, not only the 

electroactive portion accessible through voltammetry45, 56 and other electrochemical 

methods.71  For electrochemically based sensors, both the total surface coverage and the 

electroactive surface coverage are important quantities to measure in order to determine 

the percentage of ‘active’ proteins in the film.  In this chapter, two different methods are 

used to form immobilized cyt c protein films (solution adsorption and µCP) on two 

different substrates (glass and ITO).  The theory described in Sections 2.2-2.4 is used to 

determine the optical constants of the films.  From the anisotropic optical constants n and 

k (the real and imaginary portions of the refractive index, respectively), the surface 

coverage (Γ) and θ2cos , a measure of the dichroism in the molecular film, can be 

calculated. 

 

4.2 Optical Constants and Layer Thicknesses 

For cyt c adsorbed on a glass slide, the stratified system (Figure 4.1a) is composed of 

glass (medium α = 0), the protein film (α = 1), and buffer solution (α = 2).  For the ATR 

experiment with cyt c adsorbed on an ITO-coated glass slide (see Figure 4.1b), there are 

four media to consider: glass (α = 0), ITO (α = 1), the protein film (α = 2), and buffer  
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n1,γ- i k1,γ; t1 = 3 x (# of monolayers) nm (adsorbed cytochrome c layer)

a)

 

Figure 4.1  a) Multilayer structure for cyt c films on glass substrates.  b) Multilayer structure for cyt c films 
on ITO substrates 
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solution (α = 3).  In these configurations, the only anisotropic and absorbing medium is 

the cyt c film; the other media are assumed to be isotropic and transparent (k = 0).  While 

ITO does weakly absorb some visible light (e.g. k ~ 0.01-0.02 at 450 nm),177 this is taken 

into account by first measuring the blank transmission for the ITO slide before cyt c is 

adsorbed.  As long as kITO is much less than nITO, this absorbance will not significantly 

perturb the electromagnetic fields in this system. 

 
4.2.1 Optical Constants and Layer Thicknesses of the Underlying Substrate and the 

Superstrate 

As described in Section 2.2.2, in order to calculate ATE and ATM the following 

parameters must be known: nglass, nITO, tITO, tcyt c, nbuffer, and N.  The bare glass slides and 

the glass underlying the ITO film were both assumed to have a refractive index of nglass = 

1.51.  The ITO thickness, tITO, and refractive index, nITO, at the wavelength of interest 

(413 nm) were obtained by curve fitting the optical transmittance of the ITO-coated slide 

measured at normal incidence in a conventional UV-Vis spectrophotometer (400-900 

nm).153  Values of tITO = 67 ± 2 nm and nITO = 2.088 were determined.  The ITO thickness 

was also verified by etching the ITO coating170, 171 on one section of the slide (see Section 

3.4.1 for procedure). The step height from the etched section to an unetched section of the 

slide was measured using tapping mode AFM, which gave thicknesses in the range of 65-

70 nm (see Figure 4.2).  In all calculations, a thickness of 67 nm was used.  The refractive 

index of the bulk aqueous phase, nbuffer, was calculated to be 1.3425 at 413.5 nm from 

literature results.178  For the calculation of the effective refractive index, N (Equation  
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Figure 4.2  Tapping mode AFM image of etched ITO (50 x50 µm) showing line scans at different cross 
sections of the image. 
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2.3), the incoupling conditions were as follows: ninc = 1.00, npr = 1.46, ϕ  = 45º, and θinc 

was measured for each set of data. 

 

4.2.2 Thickness of the Immobilized Protein Film 

The number of protein monolayers on the surface can be estimated using the 

theoretical surface coverage of a close packed monolayer of cyt c, which is 22 pmol/cm2 

(based on the dimensions of cyt c74).52  This number assumes a flat surface; however, 

even when the roughness of the ITO surface is taken into account, the theoretical surface 

coverage only increases to 23 pmol/cm2 (this was calculated by analyzing AFM line 

scans of ITO surfaces to get the ratio of the distance along the surface to the horizontal 

distance, determined to be 1.022). 

Surface coverage values were calculated using Equation (2.15).  For solution 

adsorbed films, which had monolayer or submonolayer surface coverage, a thickness of 

tcyt c = 3 nm was assumed for the protein film.  For µCP films, whose surface coverage 

was greater than one monolayer, the thickness of the cyt c films was increased by 

increments of 3 nm until the surface coverage calculated per monolayer was less than or 

equal to 22 pmol/cm2.  For example, when 3 nm was used as the film thickness in the 

calculation, three out of five samples for µCP films on glass had surface coverage values 

that were less than one monolayer and remaining samples had calculated surface 

coverages greater than a monolayer.  The calculations were repeated on these two 

samples using a thickness of 6 nm for the protein layer and the resulting surface coverage 

per monolayer was less than 22 pmol/cm2.  For µCP films on ITO, a protein film 
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thickness of 9 nm (three monolayers of protein) was used for two of the three samples, 

while a thickness of 12 nm was used for the third sample.  The refractive index values for 

these films reflect a film where the density of protein is the same as for a monolayer of 

protein, but the overall film thickness reflects a multilayer film. 

 

4.3 Kramers-Kronig Calculations for Refractive Index of Protein Films 

 For the application of KK relations, the dependence of the cyt c refractive index 

on its concentration in an aqueous solution was determined with an interferometric setup 

(described in Section 3.10).  The change in refractive index (∆n) as protein was flowed 

into the cuvette containing buffer was calculated as follows:174, 175 

     ⎟
⎠

⎞
⎜
⎝

⎛∆=∆
d

mn
2
λ      (4.1) 

where ∆m is the number of interference fringes moving past the detector, λ is the 

wavelength of light (633 nm), and d is the pathlength of the cuvette (1 cm).  For cyt c 

concentrations in the range from 0 to 0.0013 g/cm3prepared in 10 mM phosphate buffer, a 

value of 
dc
dn  = 0.17 ± 0.03 cm3/g was measured, which agrees reasonably well with a 

value of 0.1854 cm3/g measured by Kekicheff et al.179 over a much broader range of cyt c 

concentrations (0.25 to 0.80 g/cm3).  In addition to the 
dc
dn  slope, the molar absorptivity 

of ferricyt c must be known over a wide frequency range for the application of KK 

relations.  Molar absorptivity values of ferricyt c between 200-950 nm (at 1 nm intervals) 

were obtained from both the literature164 and by measuring the UV-Vis spectrum of cyt c 
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over this entire frequency range.  These results (
dc
dn  and ε values) allowed us to 

determined a value of f = 5.26 M-1 for use in Equation (2.19).  Figure 4.3a shows a 

typical refractive index profile for solution adsorbed cyt c films on glass along with molar 

absorptivity values, εγ, calculated from Equation (2.20).  The values for the refractive 

index for cyt c films on glass are lower and show less dispersion than the corresponding 

films on ITO (see Figure 4.3b).  This difference reflects the smaller volume fraction 

occupied by cyt c molecules in layer tcyt c (the assumed thickness of which was 3 nm).  In 

other words, the protein film has been represented as a 3 nm layer (based on the 

dimensions of cyt c74) regardless of surface coverage (up to one monolayer), so that nγ 

varies with the concentration of protein in the layer.  This, in the author’s opinion, is a 

more physically reasonable model than one in which tcyt c is the average of the film 

thickness over areas of the surface with and without adsorbed protein (in that model, tcyt c 

would be less than 3 nm for a sub-monolayer film). 

 

4.4 Anisotropic Optical Constants and Surface Coverage 

As an illustration of the calculation procedure, Table 4.1 shows one set of 

experimental data collected for an adsorbed cyt c film on an ITO-coated glass substrate 

with values for θinc (which is used to calculate N), ATE, ATM, and r.  Also shown are the 

initial estimates for nγ and the calculated values for nx, kx, ny, ky, nz, kz, and Γ  at each step 

of the iteration process previously described.  As seen, the process converges quite 

rapidly despite an intentional estimate for nγ that was significantly different than the  
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Figure 4.3  UV-Visible absorption spectra of cyt c and refractive index profile for solution adsorbed films 
on glass (a) and ITO (b).  Molar absorptivity of cyt c in the plane of the substrate (εx, εy) (solid line), out of 
the plane (εz) (dashed line), refractive index profile of cyt c calculated at discreet wavelengths in the plane 
(nx,ny) (solid lines with squares at calculated points), and out of the plane (nz) (dashed line with triangles at 
calculated points). 
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Table 4.1  Iteration cycle for one set of experimental data (solution adsorbed cyt c on ITO).  

 

22 ± 2 0.045 ± 0.006 0.046 ± 0.0061.53 ± 0.061.5 ± 0.2 3 

22.3 0.045 0.046 1.528 1.523 2 

21.8 0.048 0.043 1.579 1.570 1 

27.5 0.063 0.053 1.70c1.33c initial 

Γ (pmol/cm2)kz kx= ky nz nx = ny  

Results 

110.08 ± 0.01a 0.031 ± 0.004a1.366 ± 0.006b37.00 ± 0.02a ITO 

r ATM ATE N θinc substrate 

Experimental data 
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recovered value. In addition, the in-plane (x and y) and out-of-plane components (z) of 

the complex refractive index converged to similar values ( zyxzyx kkknnn ≅=≅= , ). 

This means that this particular cyt c film has no significant birefringence or dichroism. 

 

4.4.1 Solution Adsorbed Cyt c Films 

Table 4.2 lists the experimental results for the optical constants and surface 

coverage of cyt c on glass and ITO substrates.  The optical constants in the substrate 

plane (x and y) are similar to the out-of plane constants (z), which indicates that there is 

no significant birefringence or dichroism in these films.  The surface coverage obtained 

on glass substrates is 11.2 ± 0.4 pmol/cm2, or about half a monolayer of cyt c based on 

the dimensions of the protein molecule (a close packed monolayer would be 22 

pmol/cm2).52  Previous work reported a surface coverage of cyt c adsorbed on a 

hydrophilic glass substrate of 29 pmol/cm2, which was measured by a protein desorption 

assay.94  In addition to the different analytical approaches used in these measurements, 

the different experimental results can also be attributed to the higher dissolved protein 

concentration used in the cited work (35 µM) versus that used here (10 µM).  In a 

recently published study by Cheng, et al.,89 the surface coverage of cyt c on a glass 

substrate was determined using ATR spectroscopy to be a full monolayer (23 pmol/cm2). 

In this case, the cyt c film was adsorbed from a much higher dissolved protein 

concentration (110 µM) and at lower ionic strength (7 mM) versus that used here (10 

mM).  In addition, Cheng’s result was determined using a two-phase approximation141 for  
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Table 4.2  Optical constants, surface coverage, and θ2cos  for cyt c films on glass and ITO. 

 

method of 
deposition solution adsorbed µCP 

substrate glassa ITOb glassb ITOa 

nx = ny  1.436 ± 0.008 1.53 ± 0.01 1.47 ± 0.03 1.515 ± 0.009

kx = ky 0.022 ± 0.002 0.045 ± 0.003 0.028 ± 0.005 0.050 ± 0.008

nz 1.438 ± 0.009 1.52 ± 0.01 1.48 ± 0.03 1.485 ± 0.008

kz  0.024 ± 0.003 0.042 ± 0.004 0.04 ± 0.01 0.017 ± 0.001

surface coverage 
(pmol/cm2) 11.2 ± 1 22 ± 1 22 ± 8 65 ± 10 

<cos2θ> 0.35 ± 0.01 0.32 ± 0.02 0.41 ± 0.02 0.148 ± 0.006

<cos2θ>c 0.30 ± 0.02 0.36 ± 0.04 0.19 ± 0.05 0.71 ± 0.01 
 a 3 separate samples. b 5 separate samples. c calculated using a circular absorber model. 
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the ATR experiment rather than the multi-layer model employed here.  Using the 

calculation procedure and data treatment described herein, the protein surface coverage 

calculated using their data is 13 % lower (20 pmol/cm2) than their published result.  

Clearly the use of different methods to calculate surface coverage does not fully explain 

the discrepancy between their surface coverage result and the result reported here.  

Therefore, the higher dissolved protein concentration is probably the more important 

factor in accounting for the discrepancy. 

On ITO, the surface coverage is 21.7 ± 0.9 pmol/cm2 (Table 4.2), which is close 

to a full monolayer of cyt c.  Although the conditions under which the cyt c was adsorbed 

to ITO and glass were identical in terms of protein concentration and ionic strength, the 

surface coverage is significantly higher than on glass.  This shows that cyt c has a higher 

binding affinity for the ITO surface.  A difference in binding affinities is not unexpected, 

since the surface chemistries of glass and ITO are significantly different.  While there are 

protonated and deprotonated hydroxyls on both surfaces, ITO also has surface indium 

oxide and oxy-hydroxide groups58 that may have a stronger attraction for the charged 

amino acid groups (both positive and negative) on the surface of cyt c. 

It is interesting to compare the spectroscopic surface coverage measurement on 

ITO (Table 4.2) to the electroactive surface coverage (measured by integrating the 

cathodic peak of a cyclic voltammogram of adsorbed cyt c on ITO as shown in Chapter 

6).  The electroactive surface coverage is only 9.5 pmol/cm2, slightly less than a half 

monolayer, which shows that less than half of the protein molecules adsorbed on the 

electrode surface can be directly oxidized or reduced.  This could be due to the 
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heterogeneous surface of ITO, 58 which has some insulating regions.180  Another 

possibility is that a subpopulation of the adsorbed cyt c molecules is adsorbed in an 

orientation that places their heme groups too far from the surface to efficiently exchange 

electrons with the ITO surface.  Based on this author’s experience with different methods 

of forming electroactive cyt c films, and the known heterogeneity of the ITO surface,58, 

180 the hypothesis presented here is that the properties of the ITO surface have a much 

greater effect on the electrochemistry of cyt c than the orientation of the adsorbed protein 

molecules. 

 

4.4.2 µCP Cyt c Films 

Table 4.2 also reports the optical constants and surface coverage of µCP films.  In 

contrast to solution adsorbed films, the in and out of plane k values are different 

(although not significantly in the case of µCP films on glass), which indicates dichroism 

in these films.  The surface coverage for µCP films were more variable than solution 

adsorbed films and in many cases greater than one monolayer.  The surface coverage of 

the µCP films will be discussed relative to the solution adsorbed films that were reported 

above.  The surface coverage of µCP films on glass is 22 ± 8 pmol/cm2 and on ITO, the 

surface coverage is 65 ± 10 pmol/cm2.  This corresponds to about one and three 

monolayers of protein respectively.  On both substrates, the surface coverage for the µCP 

films is greater than the solution adsorbed films.  The surface coverage of the solution 

adsorbed films were submonolayer (on glass) or monolayer (on ITO), with very little 

sample to sample variation.  In contrast, the µCP films show high variability and in some 
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cases have multilayer surface coverage.  This is most likely due to the method of film 

deposition as well as the high concentration of dissolved protein in the solution used to 

ink the PDMS stamps.  In the process of µCP, proteins are first adsorbed to a PDMS 

stamp, then the surface is rinsed with buffer and dried before pressing the stamp to the 

glass or ITO surface in order to make conformal contact between the two surfaces.  In all 

of the steps in the process there is a lot of room for variation (e.g. in the pressure applied 

to the stamp in contact with the substrate), so it is not surprising that the resulting films 

have variations in surface coverage.  Based on these ATR results, more than one 

monolayer of protein is adsorbed onto the PDMS stamp, which is most likely a result of 

the high concentrations of protein used to ink the stamp (150 to 250 µM).  These high 

concentrations are used because the resulting µCP films on ITO are partially 

electroactive.  While the surface of the plasma treated PDMS used to create the µCP 

films discussed here is similar in composition to glass, the surface coverage of protein is 

higher than that reported for glass due to the high protein concentrations, which may 

favor more protein-protein interactions at the surface (see Figure 4.4).  The percent 

transferred from the stamp to the surface can vary depending the surface chemistry and 

morphology of that surface, which explains why the surface coverage for µCP films on 

glass and ITO differ. 

In comparison to solution adsorbed films on ITO, the electroactive fraction of 

µCP films is much lower.  While the total surface coverage is 65 ± 10 pmol/cm2, the 

electroactive portion is only 8 pmol/cm2.  This is an important distinction between the 

two methods of film formation.  µCP leads to films which have a much lower fraction of  
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Figure 4.4  Two different surfaces that cyt c was directly adsorbed onto.  a) PDMS, where multilayer 
adsorption occurs and are transferred to glass or ITO upon stamping. b) monolayer or submonlayer 
adsorption onto glass or ITO. 
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‘active’ proteins.  The lower activity of µCP films could be due to the printing process, 

where the protein in dried after being adsorbed to the PDMS stamp. 

 

4.4.3 θ2cos  and the Second Order Parameter, ( )θcos2P  

The dichroism of adsorbed cyt c films was quantified by determining the θ2cos  

for the absorption dipoles in the molecular film.  Depending on whether the dipole is a 

linear or circular absorber, θ is defined differently (see Section 2.5).  θ2cos  values for 

all four different films are listed in Table 4.2 using both the linear and circular absorber 

models.  Further discussion of which model is appropriate for immobilized cyt c is in 

Section 5.5. 

For both linear and circular absorber models, the θ2cos  values for the µCP 

films are significantly different from each other and the solution adsorbed films, which 

both have similar θ2cos  values, close to the isotropic value of 3
1 .  The values for all 

four films are both within the physically allowable values for θ2cos  (between 0 and 1).  

Using θ2cos  the second order parameter, ( )θcos2P , can be calculated using 

Equation (2.48).96  Along with the fourth order parameter, ( )θcos4P , ( )θcos2P  is 

used to construct the orientation distributions for the four types of films (this will be 

discussed in the following chapter). 
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4.5 Conclusions 

The optical constants, surface coverage, and second order parameter for four 

different kinds of cyt c films were measured using polarized ATR spectroscopy.  The 

surface coverage of cyt c in these films varied depending on the substrate and method of 

film formation.  Solution adsorbed films had submonolayer (on glass) and monolayer (on 

ITO) coverage, while µCP films had monolayer (on glass) and multilayer (on ITO) 

coverage.  These differences are attributed to the different binding affinities of cyt c for 

the three surfaces involved here: glass, ITO and the PDMS surface used in µCP.  

Combining these results with polarized fluorescence measurements on the Zn-substituted 

form of cyt c provides a fourth order parameter to enable a more thorough comparison of 

the molecular orientation distribution of these films. 
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5. Determination of the Fourth Order Parameter, the Angle between the Absorption 

and Emission Dipoles of the Heme and the Orientation Distributions for Solution 

Adsorbed and Microcontact Printed Cytochrome c Films on Glass and ITO 

5.1 Introduction 

In Chapter 2, the calculation of the second and fourth order parameters of 

molecular films using polarized attenuated total reflectance (ATR) and total internal 

reflectance fluorescence (TIRF) spectroscopies was described, as well as a method which 

uses these order parameters to construct an orientation distribution for the molecules in 

the film.  In this chapter, the results from TIRF measurements on cyt c films are 

discussed.  In addition, the order parameters and orientation distribution for four different 

types of cyt c protein films are reported.  The protein films were formed on two different 

substrates (glass and ITO) and by two different methods (adsorption from solution and 

µCP).  First the results for the orientation distribution of the prosthetic heme group are 

discussed, then the results for the orientation distribution of the entire protein (taking into 

account the surface roughness of the substrates and the angle between the transition 

dipole of the heme and the dipole moment of the protein). 

The results presented here show that the orientation distributions of cyt c films 

can be changed depending on the technique used to make the protein film and the 

substrate on which the protein film is formed.  There are relatively few reports in the 

literature of orientation distributions reported on electrode surfaces.128, 131  The research 

presented here is a continuation of prior research in the Saavedra lab in which surface 

sensitive spectroscopic methods have been applied to the study of immobilized redox 
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active protein films on electrode surfaces.64, 65  The methodology for the present studies 

differs from prior work in the way the experiment is performed, the way the orientation 

information is calculated from experimental results and the model used to create 

orientation distributions.  The methodology used here was developed by Dr. Sergio 

Mendes and is described in detail in Sections 2.6 through 2.8.   

 

5.1.1 Combining ATR and TIRF Measurements for Cyt c 

Two different types of cyt c are used in the data presented here. Ferricyt c is used 

in the ATR experiments to determine the second order parameter of the protein films.  

Zinc substituted cytochrome c (Zn-sub cyt c) is used as a fluorescent, nonelectroactive 

analogue of native cyt c in the fluorescence measurements to determine the fourth order 

parameter.  The heme group of cyt c has approximately D4h symmetry,77, 181 which 

classifies the heme as a circular absorber (see Figure 5.1a),182 although there is debate 

over the validity of this assumption.183  The transitions in the visible region of the 

spectrum of cyt c are polarized in the plane of the porphyrin.  The polarization ratio is the 

same at 413 nm and 530 nm,184 an indication that a polarized absorbance measurement 

from any wavelength in this region will contain the same orientation parameter 

information.  The absorbance of the protein film was measured at 413 nm, in the Söret 

band region, and used to determine θ2cos , which is related to the second order 

parameter ( )θcos2P .  The fluorescence experiment is used to determine θ4cos , which is 

used along with θ2cos  to calculate the fourth order parameter ( )θcos4P , employed 585  
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Figure 5.1  The spectroscopic probe is defined by the x’, y’ and z’ (only z’ is shown) molecular axes which 
are related to the x, y, and z lab axes as shown.  a) Shows the laboratory axis for circular absorbers.  Both 
the absorption dipoles ( )µ

r
 and the emission dipoles ( )ν

r
 lie in the x’, y’ plane of the heme and the angle 

between them is defined as γ.  The angle between the axis normal to the heme plane and the lab surface 
normal is defined as θ.  b) Laboratory axis for linear absorbers. γ is the angle between the absorption dipole 
( )µ
r

 and emission dipole ( )ν
r

 while θ is the angle between the lab z-axis and the absorption dipole.  
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nm light to excite Zn-sub cyt c in the β–band.  The assumption here is that even though 

two different transitions are being used, they contain the same information about the 

orientation of the heme in cyt c. 

 

5.2 TIRF Results 

As discussed in Section 3.8, each of the four fluorescence intensities (Iss, Isp, Ipp, 

Ips) measured in this experiment is the average of four intensities taken from different 

places in the sample.  The standard deviations of the fluorescence intensities were 

different on each of the four different types of samples (solution adsorbed glass, solution 

adsorbed ITO, µCP glass, µCP ITO).  For each of the four types of films, twelve total 

average intensities values were calculated (4 average intensities x 3 samples).  Table 5.1 

shows the percent error in the average fluorescence intensities.  Solution adsorbed films 

on glass have the lowest error, while µCP films on ITO have the highest.  The higher 

error in the µCP films is expected, because the surface coverage may vary widely over 

the four spots on a single sample.  The errors on the averaged intensities measured on 

ITO were generally higher than glass, most probably due to the higher fluorescence 

background of glass underlying the ITO and the ITO itself.  Table 5.2 shows the percent 

error in the fluorescence intensity ratios (the ratios of Isp/Iss and Ips/Ipp).  The errors on the 

intensities ratios measured on ITO were generally higher than glass, for the reasons 

described above. 
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Table 5.1  Average Relative Errors (in percents) for Fluorescence Intensities  

 
F.I. sol. ads. 

glass 
sol. ads. 

ITO 
µCP 
glass 

µCP 
ITO 

Iss 24 13 25 41 

Isp 8.9 11 20 40 

Ipp 8.7 17 13 50 

Ips 8.7 16 19 46 
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Table 5.2  Percent Relative Errors in Fluorescence Intensity Ratios 

 
 sol. ads. 

glass 
sol. ads. 

ITO 
µCP 
glass 

µCP 
ITO 

Isp/Iss 8.5 47 5.3 7.7 

Ips/ Ipp 4.0 11 0.8 9.0 
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5.2.1 θ4cos  

In addition to the four fluorescence intensities and θ2cos  from the ATR 

measurement, the refractive indices of the protein films and the aqueous solution above 

the films as well as N, the effective index of the propagating optical beam (determined 

from the incoupling conditions; Equation (2.3)),151 must be known in order to calculate 

θ4cos  using Method B (Equation 2.46A).  The refractive index of the aqueous 

solutions can be determined from literature values,178 but the refractive index of the 

protein film (nf) depends on its surface coverage.  The refractive index of the films can be 

calculated using the Kramers-Krönig transformations as described in Sections 2.4 and 

4.3.  In this case, it is assumed that there is no significant birefringence in the film, which 

is a reasonable approximation based on the ATR results (Chapter 4).  Figure 5.2 shows 

the molar absorptivity of the ferricyt c and Zn-sub cyt c as well as their refractive index 

profiles for a full monolayer of protein.  Despite the large differences in the molar 

absorptivities and refractive indices of the ferricyt c and Zn-sub cyt c in the Söret band 

region (around 400-450 nm), at 585 nm, where Zn-sub cyt c in the film is being excited 

during the TIRF experiment, nf of native and Zn-sub cyt c are approximately equal.  nf 

was determined by calculating the refractive index profile from the k values determined 

by ATR, then using the value of nf at 585 nm, which is the wavelength used to excite 

fluorescence in the film.  These values are reported in Table 5.3, along with θ4cos  

values for the four different types of films calculated using the circular absorber model.   
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Figure 5.2  UV-Visible absorbance spectra of Fe cyt c (solid line) and Zn–sub cyt c (dotted line) using 
previously published molar absorptivity values and the refractive index profile for a concentration equal to 
one monolayer of each type of cyt c (0.73 M). Refractive index profile of cyt c calculated at discrete 
wavelengths for Fe cyt c (solid lines with squares at calculated points), and Zn-sub cyt c (dashed line with 
triangles at calculated points). 
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Table 5.3  Optical constants, surface coverage, θ2cos , θ4cos and γ2cos  for four different types of 
cyt c films assuming the heme is a circular absorber. 

method of deposition solution adsorbed µCP 

substrate glass ITO glass ITO 

nx, ny (413 nm) 1.436 ± 0.008a 1.53 ± 0.01a 1.47 ± 0.03 1.515 ± 0.009 

kx, ky (413 nm) 0.022 ± 0.002a 0.045 ± 0.003a 0.028 ± 0.005 0.050 ± 0.008 

nz (413 nm) 1.438 ± 0.009a 1.52 ± 0.01a 1.48 ± 0.03 1.485 ± 0.008 

kz (413 nm) 0.024 ± 0.003a 0.042 ± 0.004a 0.04 ± 0.01 0.017 ± 0.001 
surface coverage 

(pmol/cm2) 11.2 ± 1a 22 ± 1a 22 ± 8 65 ± 10 

<cos2θ> 0.30 ± 0.02a 0.36 ± 0.04a 0.19 ± 0.05 0.71 ± 0.01 

% Zn cyt c 10 and 30 30 30 30 

nf (583 nm) 1.42 1.5 1.45 1.48 

<cos4θ> 0.26 ± 0.04 0.19 ± 0.04 0.21 ± 0.04 0.66 ± 0.06 

<cos2γ> 0.86 ± 0.06 0.9 ± 0.3 0.84 ± 0.05 0.80 ± 0.03 

 
 aerror recalculated from results in previous paper. 
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The fourth order parameter, ( )θcos4P , is calculated from θ2cos  and θ4cos  using 

Equation (2.49). 

 

5.2.2 The Angle between the Absorption and Emission Dipoles of the Heme, γ 

Method B was used to calculate θ4cos  and γ2cos  in this case because the use 

of the independently determined value of γ2cos  for Zn-sub cyt c ( γ2cos  = 0.5) 

(measured in viscous solution) and Method A resulted in values of θ4cos  that were 

significantly greater than θ2cos , which is outside the physically possible range of 

values (refer to Section 2.6 for details on Methods A and B).  This is evidence that the 

value of γ2cos  measured in viscous solution is not appropriate for the immobilized 

protein and that Method B, in which γ2cos  is calculated directly from the TIRF data, is 

more appropriate. 

The γ2cos  values of the films determined using Method B are listed in Table 

5.3 (calculated using Equation 2.47A).  The values of γ2cos  calculated with the circular 

absorber model range from 0.8 to 0.9 for the four different types of films.  Assuming a 

delta function for this angle, this corresponds to values of γ between 33 to 18 degrees.  

Other measures of γ2cos  for Zn-sub cyt c have been made in viscous solutions, and the 

measured values are always close to the in-plane random value of 0.5.52  Values of 

γ2cos  greater than 0.5 indicate that the fluorescence emission dipole of immobilized 



 149

Zn-sub cyt c is not located with equal probability parallel or perpendicular to the 

absorption dipole in the heme plane (the definition of a circular absorber).  This could be 

an indication that the environment of the heme is altered upon adsorption to the surface.   

Literature reports of TIRF measurements of immobilized cyt c films have all used 

independently measured solution values of γ2cos  to calculate θ2cos and θ4cos .100, 

127, 130  The value of γ2cos  reported here represents the first direct measurement of 

γ2cos  for the porphyrin in an adsorbed heme protein film.  The fact that γ2cos  can be 

calculated directly is an advantage of using two experimental techniques (ATR and 

TIRF) to calculate θ2cos  and θ4cos  independently (Method B), as opposed to 

assuming a value for γ2cos  and calculating θ2cos and θ4cos  from the fluorescence 

data alone (Method A). 

 

5.3 Order Parameters and Orientation Distributions of the Heme Group Using 

the Circular Absorber Model 

Figure 5.3 shows where the second and fourth order parameters for the solution 

adsorbed films and µCP on glass and ITO substrates are located on a graph which 

illustrates all the physically possible values of ( )θcos2P  and ( )θcos4P .  The polar 

plots show the orientation distributions that correspond to the measured order parameters 

(see Table 2.1 for an explanation of the information in the polar plots).  The distributions 

were calculated from experimental values of ( )θcos2P  and ( )θcos4P  using the  
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Figure 5.3  a) Order parameters for the tilt angle of the axis normal to the heme and the lab normal (or the 
angle between the heme plane and the substrate plane) in cyt c films calculated using a circular absorber 
model for solution adsorbed films on 1) glass and 2) ITO and µCP films on 3) glass and 4) ITO.  b) Polar 
plots of orientation distributions created from the corresponding order parameters. Solid lines represent the 
distributions created from the mean distributions while the dashed lines represent the maximum deviation 
from the mean (based on the standard deviation associated with the order parameters.  
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maximum entropy method as described in Section 2.8.1.  Orientation distributions were 

also constructed from values of the second and fourth order parameters one standard 

deviation away from the mean values.  The angle θ discussed here is the angle between 

the heme plane (x’,y’ plane) and the substrate (x, y) plane which is geometrically 

equivalent to the angle θ shown in Figure 5.1a.   

 

5.3.1 Solution Adsorbed Films 

On glass substrates, the orientation distribution constructed from the mean values 

of ( )θcos2P  and ( )θcos4P  for solution adsorbed films on glass shows that the highest 

probability density for the heme group is an orientation parallel to the substrate plane (θ = 

0o) (see Figure 5.3b).  The orientation distribution of solution adsorbed cyt c films on 

glass has been studied by the Saavedra group in the past using a different methodology 

and a value of γ2cos  (0.57) determined in a viscous solution and a Gaussian model to 

determine the distribution.52  Using this model, a different orientation distribution was 

obtained where the average heme plane (modeled as a circular absorber) angle relative to 

the substrate was 78 degrees with a distribution of 33 degrees (the angle defined as β in 

that paper).  This discrepancy can be explained by examining the graph of allowed values 

of ( )θcos2P  and ( )θcos4P  and the resulting orientation distributions as shown in Table 

2.2.  As shown in Chapter 2, only the values near the lower boundary of allowed values 

can be fit by a Gaussian distribution.  In the earlier report of the orientation distribution 

of cyt c on glass, the experimentally determined order parameters did not fit a Gaussian 

distribution, therefore values two and three standard deviation away from the 
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experimental values were used to construct orientation distributions.  In addition, a 

independent value of γ2cos  was used.  The results presented in the current paper do not 

contradict the experimental results of the previous study, rather they clarify why the 

results of the previous study could not be fit with a Gaussian distribution. 

The orientation distributions of solution adsorbed films on ITO are also shown in 

Figure 5.3.  The second and fourth order parameters are within one standard deviation of 

the isotropic values of zero, therefore the orientation distributions for these films are also 

very close to an isotropic distribution.  This explains both the broadness of the 

distribution constructed from the mean values of the second and fourth order parameters 

and the highly different distributions constructed using these order parameters.  Based on 

these results the orientation of the heme adsorbed to ITO is random.   

 

5.3.2 µCP Films 

For µCP films on glass substrates, the mean experimental values of ( )θcos2P  

and ( )θcos4P  fall outside of the range of allowed values for the two order parameters 

(see Figure 5.3).  Therefore, orientation distributions for these films were constructed 

using the mean value of the second order parameter and a value for the fourth order 

parameter that is one standard deviation less than the mean value.  The highest 

probability density for these films is for the heme group oriented parallel to the surface, 

similar in shape to the solution adsorbed films on glass where the heme was modeled as a 

circular absorber.  The µCP films on ITO have the highest value of the probability 

density at the angle maximum probability of all of the four films (although the integrated 
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area for all the films is one), which is an indication that the orientation distribution in 

these films is much narrower than the other three types.   

These results suggest that the orientation distribution for µCP films is determined 

by the first step of the µCP printing process, adsorption of the protein to the PDMS 

stamp.  This orientation distribution is then transferred to the substrate during the printing 

process.  This hypothesis is supported by two pieces of data: first, the orientation 

distribution of the heme group in cyt c films on ITO differs depending on the method of 

formation.  If the proteins in the µCP films are reorienting on the surface after printing, 

the orientation distribution of the heme group would be similar for both solution adsorbed 

and µCP films on ITO.  The µCP printed films also have the overall same shape to their 

orientation distributions, regardless of the substrate to which they are transferred, while 

the solution adsorbed films have different orientation distributions depending on the 

substrate.  The second piece of evidence is that the cyt c appears to be forming 

multilayers on the PDMS surface that are transferred intact to the substrate upon 

stamping.  This results in multilayer µCP cyt c films and suggests a different interaction 

between protein molecules than for solution adsorbed films, where only monolayer and 

submonolayer films are formed.  One possible explanation for the formation of multilayer 

films of cyt c are that the protein is unfolding of on the surface of PDMS to expose 

hydrophobic residues, which cause the adsorption and unfolding of subsequent layers of 

protein. 
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5.4 Order Parameters of Cytochrome c 

The following equation relates the order parameters of the spectroscopic probe 

with the order parameters of the molecule (explained further in Section 2.7): 

( ) ( ) ( ) ( )1222322 coscoscoscos θθθθ nnnn PPPP =                  (5.1) 

where n for the data presented here is either 1 or 2 (either the second or fourth order 

parameter) and θ is the heme tilt angle measured experimentally (shown in Figure 5.1b).  

For a circular absorber, θ1 is the angle between the axis normal to the heme plane and the 

dipole moment of the protein created by the distribution of positive and negative charges 

on the surface of cyt c (see Figure 5.4).  θ3 is the angle between the lab normal (z) and the 

local surface normal, and θ2 is the angle between the dipole moment of the protein and 

the local surface normal.  ( )θcos2nP  is calculated directly from the experimental values 

of θ2cos and θ4cos  (calculated using the circular absorber model).  Table 5.4 shows 

the second and fourth order parameters for the four types of cyt c films.   

 

5.4.1 The Effect of Surface Roughness, ( )32 cosθnP  

( )32 cosθnP  is the order parameter that relates the lab surface normal to the local 

surface normal, which may be shifted from the lab surface normal depending on the 

roughness of the substrate.  Values of ( )32 cosθnP  for glass and ITO surfaces were 

determined by analyzing tapping mode AFM images of these surfaces.  1 x 1 µm AFM 

images were used so that the gradient of the surfaces160, 176 would be calculated on length 

scales (every 3.9 nm of the image) appropriate to the size of the cyt c molecule (roughly 3  
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Figure 5.4  θ1, θ2, and θ3 defined for cyt c immobilized on a surface.  This figure is similar to a more 
general figure (Figure 2.5) in Chapter 2. 
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Table 5.4  <P2> and <P4> Values for cytochrome c films assuming the heme in cyt c is a circular 
absorber. 

 

 <P2(cos θ)> <P2(cos θ3> <P2(cos θ2)> <P2(cos θ1)> 

soln ads glass -0.04 ± 0.03 0.99 ± 0.01 0.8 ± 0.6 -0.0551 

soln ads ITO 0.04 ± 0.07 0.91 ± 0.06 -0.8 ± 1 -0.0551 

µCP glass -0.22 ± 0.07 0.99 ± 0.01 4 ± 1 -0.0551 

µCP ITO 0.56 ± 0.02 0.91 ± 0.06 -11.1 ± 0.9 -0.0551 
 

 

 <P4(cos θ)> <P4(cos θ3)> <P4(cos θ2)> <P4(cos θ1)> 

soln ads glass 0.4 ± 0.2 0.98 ± 0.02 -1.1 ± 0.6 -0.3524 

soln ads ITO -0.1 ± 0.2 0.7 ± 0.2 0.5 ± 0.7 -0.3524 

µCP glass 0.5 ± 0.1 0.98 ± 0.02 -1.6 ± 0.4 -0.3524 

µCP ITO 0.6 ± 0.2 0.7 ± 0.2 -2 ± 1 -0.3524 
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x 3 nm).  If ( )32 cosθnP  is one (substrate is perfectly flat), this term drops out of 

Equation 5.1.  If the surface is very rough ( )32 cosθnP  approaches zero, and as a result 

the experimental order parameters, ( )32 cosθnP , will also approach be zero.  On glass, 

( )32 cosθP  and ( )34 cosθP  are both close to one, indicating a relatively smooth surface 

(rms values of 0.1-0.4 nm).  ( )32 cosθP  and ( )34 cosθP  are further from one on ITO, 

which demonstrates that the surface of ITO (rms values between 1 and 2 nm) is much 

rougher than glass.  Despite the increased roughness of ITO, the second and fourth order 

parameters of θ3 are not close to the isotropic value of zero, indicating that roughness of 

the substrate does not have a significant effect on the experimentally determined order 

parameter, ( )32 cosθnP . 

 

5.4.2 The Orientation of the Transition Dipoles Relative to the Molecular Axis, 

( )12 cosθnP  

( )12 cosθnP  is defined by the relationship between the axis normal to the heme 

plane and the dipole moment of the protein for a circular absorber.  The overall dipole 

moment of cyt c has been calculated from the crystal structure of the protein and is 

located at a 33 degree angle from the heme plane.75  Therefore θ1 is 57 degrees.  It is 

assumed that the heme remains in the same position in the overall structure of the protein 

upon adsorption to a surface.  The second order parameter describing the relationship of 

the plane normal to the heme and the molecular dipole, ( )12 cosθP  is very close to the 
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isotropic value of zero for the circular absorber model (see Table 5.4).  Since the effects 

of all these order parameters are multiplied together, values close to zero diminish the 

information that can be calculated from this equation by bringing the result (in this case 

( )12 cosθP ) closer to the isotropic value of zero. 

 

5.4.3 The Orientation of Molecule Relative to the Local Surface Normal, ( )22 cosθnP  

Using the assumptions stated above, Equation (5.1) can be used to determine the 

second and fourth order parameters of the protein molecule relative to the local surface 

normal, ( )22 cosθnP .  These are the order parameters that are most descriptive in terms of 

creating a model of the entire protein at the surface, not just the heme group.  From the 

values of ( )22 cosθP  and ( )24 cosθP  calculated using Equation (5.1), it is possible, in 

theory, to construct orientation distributions for the overall protein film.   

However, the combined values for the second and fourth order parameters, 

( )22 cosθP  and ( )24 cosθP , do not fall within the boundaries of the order parameters 

shown in Figures 5.3.  This is an indication that the defined orientation between the heme 

and the electrostatic dipole moment of the protein is not maintained upon surface 

immobilization.  For solution adsorbed films on ITO, the standard deviations of the order 

parameters, ( )22 cosθP  and ( )24 cosθP , cover a wide range of values that include the 

isotropic values of zero for both parameters as well as many different orientation 

distributions with maximum values at different angles. 
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Despite the fact that the analysis of cyt c films on glass and ITO did not yield the 

orientation distribution for the protein, this type of analysis is very useful.  The effect of 

such variables as surface roughness and the orientation of the spectroscopic probe relative 

to the overall dipole moment of the molecule on any even numbered order parameter can 

be quantified using the methods described in Chapter 2 and illustrated here.  It is clear 

from this analysis that the roughness of these substrates does not affect the order 

parameters of the film to any great extent.  In future studies, a probe molecule with 

( )12 cosθnP  values far from zero would be a better system to use because the second and 

fourth order parameters (for the circular and linear absorber models, respectively) would 

not be zero. 

 

5.5 Choice of Linear or Circular Absorber Models for Cyt c.   

Figure 5.1 shows the prosthetic heme of cyt c modeled as both a linear and 

circular absorber.  A circular absorber is equivalent to two linear dipoles of equal strength 

oriented 90 degrees from each other.  Native cyt c in solution is a circular absorber with 

absorption dipoles located in the plane of the heme, based on symmetry arguments and 

polarized absorbance measurements of oriented protein crystals.184  Polarized 

fluorescence measurements of Zn-sub cyt c in viscous solution produced a γ2cos  value 

of 0.5,52, 181 which is consistent with a circular absorber model where fluorescence 

emission is generated equally along the two orthogonal dipoles.96  In the literature on 

orientation distribution of surface immobilized cyt c, values for γ2cos  measured in 

viscous solution are used as constants in the calculation of order parameters.52, 100, 130, 181  
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However, the values of γ2cos  for immobilized Zn–sub cyt c calculated using Method B 

clearly show that γ2cos  is different in this environment.  It is possible that 

immobilization of the protein on the surface distorts the structure of the protein such that 

the emission is no longer equally distributed between the two orthogonal dipoles, but is 

more aligned with the absorption dipole.  The fact that γ2cos  is not 0.5 does not rule 

out the circular absorber model because the two absorption dipoles could still be of equal 

strength, however, the fluorescence emission of immobilized Zn-sub cyt c is not 

generated equally along two orthogonal dipoles.96 

 The definitions of θ are different for linear and circular absorbers, as shown in 

Figure 5.1.  For linear absorbers, the axis of symmetry is along the absorption dipole, 

therefore θ is defined as the angle between the lab normal and this dipole.  The axis of 

symmetry for circular absorbers is normal to the heme plane, therefore θ is defined as the 

angle between the lab normal and the plane normal to the heme plane.  Using the same 

data θ2cos , θ4cos , γ2cos  were calculated using the linear absorber model (data 

shown in Table 5.5).  The θ2cos  values for solution adsorbed films are both close to the 

isotropic value of 0.3 (similar to the results in Table 5.3 for circular absorbers) and the 

γ2cos  values for all the films are also close to the values calculated for circular 

absorbers. 

Figure 5.5 shows the same type of data as Figure 5.3, but for the linear absorber 

model.  On glass, the maximum probability for the heme is an orientation perpendicular  
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Table 5.5  Data using a linear absorber model. 

method of deposition solution adsorbed µCP 

substrate glass ITO glass ITO 

<cos2θ> 0.35 ± 0.01 0.32 ± 0.02 0.41 ± 0.02 0.148 ± 0.006

<cos4θ> 0.25 ± 0.02 0.18 ± 0.02 0.30 ± 0.01 0.12 ± 0.02 

<cos2γ> 0.88 ± 0.05 0.9 ± 0.3 0.89 ± 0.03 0.70 ± 0.04 
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Figure 5.5  a) Order parameters for the heme tilt angle in cyt c films calculated using a linear absorber 
model and orientation distributions for solution adsorbed films on 1) glass and 2) ITO and µCP films on 3) 
glass and 4) ITO.  b) Polar plots of orientation distributions created from the corresponding order 
parameters.  Solid lines represent the distributions created from the mean distributions while the dashed 
lines represent the maximum deviation from the mean. 
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to the substrate.  For solution adsorbed films on ITO, the orientation distribution 

constructed from the mean values of the order parameters is very broad compared to 

solution adsorbed films on glass (as evidenced by the lower overall probability densities 

on ITO) with the maximum probability density at about 50o relative to the lab normal.  

Although their order parameters are different, both µCP films have very similar 

orientation distributions on both glass and ITO.  In both cases the maximum probability 

for the heme is in an orientation perpendicular to the substrate.  This is very different 

from the distributions based on a circular absorber model, which show the heme oriented 

parallel to the substrate plane.  This is an indication that the circular absorber model is 

not adequately describing the heme group of cyt c, since the circular absorber model is 

one specific case of the linear absorber model, and therefore the results calculated using 

either model should be consistent with one another. 

Equation (5.1) can only be applied to the results from the analysis of the heme as 

a circular absorber since there is a defined relationship between the dipoles (in the plane 

of the heme) and the dipole moment of the protein.  In other words, in order to recover 

the molecular orientation from the dipole orientation, a specific model must be used 

which has information on the number of dipoles per molecule and their relationship to the 

molecular dipole moment.  In the case of cyt c, the linear dipole model used does not 

provide this type of specific information. 
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5.6 Conclusions 

In summary, the second and fourth order parameters for four different types of cyt 

c films have been determined using ATR and TIRF spectroscopy.  Experimental values 

for γ2cos  were determined for surface immobilized Zn-sub cyt c.  The values of 

γ2cos  were consistent across different types of cyt c films and differed from values of 

γ2cos  determined in viscous solution.  Orientation distributions for the tilt angle of the 

prosthetic heme group of the protein based on the second and fourth order parameters 

were constructed using the maximum entropy distribution: modeling the protein as both a 

circular and linear absorber.  Using a circular absorber model, the orientation distribution 

for solution adsorbed films on glass and µCP films on both glass and ITO show the heme 

groups are mostly oriented parallel to the substrate plane.  According to the linear 

absorber model, these same films have heme tilt angle orientation distributions showing 

the heme oriented perpendicular to the substrate plane.  For both the linear and circular 

absorber models, the orientation distribution of solution adsorbed films on ITO shows the 

heme groups have a very broad orientation distribution close to isotropic.  The effect of 

the roughness of the substrate on the orientation distribution was found to be insignificant 

for these substrates.  It was not possible to reconstruct orientation distributions for the 

protein molecules relative to the local surface normal because of the angle between the 

heme and the overall dipole moment of the protein in cyt c. 
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6. Electrochemical Characterization of Solution Adsorbed and Microcontact 

Printed Films 

6.1 Introduction 

6.1.1 Electroactivity of Microcontact Printed Films 

The process of depositing biomolecules by µCP has been studied (for example, as 

a function of the wettability of the stamp and the surface 23), and some efforts in this area 

are presented in Chapter 7.  While the structure of the deposited films and physical 

chemistry behind why this method works are important, it is the function of the deposited 

biomolecules that is crucial for applications of µCP in biosensing.  For redox active 

proteins like cytochrome c, their function can be characterized by their reduction 

potential and electron transfer kinetics with the surface.  Some redox active proteins such 

as glucose oxidase have been microcontact printed onto surfaces and characterized by 

scanning tunneling microscopy and ellipsometry.16, 17, 185, 186  However, the 

electrochemical properties of redox active proteins deposited by µCP have not been 

addressed. 

In this research, cyclic voltammetry has been used to assess µCP as a method for 

forming electroactive cyt c films on ITO, comparing and contrasting them with films 

formed from adsorption of dissolved cyt c.  µCP of cyt c onto ITO with a hydrophilic 

stamp (µCP-2) produces films that are comparable to solution adsorbed films with 

respect to voltammetric properties.  The function of these two types of electroactive films 

as evaluated by cyclic voltammetry is one central focus of this chapter.  µCP of cyt c onto 
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ITO with a hydrophobic stamp (µCP -1) does not produce films with any appreciable 

electroactivity or surface coverage and will be discussed in Chapter 7. 

 

6.1.2 Voltammetry of Adsorbed Films on ITO 

Parameters used to characterize the films, such as the formal reduction potential 

and rate of electron transfer with the surface, were found to vary with protein surface 

coverage.  In order to fully characterize the differences between solution adsorbed and 

µCP-2 films, the electrochemical characterization of cyt c was done as a function of 

surface coverage.  Using the spectroscopic data obtained by ATR for the total surface 

coverage of these films (see Chapter 4) along with the data from cyclic voltammetry 

presented here, the ratio of electroactive to total surface coverage can be determined, 

which is another important parameter that distinguishes the two types of films. 

Although it is not an ideal electrode for direct electrochemistry of adsorbed 

protein films because its surface chemistry is very heterogeneous, ITO is useful because 

the spectroscopic and electrochemical characterization can be done on the same surface.  

Integrated optical waveguides have been developed using ITO for this purpose.60, 64  This 

presents many interesting possibilities for adsorbed cyt c and other redox active proteins 

because any conformational changes that change the visible portion of the spectrum of 

cyt c can be studied as a function of oxidation state and potential applied to the ITO 

surface. 
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6.1.3 Electron Transfer Rates for Adsorbed Cytochrome c 

Another goal is to compare the electron transfer kinetics with the results for the 

orientation distribution of solution adsorbed and µCP-2 films on ITO.  The rate of 

electron transfer for adsorbed molecules is related to the distance between the redox site 

and the electrode surface.  Therefore, the difference in the orientation distributions for 

solution adsorbed and µCP films (discussed in Chapter 5) is expected to affect the rate of 

electron transfer.  The ionic strength of the supporting electrolyte can also affect the rate 

of electron transfer for cyt c,49, 55 therefore 10 mM phosphate buffer (pH 7) is used 

throughout this research. 

Two different experimental techniques were used to determine the electron 

transfer rate for cyt c on ITO.  To compare solution adsorbed and µCP-2 films, the 

separation between peak potentials was related to the electron transfer rate using the 

relationships described by Laviron.68  In order to determine if the rate of electron transfer 

in solution adsorbed films is orientation dependent, potential modulated ATR (PM-ATR) 

spectroscopy (a type of electroreflectance technique) was employed to measure the 

electron transfer rate using a polarized spectroscopic signal.  The preliminary results of 

PM-ATR on solution adsorbed cyt c films are presented in Appendix C. 

 

6.2 ITO Electrode Conditioning 

In order to maximize the electroactive surface coverage and electrode to electrode 

reproducibility, experiments were done to determine how cleaning the ITO surface with a 

plasma treatment and equilibrating the surface in phosphate buffer affects the 
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electrochemistry of adsorbed cyt c on ITO.  The surface pretreatment method prior to the 

adsorption of electroactive molecules has been shown to have a strong effect on the 

electrochemical properties of an adsorbed film.58  In previous work, equilibration in 

buffer was shown to increase the rate of electron transfer for diffusion controlled 

voltammetry on ITO53 and increase the stability of the electrode response.32  In the 

experiments described here, the effect of pretreatment on the electrode surface was 

measured by monitoring changes in the parameters used to characterize the cyt c films 

(such as peak potentials, separation and currents).  The only parameter monitored that 

was affected by the cleaning and equilibration procedure was the magnitude of the 

cathodic and anodic currents (indicating an increase in the electroactive surface 

coverage).  In addition to buffer equilibration and plasma treatment, acid etching 

treatments were tried,187 however the results were equivalent to plasma treatment. 

 

6.2.1 Effect of Equilibration in Phosphate Buffer 

The cyclic voltammetry of solution adsorbed cyt c films on ITO electrodes that 

were cleaned by sonication only was measured as a function of equilibration time in order 

to determine the effect of equilibration in buffer on the ITO.  Electrodes were cleaned 

using the sonication procedure described in Chapter 3.4.1 and equilibrated in 10 mM (pH 

7) phosphate buffer for up to 120 hours before taking background cyclic voltammograms 

of the equilibrated ITO, adsorbing cyt c to the surface, and measuring the voltammetry of 

the adsorbed protein film. 
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Two changes in the voltammetry with increasing equilibration times were 

observed.  First, the faradic current due to adsorbed cyt c shows a slight increase with 

equilibration time (Figure 6.1).  The variability in the current from electrode to electrode 

is presumably due to a different effective electrode area on each electrode depending on 

the amount of strongly adsorbed contaminants on the surface which are not removed by 

sonication.  Second, the length of equilibration time in buffer also affected the shape of 

the voltammograms at negative potentials.  Figure 6.2a shows cyclic voltammograms of 

an ITO electrode that was not equilibrated in buffer before and after a cyt c film was 

directly adsorbed to the surface.  There is a significant difference in the non-faradic 

current in the potential region between -100 and -250 mV for the scans before and after 

protein adsorption.  Figure 6.2b shows the same data for an electrode that had been 

equilibrated in phosphate buffer before taking the background scans.  The scans taken 

before and after protein adsorption have the same non-faradic current profiles. 

A likely explanation for both observations is that the surface of the ITO becomes 

more hydrated the longer it equilibrates in buffer.  As the surface sites on ITO reach an 

equilibrated state, the electroactive surface coverage increases.  It is unclear from the 

voltammetry alone whether this is due to an increase the total amount of adsorbed protein 

or an increase in the electroactive surface area of ITO.  Another effect of extended 

equilibration in buffer is that the change in the interfacial potential at the ITO/solution 

interface upon cyt c adsorption is not as great (assuming the cyt c does not displace the 

strongly adsorbed water) and therefore does not have as great an effect on the non-faradic 

current passed at negative potentials. 
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Figure 6.1  Cathodic current measured for cyt c films adsorbed from a 10 µM solution as a function of the 
equilibration time of the ITO electrode in 10 mM phosphate buffer (pH 7).  Triangles and diamonds 
represent two separate sets of cleaned and equilibrated ITO electrodes. 



 171

200 100 0 -100 -200
-1500

-1000

-500

0

500

1000

1500
cu

rr
en

t (
nA

)

potential (mV)

200 100 0 -100 -200
-1500

-1000

-500

0

500

1000

1500

cu
rr

en
t (

nA
)

potential (mV)

a)

b)

200 100 0 -100 -200
-1500

-1000

-500

0

500

1000

1500
cu

rr
en

t (
nA

)

potential (mV)

200 100 0 -100 -200
-1500

-1000

-500

0

500

1000

1500

cu
rr

en
t (

nA
)

potential (mV)

a)

b)

 

Figure 6.2  Cyclic voltammograms of cyt c on ITO that were cleaned only by sonication (no plasma 
treatment): a) no equilibration in buffer, b) 67.8 hour equilibration in buffer.  Both the background and 
adsorbed protein scans are shown. 
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6.2.2 Effect of Plasma Treatment 

The effect of cleaning ITO substrates in a low temperature plasma following 

cleaning by sonication was investigated by measuring the cyclic voltammetry of cyt c 

films formed on ITO cleaned using the procedure in Chapter 3.4.1.  This method has been 

shown to increase the electroactive surface coverage of other molecules adsorbed to 

ITO.58  In addition, the effect of equilibration in buffer after plasma treatment was studied 

as described in Section 6.2.1. 

Plasma treatment increased the faradic current due to adsorbed cyt c relative to 

adsorbed films on electrodes that were cleaned by sonication only.  The increase of about 

100-200 nA in the peak cathodic current corresponds to a change of about 1.3 – 3 

pmol/cm2 in the electroactive surface coverage.  This is likely due to the removal of 

contaminants from the electrode surface by plasma treatment.  However, the amount of 

time that the electrode was equilibrated in phosphate buffer after the plasma treatment did 

not have a significant effect on the faradic current measured.  Figure 6.3 shows the 

cathodic peak current for different types of solution adsorbed films as a function of the 

equilibration time.  One explanation for the lack of change with equilibration time is that 

the surface reaches a fully equilibrated state more rapidly after plasma treatment because 

the chemical functionalities on the surface are in an activated state and are fully hydrated 

almost immediately. 

Plasma treatment results in a surface that gives a more reproducible voltammetric 

response, with a higher electroactive surface coverage relative to cleaning by sonication 

only.  All the cyt c films on ITO studied in this work (except in Section 6.2.1) were  
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Figure 6.3  Cathodic current as a function of equilibration time in buffer following the plasma cleaning 
procedure.   Diamonds are films formed from 0.1 µM dissolved protein solutions, squares are films formed 
from 10 µM dissolved protein solutions and  triangles are strongly adsorbed films (formed by rinsing the 
electrode with 0.l M NaCl in 10 mM phosphate buffer after adsorption of a 10 µM cyt c solution). 
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 therefore formed on plasma treated surfaces that had been equilibrated in buffer for 12-

48 hours.  Although the equilibration time in buffer did not have an effect on the cathodic 

current or any other parameter studied, it was kept in the specified range so that the data 

could be compared with results of future work or in light of findings about other changes 

taking place on the ITO surface. 

 

6.3 General Features of Cyclic Voltammograms of Adsorbed Cyt c Films 

Figure 6.4 shows a representative, background subtracted cyclic voltammograms 

of a cyt c film formed by adsorption from a 10 µM solution (solid line) and a cyt c film 

deposited on ITO by microcontact printing using hydrophilic PDMS (µCP-2) incubated 

with a 160 µM cyt c solution (dashed line).  Voltammograms obtained for µCP-2 cyt c 

films were very similar to those of solution adsorbed films.  The fact that the 

electroactivity of µCP-2 films approaches that of solution adsorbed films is quite 

surprising, given the significant differences in the method used to form the films.  The 

report of this data in Langmuir188 was the first to show direct electrochemical activity in a 

protein film formed by µCP.  For both solution adsorbed and µCP films, the maximum 

anodic current was typically 5% smaller than the cathodic current, but the anodic peak 

was generally broader, so the peak areas (integrated currents) were about equal.  The full-

width-at-half-maximum of the peaks was 114 ± 10 mV.  In general, the voltammetry was 

reproducible and stable; however, in a few cases, there was a small decrease in the 

current over time (about 5% over 1 hr) and a small shift in redox potential (1-2 mV 

negative over 1 hr) but the origin of this behavior was not investigated here.  It is most  
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Figure 6.4  Background subtracted cyclic voltammograms of solution adsorbed cyt c (solid line) and µCP-2 
cyt c films (dashed line).  Potentials are relative to the Ag/AgCl reference electrode. Scan rate 100 mV/sec. 
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 likely due to strongly adsorbed impurities in the protein solution fouling the electrode 

surface.32  All the data related to the electrochemical characterization of these films as a 

function of surface coverage is summarized in Table 6.1. 

 

6.4 Electroactive Surface Coverage 

6.4.1 Adsorption Isotherms 

The voltammetric behavior of solution adsorbed cyt c was characterized as a 

function of surface coverage, which was adjusted by varying the dissolved protein 

concentration.  The electrochemical adsorption isotherm is shown in Figure 6.5a.  A 

sharp increase in cathodic current is observed when the solution concentration is raised 

from 0.1 µM to 0.4 µM, with an apparent plateau observed at concentrations greater than 

1 µM.  The voltammetry of µCP-2 films were examined as a function of the 

concentration of the protein solution used to ink the stamp.  As the plot in Figure 6.5b 

illustrates, higher currents are measured as the concentration of protein solution used to 

ink the stamp was increased. 

The electroactive surface coverages obtained by integrating the cathodic peaks of 

the voltammograms are plotted on the secondary y-axis in Figure 6.5.  The highest 

coverage observed, 9.5 pmol/cm2, is less than the value of 14 pmol/cm2 reported by 

Bowden and coworkers56 for cyt c adsorbed to ITO and reflects the higher ionic strength 

of the electrolyte used in this study.  In the case of microcontact printed films, when the 

concentration of the inking solution is ≥ 160 µM, the surface coverage reaches the  



 177

Table 6.1  Electroactive Surface Coverage, Formal Reduction Potential, and Electron Transfer Rate for 
Solution Adsorbed and µCP-2 Films. 

 

concentration 
(µM)a 

cathodic 
current 
(nA) 

electroactive 
surface coverage 

(pmol/cm2)b 

reduction 
potentialc (mV 
vs. Ag/AgCl) 

electron transfer 
rate (s-1) 

solution adsorbed     
0.1 66 ± 31 1 -18 ± 4 3.5 ± 0.6 
0.4 444 ± 95 6 0 ± 3 5.0 ± 0.4 
1 573 ± 60 8.5 2 ± 2 4.0 ± 0.3 
5 617 ± 23 9 0 ± 2 3.8 ± 0.1 

10 648 ± 20 9.5 2 ± 2 4.0 ± 0.5 

SAd 
 

308 ± 43   
(48%)e 

4.5 -6 ± 4 5.0 ± 0.5 

microcontact 
printed  (µCP-2)     

20 54 ± 26 1 -13 ± 3 4.0 ± 0.9 
100 173 ± 47 2.5 -6 ± 1 4.4 ± 0.3 
160 539 ± 121 8 3 ± 3 3.1 ± 0.3 
250 545 ± 56 8 2 ± 1 3.0 ± 0.3 

SAd 
 

269 ± 25 
(49%)e 

4 -4 ± 2 4.3 ± 0.5 

 a Concentration used to incubate ITO surface (solution adsorbed films) or PDMS stamp 
(µCP films). b Calculated using the integrated area of the cathodic peak (scan rate 100 
mV/sec), and an active electrode area of 0.785 cm2; error is ± 0.5 pmol/cm2.              c 

Midpoint of cathodic and anodic peak currents. d SA (strongly adsorbed) refers to the cyt 
c that remained adsorbed after rinsing the film with 0.1 M NaCl in 10 mM phosphate 
buffer. e Percent of original current remaining after rinsing with 0.1 M NaCl in 10 mM 
phosphate buffer.  
 



 178

0

100

200

300

400

500

600

700

0 2 4 6 8 10

ca
th

od
ic

 p
ea

k 
cu

rr
en

t (
nA

)

0

2

4

6

8

10

el
ec

tr
oa

ct
iv

e 
su

rf
ac

e 
co

ve
ra

ge
 

(p
m

ol
/c

m
2 )

0

100

200

300

400

500

600

700

0 50 100 150 200 250 300
0

2

4

6

8

10

a)

b)

concentration (µM)

concentration (µM)

ca
th

od
ic

pe
ak

 c
ur

re
nt

 (n
A

)

el
ec

tro
ac

tiv
e

su
rf

ac
e 

co
ve

ra
ge

 
(p

m
ol

/c
m

2 )

0

100

200

300

400

500

600

700

0 2 4 6 8 10

ca
th

od
ic

 p
ea

k 
cu

rr
en

t (
nA

)

0

2

4

6

8

10

el
ec

tr
oa

ct
iv

e 
su

rf
ac

e 
co

ve
ra

ge
 

(p
m

ol
/c

m
2 )

0

100

200

300

400

500

600

700

0 50 100 150 200 250 300
0

2

4

6

8

10

a)

b)

concentration (µM)

concentration (µM)

ca
th

od
ic

pe
ak

 c
ur

re
nt

 (n
A

)

el
ec

tro
ac

tiv
e

su
rf

ac
e 

co
ve

ra
ge

 
(p

m
ol

/c
m

2 )

 

Figure 6.5  a) Electrochemical adsorption isotherm for solution adsorbed cyt c.  b) Current versus 
concentration of cyt c used to incubate the PDMS stamp for µCP-2 films. 
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maximum observed value, 8 pmol/cm2, slightly less than the highest value measured for 

solution adsorbed films. 

 

6.4.2 Electroactive vs. Total Surface Coverage 

The theoretical surface coverage of a close packed cyt c monolayer is 22 

pmol/cm2 figure (based on the protein’s dimensions of 25 x 25 x 37 Å and a random 

orientation distribution).52  The spectroscopic surface coverage measured by ATR is a 

full monolayer for solution adsorbed films and almost three monolayers for µCP-2 films 

(see Chapter 4).  The fact that the maximum electroactive surface coverage for both films 

is much less than the spectroscopic surface coverage could be due to several factors.  The 

interfacial electrical conductivity of ITO is very heterogeneous on the nanometer scale;180 

some regions are completely insulating while others are conductive.  Protein adsorbed to 

the insulating regions may not be electrochemically active.  Other possible factors 

include denaturation of the protein upon adsorption, as well as protein adsorption in a 

molecular orientation having a relatively large heme-electrode separation distance, 

making electron transfer very slow.42, 55  This will be discussed in light of orientation 

distribution data in Section 6.6.3. 

 

6.5 Formal Reduction Potential of Adsorbed Cyt c 

6.5.1 'o
surfE  vs. 'o

solnE  

Formal reduction potentials (E˚/) measured for solution adsorbed cyt c as a 

function of cathodic current are shown in Table 6.1.  The reduction potential measured at 
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the maximum surface coverage is 2 ± 2 mV vs. Ag/AgCl (224 mV vs. NHE), which 

agrees well with published data.56  The standard reduction potentials of µCP-2 films (also 

listed in Table 6.1) are in the same range of values as those measured for solution 

adsorbed films.  At the highest electroactive surface coverage for both film types, E˚/ is 2 

mV versus Ag/AgCl.  The reduction potential of dissolved cyt c is 255 mV vs. NHE.30  

The negative shift of 31 mV upon adsorption is consistent with previous studies.56  

Dissolved ferricyt c is less thermodynamically stable than ferrocyt c30 and, consequently, 

ferricyt c adsorbs more strongly to tin oxide (and other negatively charged surfaces) than 

ferrocyt.  This results in a negative shift in the reduction potential, relative to dissolved 

cyt c, which can be seen in a modified Nerst equation189 

 

   E˚/surf   =   E˚/soln – (RT/nF) ln (βox/βred)      (6.1) 

 

where βox and βred are the adsorption coefficients of ferricyt c and ferrocyt c, respectively, 

and E˚/surf   and   E˚/soln  are the formal reduction potentials of adsorbed and dissolved cyt 

c, respectively.189  The magnitude of the shift in reduction potential upon adsorption 

depends on the difference in  βox and βred.  On Au/SAM electrodes, E˚/surf is shifted up to 

60 mV positive or negative of E˚/soln, depending on the functional group with which the 

SAM is terminated.45 
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6.5.2 'o
surfE  vs. Electroactive Surface Coverage 

For both film types, a positive shift in reduction potential is observed as the 

electroactive surface coverage increases (Figure 6.6).  This is due to positive shifts in 

both the anodic and cathodic peak potentials.  A correlation between reduction potential 

and protein surface coverage has also been observed for cyt c adsorbed to SAM/Au 

electrodes and tin oxide electrodes.190  Two possible reasons for this trend are discussed 

below. 

One possible cause for the shift in 'o
surfE  is that the heterogeneity of the electrode 

surface gives rise to a distribution of binding sites with varying adsorption coefficients. 

190  At low surface coverage, protein molecules preferentially occupy the strong 

adsorption sites; as the surface coverage increases, the weaker sites are filled.  With 

reference to Equation (6.1), the E˚/surf for ferricyt c adsorbed at the strong sites (higher 

βox) is more negative than the E˚/surf for protein molecules adsorbed at the weaker sites 

(lower βox).  As the surface coverage increases, the average E˚/surf for the cyt c film shifts 

to more positive values, reflecting increasing occupancy of the weaker adsorption sites. 

The fact that the trend is the same for µCP-2 films is somewhat puzzling.  

Assuming a distribution of binding sites on the ITO surface, when cyt c molecules are 

transferred to ITO from PDMS, the probability of being transferred to a strong adsorption 

site and a weak adsorption site is presumably equal.  If the protein molecules remain 

adsorbed at the sites to which they were transferred (i.e. no diffusion occurs after the 

proteins printed on the ITO surface are rehydrated), E˚/surf should not be dependent on the  
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Figure 6.6  Formal reduction potential versus cathodic peak current for cyt c films formed by adsorption 
from solution (squares) and the µCP-2 method (circles).  The data labels indicate the concentration of 
protein solution used to incubate the ITO surface or the PDMS stamp.  For solution adsorbed films: 0.1 µM 
(A), 0.4 µM (B), 10 µM (C), 10 µM protein solution followed by rinsing with 10 mL of 0.1 M NaCl /10 
mM phosphate buffer (D). For µCP-2 films, the concentrations of cyt c used to ink the PDMS stamps were 
20 µM (E), 100 µM (F), 160 µM (G), and 250 µM (H).  



 183

electroactive surface coverage.  If the assumption about a distribution in binding sites is 

correct, this data suggests that diffusion of cyt c to stronger binding sites on ITO after 

printing is a possibility.  The spectroscopic surface coverage (measured by ATR) 

calculated for µCP-2 films (at protein ‘ink’ concentrations of 160 µM) is roughly three 

monolayers.  Although diffusion of the proteins in these multilayer µCP-2 films is 

unlikely once they are deposited on the surface, it cannot be ruled out as a possibility, 

especially at lower surface coverages (points E and F in Figure 6.6). 

A second possible cause for the positive shift in E˚/surf with increasing surface 

coverage is negative cooperativity between adsorbed protein molecules (i.e., adsorption 

at a site adjacent to an occupied site is energetically less favorable).  The fact that this 

trend is seen on other electrode surfaces besides ITO makes this a likely possibility.190  

Another piece of evidence is shown in Figure 6.6.  At very low surface coverages, E˚/surf 

for a µCP-2 film is systematically more positive than E˚/surf for a solution adsorbed film.  

For example, points E (µCP-2) and A (solution adsorbed) in Figure 6.6 denote equal 

electroactive surface coverages but different reduction potentials.  This could be due to a 

higher total surface coverage (but equal electroactive surface coverage) of protein on the 

µCP-2 film which increases the formal reduction potential, due to negative cooperativity 

between adsorbed proteins. 

Support for both theories is provided by the following observation:  When a high 

surface coverage film of solution adsorbed cyt c is rinsed with high ionic strength buffer 

(10 mM phosphate containing 0.1 M NaCl), the protein that remains on the surface (48% 

of the current measured before rinsing) has a E˚/surf of – 6 mV, as compared to 2 mV 
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measured prior to rinsing.  Performing the same experiment with µCP-2 films caused the 

current to decrease to 49% of that measured for the unrinsed film, and shifted E˚/surf from 

2 mV to –4 mV.  Rinsing with a high ionic strength buffer presumably desorbs some 

fraction of the electrostatically bound protein.  Proteins adsorbed either through stronger 

(multidentate) electrostatic interactions or other interactions (or a combination of 

electrostatic and other interactions) with the surface remain adsorbed.  The proteins 

remaining after this high ionic strength rinse have more negative E˚/surf values than the 

E˚/surf in the high surface coverage film.  This could be due to a distribution of binding 

sites on the ITO surface where some fraction of the electrostatically bound protein 

desorbs from weak binding sites that have more positive E˚/surf values, leaving adsorbed 

proteins at stronger binding sites that have more negative E˚/surf values.  Negative 

cooperativity between adsorbed protein molecules could also explain this observation.  

As cyt c desorbs from the surface, the number of interactions between adjacent proteins 

decreases; therefore, the E˚/surf of the remaining protein in the films decreases. 

 

6.6 Standard Electron Transfer Rate (ko) as Determined by Cyclic Voltammetry 

Laviron gives the general expressions for a voltammogram of a diffusionless 

system where the oxidized and reduced species are strongly adsorbed to the electrode.68  

The electron transfer rate is determined from the separation between the cathodic and 

anodic peak potentials.  In the case of cyt c adsorbed to ITO, where the peak separation is 

less than 200 mV, the transfer coefficient has to be assumed.  The transfer coefficient is a 

measure of the symmetry of the energy barrier to electron transfer.66  For values of α 
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between 0.3 and 0.7, there is at most a 6 % relative error on values of ks, therefore the 

assumption made here, that α is 0.5, is reasonable.  The dimensionless variable m is 

defined as: 

     
Fnv

RTk
m s=          (6.2) 

where ks is the rate constant for the electrochemical reaction in s-1 and ν is the scan rate in 

V/sec.  Laviron’s paper gives the relationship between n∆E and 1/m for a reaction of an 

adsorbed species with α = 0.5 and peak potential separations of 18 to 204 mV.  With an 

experimental value of n∆E (n = 1 for cyt c electron transfer), the value of m, and 

therefore ks, can be determined. 

 

6.6.1 Electron Transfer Rate vs. Scan Rate 

The oxidation and reduction of adsorbed cyt c is known to be quasireversible.56  

This means that ks is dependent on the scan rate.  In Bowden’s work,56 the ks of solution 

adsorbed cyt c on ITO becomes independent at very fast scan rates (1 - 2 V/sec); ks at this 

scan rate is 18 s-1.  The ks dependence on the potential scan rate was investigated for two 

different batches of ITO (both from Colorado Concept Films) used in this research.  As 

shown in Figure 6.7a, ks of solution adsorbed cyt c films becomes independent of the 

scan rate at greater than 50 mV/sec.  The ks in this independent region is 4.0 ± 0.5 s-1, 

which is much lower than Bowden’s work.56  The slower maximum rate reported here is 

not a result of increased uncompensated solution resistance in the electrochemical cell 

due to the configuration of the electrodes since the same effect was seen in different cell  
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Figure 6.7  Electron transfer rate as a function of scan rate. a) Solution adsorbed films on two different 
batches of ITO. First batch used for all studies in this chapter except Section 6.7 (squares); second batch 
(with higher rms values) (diamonds). b) Solution adsorbed films (squares) and µCP-2 films (triangles). 
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configurations, where the counter electrode is much closer to the ITO electrode.  The ITO 

used in Bowden’s work had a sheet resistance of 10 Ω per square, only about 50% of the 

sheet resistance of the ITO used in this work.  This decreased resistance is the likely 

cause of this discrepancy. 

This relationship between the scan rate and ks was also investigated for solution 

adsorbed and µCP-2 films to find out how the method of film formation affects this 

relationship.  This experiment was only repeated twice for each type of film, and the 

results shown in Figure 6.7b are not the same as the statistical averages calculated from a 

larger data set and shown in Figure 6.8 (however, they are within the standard deviation).  

Despite the small number of samples, this data shows the overall trend: ks for solution 

adsorbed films is slightly higher than the rate of µCP-2 films up to 200 mV/sec.  At 1000 

mV/sec, the rates for the two types of films are equal, although the electroactive surface 

coverage of the µCP-2 films at this scan rate is roughly half of what it is at 100 mV/sec (4 

pmol/cm2 vs. 8 pmol/cm2) while the electroactive surface coverage of the solution 

adsorbed films is independent of the scan rate.  This suggests that only a portion of the 

electroactive fraction of µCP-2 films at 100 mV/sec are able to transfer electrons with 

ITO at 1000 mV/sec, while the electroactive fraction of solution adsorbed films remains 

the same. 

 

6.6.2 Electron Transfer Rate vs. Surface Coverage 

Apparent electron transfer (ET) rates of cyt c films were determined as a function 

of the electroactive surface coverage from the cathodic and anodic peak separation at a  
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Figure 6.8  Electron transfer rate at 100 mV/sec as a function of cathodic current for solution adsorbed 
films (squares) and µCP films (triangles). 
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scan rate of 100 mV/sec.  The results are plotted in Figure 6.8.  For both types of films, 

the same trends are observed.  ks increases to a maximum of about 5 s-1 at peak cathodic 

currents of 250- 450 nA, which corresponds to an electroactive surface coverage of 3-6 

pmol/cm2.  At higher surface coverages the rate decreases slightly.  The same arguments 

presented in Section 6.5.2 apply here as well, that is, this trend could be due to 

heterogeneity of the electrode surface, or increasing interactions between cyt c molecules 

as the surface coverage increases. 

The apparent ET rate for solution adsorbed films at the highest observed 

electrochemical surface coverage is 4.0 ± 0.5 s-1, which is consistent with published data 

at this scan rate.56  For µCP-2 films, the rate was slightly lower, 3.0 ± 0.3 s-1.  A 

difference in the orientation distribution between the two types of cyt c films is one 

possible cause (discussed in Section 6.6.3).  Another is structural changes in cyt c (i.e., 

partial denaturation) caused by the microcontact printing process.  However, the fact that 

the E˚/surf values for both film types are nearly equal at all but the lowest surface coverage 

argues against this hypothesis.  A third possibility is that during µCP, PDMS could be 

transferred along with cyt c,25, 191 fouling the electrode surface and slowing the ET 

process.  However, there was no evidence of silicon in the XPS survey spectra (Section 

7.2.2), and the water contact angle of ITO did not change when it was stamped with a 

hydrophilic PDMS that had been incubated in 10 mM buffer (i.e., not inked with protein).  

Furthermore, the electrochemical behavior of solution adsorbed cyt c was unaffected 

when, prior to protein adsorption, the electrode was stamped with hydrophilic PDMS that 

had been incubated in 10 mM buffer. 
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6.6.3 Correlation of Surface Coverages and Orientation Distributions of Cyt c with 

Electron Transfer Rate 

Orientation distributions of the heme tilt angle were measured for solution 

adsorbed films and µCP films on ITO at the highest surface coverage and results were 

discussed in Chapter 5.  Here the electron transfer rates measured for these films will be 

discussed in light of the orientation distribution data presented in Sections 5.3 to 5.4.  The 

question addressed here is whether it is reasonable to infer the structure of a cyt c protein 

film based on measurements of electron transfer rate and other electrochemical data and 

vice versa.  Although Marcus theory predicts that there is a strong dependence of the rate 

of electron transfer on the distance between the redox center of the protein and the 

electrode surface, there are many other factors to be considered.  The most important is 

that most spectroscopic methods measure the bulk properties of the protein film, and 

cannot distinguish between proteins adsorbed on the surface that are transferring 

electrons with the electrode and those that are also adsorbed, but not electroactive.  

Depending on the percent of the film that is electroactive, these techniques may not give 

a representative picture of the structure of the electroactive proteins on the surface. 

It is clear from the spectroscopic results that the structure of solution adsorbed 

and µCP films on ITO are different in terms of surface coverage and possibly heme tilt 

angle orientation distribution, although orientation distributions for the protein molecules 

cannot be constructed for the reasons described in Section 5.5.  This discussion will focus 

on the orientation distributions of the heme groups in solution adsorbed and µCP films 
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since they clearly indicate that the redox centers of cyt c (the heme and coordinated iron) 

are oriented differently with respect to the electrode surface in each film.  For identically 

formed solution adsorbed and µCP films on ITO, the rate of electron transfer is 

determined to be 4.0 ± 0.5 s-1 and 3.0 ± 0.3 s-1, respectively.  The slower rate of electron 

transfer for µCP films suggests that the distance between the heme group and the 

electrode surface is slightly greater (less than one angstrom difference) for µCP films 

than for solution adsorbed films.  The rate for both film types is consistent with a model 

of the interface where the heme group is within 1 nm of the electrode surface (see Table 

6.2).43, 192, 193  The formal reduction potential and electroactive surface coverages of the 

films were also very similar. 

The issue that complicates any comparison between the cyclic voltammetry and 

the results presented here is that the electroactive (or electrochemical) surface coverage is 

much less than the total (spectroscopic) surface coverage.  The solution adsorbed films 

are about 43% electroactive (22 pmol/cm2 total surface coverage, 9.5 pmol/cm2 

electroactive) while the µCP films are about 5% electroactive (65 pmol/cm2 total surface 

coverage, 8 pmol/cm2 electroactive).  Thus, for solution adsorbed films, only half of the 

protein film is electroactive and contributes to the measured rate of electron transfer.  For 

µCP films, only 1/6 of the film is electroactive.  Therefore the measured rates of electron 

transfer apply to only a portion of the film while the orientation distribution determined 

from the two order parameters applies to the entire film; both the electroactive and 

nonelectroactive adsorbed cyt c molecules.  While the orientation distribution results for 

the heme group of solution adsorbed and µCP films on ITO is consistent with a picture of  
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Table 6.2  Distance Dependence of Electron Transfer Rate, ks.  β and kn=0 values are from references 43, 
191 and 192. 

β  = 1.4 A-1

k(n=0) r (A) k(et) k(n=0) r (A) k(et)
2E+05 0 200000 2E+06 0 2000000
2E+05 1 49319 2E+06 1 493194
2E+05 2 12162 2E+06 2 121620
2E+05 3 2999 2E+06 3 29991
2E+05 4 740 2E+06 4 7396
2E+05 5 182 2E+06 5 1824
2E+05 6 45 2E+06 6 450
2E+05 7 11 2E+06 7 111
2E+05 8 2.7 2E+06 8 27
2E+05 9 0.67 2E+06 9 6.7
2E+05 10 0.17 2E+06 10 1.7
2E+05 11 0.041 2E+06 11 0.41
2E+05 12 0.010 2E+06 12 0.10
2E+05 13 2.49E-03 2E+06 13 0.025
2E+05 14 6.15E-04 2E+06 14 6.15E-03
2E+05 15 1.52E-04 2E+06 15 1.52E-03

)exp()1 0 rkk ns β−= =
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interface where the redox center of the protein is within 1 nm of the electrode surface, a 

definitive orientation distribution for the overall protein cannot be recovered using these 

techniques.  A technique such as potential modulated ATR194 would be useful for 

determining the electron transfer rates and order parameters of subpopulation in the cyt c 

film. 

 

6.7 Conclusions 

The results presented in this chapter show that it is possible, under the appropriate 

conditions, to form electroactive films using µCP.  This research is the first to report 

electroactive protein films formed by µCP.  Using hydrophilic PDMS stamps to form 

µCP films results in films that are comparable to solution adsorbed cyt c films in terms of 

their electroactive surface coverage and formal reduction potential.  The electron transfer 

rate of µCP-2 films was slightly less than for solution adsorbed films. 

The difference in the rate of electron transfer for the µCP-2 and solution adsorbed 

films suggests that there is no significant difference between the two films in terms of the 

average distance between the heme edge of the protein and the electrode surface.  A 

complicating factor in the comparison of orientation distributions and electron transfer 

rates is the difference in the electroactive surface coverage of cyt c versus the total 

surface coverage.  Cyclic voltammetry measures only the electroactive surface coverage 

of the film, which may have a different orientation distribution than the film as a whole. 
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7. Microcontact Printing of Proteins 

7.1 Introduction 

Creating an adsorbed film using the technique of µCP is a multistep process.  First 

there is the preparation of the PDMS surface using cleaning techniques or covalently 

attaching polymers to the surface to modify the surface chemistry (step 1).  Following 

that, there is the adsorption of the molecule to be printed to the PDMS surface (step 2), 

rinsing the excess solution away and drying the stamp (step 3).  Finally there is the 

printing process itself, where the adsorbed molecules are transferred to the surface and 

rehydrated (step 4). 

All of the above steps have an impact on the physical and chemical properties of 

the final films created, however many parameters of this process have not been 

systematically investigated.  In the literature, there are many instances of hydrophilic 

stamps being used to increase the amount of protein adsorption onto PDMS in step 2; 

however there is little direct evidence that this is the case. 21, 22, 195  Other factors that have 

been cited as important are the pressure used to stamp the surface (in step 4) and the 

amount of time the biological ‘ink’ is in a dried state on the stamp before being printed 

onto a substrate in step 3.14 

One very thorough study by Chen and coworkers investigated how the wettability 

of the stamp and the substrate affect the transfer of fluorescently labeled immunoglobulin 

G.23  They found that a certain degree of wettability in the substrate is necessary to effect 

protein transfer from the stamp, but this wettability can be decreased by decreasing the 

wettability of the stamp through chemical modification.  For example, protein will not 
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transfer from a –NH2 modified PDMS stamp to a methyl terminated SAM film, but will 

transfer from a –CF3 modified PDMS stamp onto the same surface.  The opposite was 

found to be true for substrates with a high degree of wettability: the surface chemistry of 

the stamp had to be modified to increase its wettability in order to effect transfer.  These 

types of studies are important in order to generalize the technique of µCP to a variety of 

surfaces and protein films. 

In the experiments presented in this chapter, two aspects of µCP of cyt c have 

been investigated.  First, the surface chemistry of the stamp was varied by plasma treating 

the PDMS stamp in order to determine the effect on the surface coverage and activity of 

the printed protein.  Secondly, µCP cyt c films were formed on two electrode surfaces in 

addition to ITO: indium zinc oxide (IZO) and carboxylic acid terminated self assembled 

monolayers (SAM) films on gold electrodes to investigate the properties of µCP cyt c 

films on other electrode surfaces.  These experiments were undertaken to further 

investigate the novel finding of this research, that µCP can be used to form an 

electroactive protein film. 

 

7.2 µCP with Hydrophilic vs. Hydrophobic Stamps 

The effect of the surface chemistry of the stamp was investigated in three ways.  

µCP films formed on the ITO surface using stamps with different surface chemistries was 

investigated using (a) cyclic voltammetry and (b) X-ray photoelectron spectroscopy 

(XPS) in order to determine the electroactive and total surface coverages.  Untreated, 

hydrophobic PDMS stamps and plasma treated, hydrophilic PDMS were both used to 
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form electroactive cyt c films (µCP-1 and µCP-2 films, respectively).  The adsorption of 

protein onto both hydrophobic and hydrophilic PDMS surfaces was investigated using (c) 

ATR spectroscopy in order to determine if the origin of differences in the two types of 

µCP printed films studied by (a) and (b) is in the initial adsorption of protein to the stamp 

(step 2). 

 

7.2.1 Voltammetry of µCP Films 

Solution adsorbed and µCP-2 films were discussed in detail in Chapter 6.  The 

electroactive surface coverage of the these films, along with µCP-1 films are discussed 

briefly here to show the activity of the films in their final state in contrast with the total 

surface coverage as determined by XPS (b) and protein adsorption behavior on the 

PDMS surface, determined by ATR (c). 

Figure 7.1 shows the cyclic voltammograms of µCP films that differ in the 

pretreatment of the PDMS stamp.  The current measured from µCP-1 films (solid line) 

was very small and not reproducible, relative to µCP-2 films (dashed line).  To form 

µCP-1 films, hydrophobic PDMS stamps were incubated in protein solutions from 10-

250 µM.  When the concentration of the inking solution was less than 80 µM, the 

measured cathodic current was less than 10 nA.  At higher concentrations (150 µM and 

greater), currents up to 70 nA were observed.  This faradaic current is equivalent to an 

electroactive surface coverage of ≤ 1 pmol/cm2 (Table 7.1).  The reduction potential was 

–4 mV versus Ag/AgCl, which is in the range measured for µCP-2 and solution adsorbed  
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Figure 7.1  Background subtracted cyclic voltammograms of cyt c films formed by µCP -1 (solid line) and 
µCP-2 (dashed line). Scan rate 100 mV/sec, potentials vs. Ag/AgCl reference electrode. 
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Table 7.1  Summary of electroactive surface coverages and total surface coverage (as determined by XPS) 
for µCP-1 and µCP-2 films. 

 

concentration 
(µM)a 

electrochemical 
surface coverage 

(pmol/cm2)b 

N1s/In3d peak 
area ratio 

solution adsorbed   
0 0  0.001 ± 0.001 

0.1 1 0.007 ± 0.001 
0.4 6  
0.5  0.018 ± 0.005 
1 8.5 0.019 ± 0.006 
5 9 0.037 ± 0.005 

10 9.5 0.030 ± 0.005 
SAc 4.5  

microcontact 
printed (µCP-1)   

0 0 0.002 ± 0.002 
150-250d <1  

160  0.007 ± 0.003 
microcontact 

printed  (µCP-2)   

0 0 0.0004 ± 0.0003 
20 1  

100 2.5  
160 8 0.03 ± 0.01 
250 8  
SAc 4   

a Concentration used to incubate ITO surface (solution adsorbed films) or PDMS 
stamp (µCP films). b Calculated using the integrated area of the cathodic peak (scan rate 
100 mV/sec), and an active electrode area of 0.785 cm2; error is ± 0.5 pmol/cm2.              
c  SA (strongly adsorbed) refers to the cyt c that remained adsorbed after rinsing the film 
with 0.1 M NaCl in 10 mM phosphate buffer. d Values are approximate as the current was 
very irreproducible and not dependent on the concentration of protein used to ‘ink’ the 
PDMS stamp. 
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films.  However, due to the relatively small measured currents, all voltammetric 

parameters stated for µCP-1 films are approximate. 

In comparison with the µCP-2 films discussed in Chapter 6, µCP-1 films do not 

show any significant electroactivity.  A question that arose in the course of this research 

was whether the difference in electroactivity of the two types of µCP films was due to a 

difference in surface coverage or a difference in the structure of the films which affects 

the film’s electroactivity.  Because voltammetry can only probe the electroactive portion 

of the films, any protein on the surface that is not electroactive can not be detected by this 

method. 

 

7.2.2 XPS Studies of µCP Films 

X-ray photoelectron studies were therefore undertaken to determine the relative 

total surface coverages of cyt c films formed on ITO by solution adsorption and the µCP-

1 and µCP-2 methods.  XPS has been used frequently to study protein adsorption to 

surfaces, including cyt c on SAM/Au electrodes, using the N1s peak as a marker. 42, 196  

Figure 7.2 shows a representative XPS spectrum of a film formed by adsorption of 10 

µM cyt c to ITO with the In3d and N1s peaks labeled. The N1s signal is not detectable on 

clean ITO and a progressive decrease in the indium signal occurs as the surface coverage 

of adsorbed protein increases; thus the N1s/ In3d ratio provides a measure of total surface 

coverage.  

High resolution scans of the In3d and N1s regions were acquired on solution 

adsorbed, µCP-1, and µCP-2 cyt c films; the raw peak area ratios are listed in Table 7.1.   
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Figure 7.2  XPS spectrum of cyt c adsorbed from a 10 µM solution onto ITO.  This survey scan was taken 
with the 150 W X-ray source.  
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For the solution adsorbed films, the N1s/ In3d ratio increases from 0.007 to 0.030 as the 

concentration of dissolved cyt c used to form the film increases from 0.1 µM to 10 µM.  

A N1s/In3d ratio of 0.007 was measured for µCP-1 films printed from stamps that were 

incubated in 160 µM cyt c.  This ratio is equal to that measured for a film obtained by 

adsorbing cyt c from a 0.1 µM solution, and thus is indicative of a relatively low total 

surface coverage (The electroactive surface coverages for these two types of cyt c films 

are also comparable (Table 7.1), indicating that the ratio of electrochemically active to 

total protein is approximately equal in both films).  Significantly different results were 

obtained for µCP-2 films.  Printing from stamps that were incubated in 160 µM cyt c 

yields a N1s/In3d ratio of 0.03, which indicates a significantly higher protein surface 

coverage relative to µCP-1 films.  This ratio is comparable to that measured for films 

formed by adsorption from 5 and 10 µM cyt c solutions, which means that the total 

surface coverage of µCP-2 films is at least as high as the highest obtained by solution 

adsorption. 

The XPS data do not agree with the total surface coverage measured by ATR 

(Section 4.4) in that the highest surface coverage for µCP-2 films was found to be three 

times greater than the maximum surface coverage of solution adsorbed films by ATR 

while the XPS data shows the same N1s/In3d ratio for both films.  One possible 

explanation for this discrepancy is that the linear dynamic range of the XPS signal may 

be limited, i.e. the In3d and N1s peaks areas may not decrease and increase linearly as the 

protein film thickness on the ITO surface increases.  If this is the case, the peak area 

ratios should only be used as a relative measure of the surface coverage for submonolayer 
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films.  Another possibility is that the µCP process creates films where there is a 

significant amount of ITO that is not covered by protein, while the areas covered by 

protein have multilayer surface coverage.  In this situation, the In3d peak would not 

decrease at the same rate as the solution adsorbed films where the ITO surface is covered 

uniformly with protein.  Despite these uncertainties in interpretation, the XPS data clearly 

shows that the surface coverage of µCP-1 films is much lower than the µCP-2 films. 

 

7.2.3 Protein Surface Coverage on PDMS  

The sessile water contact angle of a PDMS stamp without any pretreatment (µCP-

1) is ~112˚.  After treatment in a low temperature air plasma for 1 minute at 30 W (µCP-

2), the contact angle decreased to less than 5˚.  Oxidation of PDMS upon plasma 

treatment, which renders the surface hydrophilic and very wettable, is well known.21  

Here this change was hypothesized to affect the degree of cyt c adsorption22, 197 and 

subsequent transfer by µCP to ITO.  Attenuated total reflectance (ATR) spectroscopy was 

employed to assess differences in the amount of cyt c adsorbed to PDMS-coated ATR 

substrates before and after plasma treatment (see Sections 3.4.3 and 3.7 for experimental 

procedures).  Adsorption isotherms are plotted in Figure 7.3.  The absorbance was 

measured both with the protein solution in the flow cell and after rinsing the cell with 

buffer (only the latter data are plotted in Figure 7.3).  Rinsing did not significantly change 

the measured absorbance, which shows that the absorbance was due primarily to strongly 

adsorbed cyt c (i.e., weakly adsorbed and dissolved cyt c did not contribute to the signal). 
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Figure 7.3  Adsorption isotherms of cyt c on PDMS-coated glass. Triangles show adsorption to untreated, 
hydrophobic PDMS and circles show adsorption to plasma treated, hydrophilic PDMS.  
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A comparison of the isotherms shows that the amount of protein adsorption to 

hydrophilic PDMS is systematically greater than to hydrophobic PDMS (assuming no 

difference in the molar absorptivity of the protein).  However, this difference is small 

relative to the large difference in the amount of electroactive cyt c in µCP-1 and µCP-2 

films.  For example, at a dissolved cyt c concentration of 20 µM, the amount of protein 

adsorbed to hydrophobic and hydrophilic PDMS differs by 20% (Figure 7.3), yet the 

amount of electrochemically active protein in µCP films formed from stamps incubated 

with 20 µM cyt c is much lower (by ~ 80%): 0-10 nA (0-0.1 pmol/cm2) for hydrophobic 

PDMS versus 54 ± 26 nA (1 pmol/cm2) for hydrophilic PDMS (see Table 7.1). 

Thus, in the range of concentrations studied (up to 20 µM), the degree of protein 

adsorption to the stamp is not responsible for the large difference in electroactive surface 

coverage in µCP-1 and µCP-2 films.  Although the isotherms in Figure 7.3 reach an 

apparent plateau by this concentration, if multilayer adsorption occurs at the PDMS 

surface, the adsorption isotherms may show significantly different absorbance values at 

higher concentrations of cyt c.   

Another possibility for the difference in surface coverage of µCP-1 and µCP-2 

films is a difference in transfer ratio for cyt c from the stamp to the ITO surface.  Transfer 

from hydrophobic PDMS to ITO may be inefficient because of the large difference in the 

wettability of the two surfaces.  The static contact angle of hydrophobic PDMS is ~112 

degrees while the contact angle of ITO is less than five degrees.  Hydrophilic PDMS 

(immediately after plasma treatment) has the same contact angle as ITO.  Because the 

substrate (ITO) is extremely hydrophilic, films formed from a hydrophilic stamp (µCP-2) 
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have higher surface coverage than films formed from a hydrophobic substrate (µCP-1) 

due to increased transfer of the protein from the stamp to the substrate.  The work of 

Chen and coworkers has shown that the water contact angle of both the stamp and the 

substrate affect the efficiency of transfer from the stamp to the substrate.23  The results 

presented here are consistent with their findings showing that as the substrate gets more 

hydrophilic, the PDMS stamp also needs to be more hydrophilic in order to efficiently 

transfer protein to the substrate. 

 

7.3 Alternate Electrode Surfaces 

7.3.1 Indium Zinc Oxide (IZO) 

IZO is similar to ITO in that it is a transparent semiconductor that is often used 

for opto-electronic devices.  It has been proposed as a improved alternative to ITO 

because it has better optical transparency in the visible and infrared compared to ITO at 

similar electron carrier densities.198  ~ 200 nm IZO films sputtered on glass substrates 

obtained from the Armstrong lab and cleaned in the same way as ITO substrates (see 

Section 3.4.1) were used as a substrate to form µCP and solution adsorbed cyt c films.   

The electrochemical behavior of cyt c films on IZO was investigated using cyclic 

voltammetry.  Figure 7.4 shows the electron transfer rate versus electroactive surface 

coverage for three IZO films (two solution adsorbed and one µCP-2 film).  The results 

were very similar to ITO, in that the surface coverage of the µCP-2 films was similar to 

solution adsorbed films while the µCP-1 films showed no electroactivity (not shown).  

The formal reduction potential (Eo`surf) for cyt c was the same as on ITO (0 V vs. 
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Figure 7.4  Electron transfer rate vs. electroactive surface coverage for cyt c films on IZO.  Two solution 
adsorbed IZO samples (triangles and diamonds) and one µCP-2 sample (square).   
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 Ag/AgCl) and the trend of increasing Eo`surf values with increasing electroactive surface 

coverage was also observed. 

For solution adsorbed and µCP-2 films on IZO, the electroactive surface coverage 

was much lower and the electron transfer rate an order of magnitude slower than the 

same films on ITO.  These differences between the ITO and IZO films can be explained 

by the difference in sheet resistance values of the metal oxide films.  The ITO used here 

had a sheet resistance of 20 Ω/square, while the IZO sample had sheet resistance values 

in range of 300-800 Ω/square (this is highly variable within the same piece of IZO).  The 

two solution adsorbed films on IZO had very different electroactive surface coverages, 

which is an indication of this variability within the IZO surface.  These differences 

between ITO and IZO are expected to vary widely depending on the resistivity, 

roughness, and thickness of the metal oxide film. 

 

7.3.2 SAM Functionalized Gold 

Alkanethiol modified gold electrodes were also investigated as substrates for µCP 

cyt c films.  Alkanethiols spontaneously form self assembled monolayer (SAM) films on 

gold via a gold-sulfur bond and have been extensively used to study the electron transfer 

of immobilized cyt c.  In particular, the work of Bowden and coworkers has shown the 

versatility of this surface as a substrate for immobilized cyt c electron transfer. 46, 190 

SAM films on 1000 Å sputtered gold substrates on glass (Evaporated Metal Films 

Corporation) were UV cleaned for twenty minutes before being incubated for 48 hours in 

a solution of 11-mercaptoundecanoic acid (Sigma) in ethanol (at concentrations between 
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1 and 5 mM). 190  Then they were sonicated three times in ethanol, rinsed in DI water and 

dried with N2 before being placed in the electrochemical cell.  The procedure for 

depositing cyt c films on this surface was the same as for ITO films (Section 3.5).  The 

results are shown in Figure 7.5.  As with ITO and IZO, µCP-2 films showed 

electroactivity while µCP-1 films did not.  The results for solution adsorbed cyt c films 

was in agreement with the literature (formal reduction potential, rate of electron transfer), 

although the electroactive surface coverage was lower (3-4 pmol/cm2 vs. 15 

pmol/cm2).190  No attempt to optimize the quality of the SAM films used for these 

experiments, the likely source of this difference.  The µCP-2 films had a lower 

electroactive surface coverage (between 1-2 pmol/cm2) that decreased over time.  This 

decrease over time (not seen in solution adsorbed films) could be an indication that the 

printed cyt c proteins are changing conformation to a non-electroactive form, possibly 

because the printing process inserts the proteins in between the alkanethiol chains of the 

SAM film, whereas solution adsorbed protein adsorbs on top of the terminal group of the 

SAM film. 

 

7.4 Conclusions 

In summary, while no significant differences in adsorption of cyt c onto 

hydrophobic and hydrophilic PDMS was found by ATR spectroscopy on PDMS coated 

substrates, the wettability of the PDMS stamp is found to radically affect the amount of 

protein subsequently transferred to the ITO surface, as measured by cyclic voltammetry 

and XPS.  The use of a hydrophobic stamp (µCP-1 films) does not produce films with  
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Figure 7.5  Cyclic voltammograms of cyt c on SAM modified gold electrodes a) µCP-1 films b) µCP-2 
films and c) solution adsorbed films (from a 5 µM solution of cyt c).  Potentials are vs. Ag/AgCl reference 
electrodes and the scan rate was 100 mV/sec.   



 210

appreciable electroactivity or surface coverage whereas films formed from hydrophilic 

stamps (µCP-2) are electroactive and have a higher total surface coverage.  The XPS and 

ATR data show that the much lower electroactive surface coverage of µCP-1 films, 

relative to µCP-2 films, is attributable to a significant difference in the efficiency of cyt c 

transfer from the PDMS stamp to the ITO electrode depending on the surface chemistry 

of the stamp.  The difference in transfer efficiency seen here for cyt c on ITO may or may 

not be true for other proteins.   

It is also unknown the extent to which the finding in this work, that µCP printing 

can be used to form electroactive films of a redox active protein, will translate to other 

electrode surfaces.  Two alternate electrode surfaces, IZO and SAM-modified gold, were 

tried and the results were similar to ITO.  µCP-1 films did not have significant 

electroactive or total surface coverage while µCP-2 films did have appreciable 

electroactive and total surface coverage.  These results show promise for µCP of cyt c on 

a wide variety of electrode surfaces. 
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8. Summary and Future Directions 

8.1 Summary of Results 

The main ideas and problems that this research project has addressed are related 

to formation of redox active cyt c films on electrode surfaces and characterization of their 

structure.  In addition, cyt c films on glass have also been studied for comparison.  

Solution adsorbed and µCP films were compared as a way of addressing the hypothesis 

that the different methods of film deposition would lead to differences in the orientation 

distributions of protein films and different rates of electron transfer with the ITO surface. 

Four major results have been obtained during the course of this research project.  

The first is that the structure of the adsorbed cytochrome c / ITO interface has been 

characterized in terms of the total surface coverage of protein and the fraction of this 

amount that actually transfers electrons with the ITO (see Figure 8.1).  The total surface 

coverage was determined using ATR spectroscopy with a novel methodology developed 

by Dr. Sergio Mendes and demonstrated for the first time on cytochrome c films.  The 

electroactive portion of the films was characterized by cyclic voltammetry.  The 

comparison of these two surface coverages is an important benchmark in distinguishing 

between types of films.  A major difference between the solution adsorbed and µCP films 

is that the electroactive fraction for µCP films is 5%; while cyt c in the solution adsorbed 

films are 43% electroactive.  Although the absolute values of the electrochemical surface 

coverages are similar for the two types of films (slightly lower for µCP-2 films), in terms 

of total surface coverage, the µCP-2 films have three times more protein adsorbed.  The 

ITO surface maybe be a limiting factor in achieving a high percent electroactivity of the  
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Solution Adsorbed Films

= protein detected by cyclic voltammetry

µCP FilmsµCP Films

Solution Adsorbed FilmsSolution Adsorbed Films

= protein detected by cyclic voltammetry= protein detected by cyclic voltammetry
 

Figure 8.1  Structure of solution adsorbed and µCP films on ITO electrodes.  Solution adsorbed films are 
50% electroactive while µCP films are only 5% electroactive.   
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films, i.e. only half the electrode area may be sufficiently conductive to oxidize and 

reduce cyt c.  Figure 8.2 illustrates this basic limitation of cyclic voltammetry as a 

technique to probe the activity of protein films on ITO.  However, if it is assumed that the 

electroactive fraction remains constant regardless of the value of the total surface 

coverage, then presumably µCP-2 films that have only one monolayer of cyt c total 

surface coverage (formed from PDMS inked with lower concentrations of protein 

solution) will still be 5% electroactive (~1.1 pmol/cm2).  The lower fraction of 

electroactive proteins in the µCP-2 is likely a results of the µCP process, which involves 

drying the PDMS stamp after the protein has been adsorbed. 

The second major result is that the orientation distributions for four different types 

of protein films have been determined using the maximum entropy method, which allows 

for a broader possible range of distributions than the Gaussian distribution.  The second 

order parameter for these cyt c films was determined using ATR spectroscopy, and then 

the fourth order parameter was determined with a combination of ATR and TIRF 

spectroscopy.  In addition to determining the order parameters of the prosthetic heme in 

surface immobilized cyt c, the geometric information on the angle between the absorption 

and emission dipoles for the surface adsorbed form of Zn-sub cyt c, γ2cos , was 

determined.  The value of γ2cos  for immobilized Zn-sub cyt c was significantly higher 

than the values measured in viscous solution ( γ2cos  = 0.5) which indicates that the 

electronic structure of the dipoles in the prosthetic heme of cyt c change upon surface 

immobilization.  Assuming a circular absorber model for the heme in cyt c, the  



 214

Inactivity due to heterogenous electrode surface
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Inactivity due to denaturation of protein
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= protein detected by cyclic voltammetry= protein detected by cyclic voltammetry
 

Figure 8.2  This figure demonstrates the difficulty in separating the effects due to the electrode and those 
due to the film itself.  The electroactive fraction of both films is equal, but for different reasons.  Because 
the electrochemical surface coverage is much lower than the total surface coverage, there is a large 
population of proteins that are not detected by cyclic voltammetry. 
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orientation distribution of the heme was found to be parallel with the substrate for 

solution adsorbed films on glass and for µCP films on both glass and ITO.  For solution 

adsorbed films, the orientation distribution of the heme was found to be essentially 

random on the surface, although surface roughness was ruled out as a significant factor.  

If reorientation of protein could occur post stamping, one would expect to see the same 

orientation distribution for µCP-2 films and solution adsorbed films on ITO.  However, 

based on these results, it is likely that the orientation distribution of the heme in the µCP 

films is controlled in the initial adsorption to the PDMS surface, and maintained upon 

transfer to glass or ITO.  Orientation distributions of the protein molecule could not be 

determined from the orientation distributions of the heme because the angle between the 

transition dipole moments of the heme and the electrostatic dipole moment of the protein, 

which is close to 57 degrees, which translates to a second order parameter of zero 

(isotropic).   

In addition to the spectroscopic characterization of cyt c films on ITO, this work 

has also focused on the electrochemical activity of these films, as determined by cyclic 

voltammetry.  The third result of this work is that the electron transfer behavior of two 

films with very different structures have been prepared and characterized with respect to 

their rate of electron transfer.  The difference in their rates of electron transfer, although 

statistically different, was not very large.  According to Marcus theory, the difference in 

rates corresponds to difference in heme electrode distance of a few Angstroms.  The 

difference in the orientation distributions of the solution adsorbed and µCP-2 films on 

ITO does not provide a clear determination of the heme-electrode distances in the film.  
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While this relationship has not been fully elucidated, many of the factors involved in 

determining these kinds of relationships have been explored and will contribute to more 

focused research in this area as described in the next section on future directions.  In 

particular, it is important to determine the orientation distribution for the electroactive 

portion of the film, rather than the entire molecular film. 

Finally, the technique of µCP has been explored as a method to deposit films of 

electroactive protein.  It was found that a hydrophilic PDMS stamp was necessary to 

create µCP films with appreciable surface coverage on ITO.  On both glass and ITO, the 

surface coverage of the µCP-2 films was greater than the solution adsorbed films on the 

same substrate.  The multilayer formation may be due to the high protein concentrations 

used to ‘ink’ the PDMS stamps vs. glass and ITO surfaces (see Figure 4.4).  In Chapter 7, 

cyt c adsorption to hydrophobic and hydrophilic PDMS was found to be equal up to 

concentrations of 20 µM.  Upon transfer to ITO, the surface coverage of the µCP-1 and 

µCP-2 films differed drastically.  This research shows that the transfer of molecules from 

the stamp to the surface is equally if not more important than the amount of protein 

adsorbed to the stamp initially.  IZO and alkanethiol modified gold electrodes were also 

tried, with electrochemical results similar to ITO.  While a portion of the cyt c deposited 

on the ITO surface using µCP is electroactive, these films are multilayers, which is not 

ideal for sensor or assay applications.   
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8.2 Future Directions 

8.2.1 Orientation Distributions of Molecular Films 

 As discussed in Chapter 5, cytochrome c is not an ideal model system for 

determining the orientation distribution of an adsorbed protein film because of the 33o 

angle between the dipole probed spectroscopically and the overall electric dipole moment 

of the protein.  Future directions for this research include applying the methods described 

in Chapter 2 to determine orientation distributions in other systems, such as molecules in 

or tethered to lipid bilayer architectures (for example cytochrome c oxidase) and small 

organic molecules for photovoltaic device applications.  Lipid bilayer architectures are a 

particulary promising system because the molecules are put in or on a bilayer, which is a 

more uniform chemical environment than glass or ITO (see Figure 8.3).  The limitation 

may be molecules with suitable intrinsic spectroscopic probes (that contain orientation 

information) in the visible region of the spectrum. 

 

8.2.2 Spectroelectrochemistry of Redox Active Proteins 

 Spectroelectrochemistry of adsorbed biomolecules has the possibility of 

investigating many interesting questions in the field of bioanalytical chemistry.  

Comparing spectroscopic and electrochemical responses of molecular films in the same 

environment can reveal interesting differences in total and electrochemical surface 

coverages, and kinetic information about coupling between optical and electronic 

transitions in the molecules.  The initial potential-modulated ATR experiments described 

in Appendix C could be expanded and applied to other surface adsorbed, redox active  
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a)

b)

a)

b)

 

Figure 8.3  Possible architectures for determining orientation distributions a) for molecules inside lipid 
bilayer (arrows indicate the transition dipoles of the molecules and b) tethered to lipid bilayers. 
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molecules.  This type of experimental geometry (see Figure 8.4) is useful because the 

optical signal comes from the electroactive portion of the film; thus, any adsorbed 

‘nonactive’ molecules in the film are excluded because the potential applied to the 

surface modulates only the electroactive molecules which is especially important on 

heterogenous electrode surfaces like ITO. 

 

8.2.3 µCP as a Method of Forming Biologically Active Films 

µCP is a relatively new method for creating arrays of biomolecules.  It is part of 

an emerging set of techniques which combine engineering and chemical approaches to 

designing functional interfaces.10  As a technique, its main advantage is ease of use; its 

main drawback is that it is less reproducible than many other protein deposition 

techniques.  Since the first reports of µCP for proteins have been published, many 

problems with µCP have been pointed out.  While there are limitations to this technique, 

the ideas explored relating to the patterning of surfaces are important for the development 

of biosensors. 
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1) oscillating potential (centered at Eo) 
applied to ITO electrode

2) redox active molecular film with oxidation 
state dependent molar absorptivity

3) At low oscillation 
frequencies, the 
electroreflectance signal is in 
phase with the applied 
potential

4) As the oscillation 
frequency increases, the 
electroreflectance signal 
becomes demodulated from 
the applied potential.

1) oscillating potential (centered at Eo) 
applied to ITO electrode

2) redox active molecular film with oxidation 
state dependent molar absorptivity

3) At low oscillation 
frequencies, the 
electroreflectance signal is in 
phase with the applied 
potential

4) As the oscillation 
frequency increases, the 
electroreflectance signal 
becomes demodulated from 
the applied potential.

 

Figure 8.4  The electroreflectance signal is due to molar absorptivity differences between the oxidized and 
reduced forms of the molecule at a particular wavelength (so non-electroactive molecules do not contribute 
to the signal). 
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A. Manual for the Purification of Ferricytochrome c /Preparation and Purification 
of Zinc Cytochrome c 

There are four sections to this manual: 

1) Preparing a cation exchange chromatography column used to purify Fe and Zn-sub 

cyt c 

2) Procedure for purifying Fe and Zn-sub cyt c on the cation exchange chromatography 

column 

3) Concentrating the pure protein fractions and determining the solution concentration 

by UV-vis spectroscopy 

4) Procedure for preparing Zn-sub cyt c from Fe cyt c (this is the fluorescent, non –

electroactive analogue of Fe cyt c) 

 

Section 1: Preparation of the cation exchange chromatography column used to 

purify Fe and Zn-sub cyt c (Pre-Swollen Microgranular Cation Exchanger CM – 52, 

carboxymethyl cellulose, Whatman (ordered through VWR) Catalogue # 4037050 – the 

following instructions are also in the pamphlet with the CM-52 on chemical shelf along 

with other useful information) 

a) dissolve 25 – 30 grams of CM-52 in 350 mM sodium phosphate buffer (pH not 

adjusted – i.e. weigh out enough disodium phosphate to make a 350 mM solution) 

(about 6 mL per gram of  column material) 

b) stir for a few minutes, adjust pH to 7 with phosphoric acid 

c) let settle and pour off fines (volume above the settled column material) 
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d) redisperse CM-52 in 350 mM phosphate buffer (pH 7), final volume should be about 

6 mL of buffer per gram of column material 

e) pack column material in a 2.5 x 10 cm chromatography column (Kontes) and keep 

liquid level above final height of settled ion-exchange resin so column doesn’t dry out  

f) Run about 1 L of 35 mM buffer (pH 7, 0.1 % w/v sodium azide as a preservative) 

through the column at room temperature before using it in the chromatography 

refrigerator (4o C) in 323.  This can be done by setting up the column (with no flow 

adapter) on the bench with the buffer reservoir on a shelf above the column.  Tygon 

tubing can be used to siphon the buffer from the reservoir to the column.  

Alternatively, the gradient pump can be taken out of the chromatography refrigerator 

and used to pump the 35 mM buffer through the column (see procedure in Section 2 

of this appendix).  This step cannot be done in the chromatography refrigerator 

because all the tubing and the column opening will get clogged with phosphate salt 

due of the high ionic strength of the 350 mM buffer with which the column initially 

equilibrated.  

g) If the column is not being used right away, store it in the chromatography refrigerator 

with the caps on the top and bottom and extra buffer above the height of the column. 

h) The CM-52 column should last about a year if sodium azide (0.1% w/v) is used in the 

buffers as a preservative. The sodium azide is removed from the protein solution 

during the ultrafiltration step (section 3). 
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Section 2: Purification of Cytochrome c on the CM-52 ion exchange 

chromatography column 

Notes on the gradient pump and fractionator (purchased from Biorad in August 2001) 

The manuals, extra parts and log book for the instrument are in the chromatography 

fridge in 323. The power strip that the fractionator and pump plug into is inside the fridge 

as well – switch it on.  The fractionator does not have an on/off switch, but the switch for 

the econo pump is on the underside of the instrument – it takes a few seconds to warm 

up.  There are two modes of operation for the pump – manual and program.  In manual 

mode, you select the speed and what percent of buffer comes from the ‘B’ reservoir by 

selecting the green buttons under the display of the pump speed (in mL/min) or “% B” 

then using the up and down arrows beside the LCD display to select the value you want.  

Press ‘run’ (light next to the button turns green) – it will pump until you press ‘run’ again 

(light turns red).  Manual mode is useful for equilibrating the column, rinsing the tubing, 

and loading the protein onto the column.  In program mode, the econo pump follows a 

program with up to 6 steps that can change the speed and % B over time.  The current 

program is for cyt c purification and runs as follows: 

In reservoir A: 35 mM phosphate buffer, pH 7, 0.1% w/v sodium azide 

In reservoir B: 100 mM phosphate buffer, pH 7, 0.1% w/v sodium azide 

Step  Time  %B 
1  0 min  0 
2  5 min  0 
3  6 min  10 
4  30 min  30 
5  80 min  90 
6  230 min 90 
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Column Equilibration (before loading protein) (~4-8 hrs) 

a) Column is a carboxy methyl cellulose (preswollen) CM-52 from Whatman - see 

section 1 for column preparation. 

b) Without attaching any tubing to the ion exchange column, flush the tubing by 

attaching the tubing going to the ‘A’ side of the gradient pump to the 35 mM buffer 

and the tubing leading to ‘B’ side of the gradient pump to the 100 mM buffer. Run the 

pump in manual mode (0.90mL/min, 50 % B) until the tubing leading to the gradient 

pump is filled with either 35 or 100 mM buffer.  Decrease the % B to 0. 

c) Attach the flow adapter (make sure the frit is clean) to tubing while the pump is on 

(now pumping all 35 mM buffer from ‘A’) to make sure that the frit isn’t plugged. 

d) While the pump is still running (manual mode, 0 % B), attach the flow adapter to the 

column by pushing the flow adapter down into the column so the frit is next to the 

column material and screwing on the fitting at the other end of the flow adapter 

(check carefully for air bubbles between the flow adapter and the CM-52).  Check to 

make sure buffer is going through the column.  If it backs up, causing a gap to form 

between the flow adapter and the column it needs to be reattached (make sure it’s on 

tight w/ no air bubbles).  Flush with 35 mM buffer until the column is fully 

equilibrated (~ 4 hrs if the column has been stored in 90% 100 mM buffer).  A 

conductivity meter can be used to test the conductivity of the eluent, and the 

approximate times (in my experience) are used here. 
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Protein Purification on Column (~2 ½ hrs.) 

Notes on protein solutions  

Native (Iron) cyt c should be stored in the freezer. Weigh out about 15-30 mg of the 

solid protein into a vial, add a little ferricyanide (~10 grains) to fully oxidize the protein 

(the solid cyt c from Sigma (C-7752) is in a partially in a reduced state – if you put this 

directly onto the column without oxidizing all of it you will just separate reduced from 

oxidized cyt c!) and dissolve in a minimum amount of 35 mM  phosphate buffer (about 1 

or 2 mL). This is the protein solution that gets loaded onto the column.  Zinc cyt c is 

prepared from iron cyt c and should be in the form of a concentrated solution in 35 mM 

buffer by the time you are ready to purify it. This concentrated solution (less than 10 mL) 

is what gets loaded onto the column. 

 

e)  In manual mode (0.90 mL/min, 0%B), with the pump OFF take tubing out of the ‘A’ 

reservoir and put it into the concentrated protein solution.  Turn the pump on and load 

the protein solution onto the column. Turn off the pump once most of the protein 

solution has been sucked up and rinse the outside of the tubing off with buffer before 

putting it back into the 35mM buffer (Avoid air bubbles in the tubing by always 

turning off the pump before removing the tubing from solution). Then switch to 

program mode and press ‘run’.  The program will pump only from ‘A’ for the first 

five minutes to get the protein onto the column, then start a gradient with increasing 

amounts from ‘B’.  Before the protein gets to the bottom of the column (about 1 

hour), hook up the column eluent to the fractionator and set the fractionator to collect 
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a certain amount of drops or collect for a certain amount of time (2 minutes is good, 

the drop counter has a tendency to turn off in the middle of a run).  The volume per 

fraction should be about 1.5 to 2 mL. 

f) Once all the protein is off the column and the program is finished running, connect 

the tubing so that it bypasses the column and flow adapter.  Rinse out the tubing with 

20% ethanol (let the fractionator run to the waste).  Unscrew the flow adapter from 

the column and rinse it off with water or buffer. Make sure the column has extra 

buffer (35 mM) above the height of the column and that eluent can come off the 

column under the force of gravity (sometimes this takes a minute) then cap and store 

the column at 4oC.  

 

Section 3:  Concentrating the pure protein fractions and determining the solution 

concentration by UV-vis spectroscopy 

a) Take UV-vis of every five collected fractions (every two as you get close to the 

pure fractions) to determine which are the pure fractions.  For Fe cyt c, pure 

fractions have the Söret band peak maximum at 408.9 nm.  For Zn-sub cyt c, pure 

fractions have the Söret band peak maximum at 423 nm, and the ratio between the 

423 and 280 nm peaks is at least 12 and the ratio between the 423 and 549 nm 

peaks is 15.4.  Dilute the more concentrated fractions with buffer to take their 

absorbance spectrum. 

b) Using the ultrafiltration cell (Amicon) with YM-3 filter (Amicon) shiny side up, 

concentrate pure portions down to 5-10 mL depending on the amount and 
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concentration of the purified protein collected from the column.  There are 

instructions on how to use this equipment where the cell and filters are stored 

(drawer labeled filters in the wet lab).  To do this: set up the utrafiltration cell on a 

stirplate in the chromatography fridge, set it stirring and hook up the nitrogen and 

open the tank valve (the secondary valve on the pressure gauge should be closed). 

Slowly open this secondary valve to allow the nitrogen to flow into the 

ultrafiltration cell. The pressure on the gauge should not exceed 75 psi.  The 

pressure of the nitrogen and the stirring in the cell will force the buffer through 

the filter and out the tube at the bottom, leaving the protein behind.  Check often 

so that the cell doesn’t run dry – this ruins your protein and the filter!  After the 

volume in the cell is reduced to what you want (between 5 and 10 mL) turn off 

the nitrogen and close the secondary valve on the gauge and disconnect the 

nitrogen from the cell.   

c) Fill the cell with desired concentration of phosphate buffer (pH 7, no sodium 

azide) 2 or 3 times and concentrate down to get rid of the azide in solution. 

d) Store the YM-3 filter in 90/10 water/ethanol in the chromatography refrigerator in 

between uses.  

e) Determine concentration by taking a visible spectrum.  Dilute a small amount 

(~0.05 or 0.1 mL) of concentrated protein with around 2 mL of buffer to measure.  

Use the peak at 409 nm (ε of 106,100 M-1cm-1)(oxidized Fe cyt c), or at 423 nm (ε 

of 243,000 M-1 cm –1) for Zn-sub cyt c to calculate the concentration of your stock 

protein solution.  Don’t forget to take into account the dilution you made to take 
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the absorbance spectrum.  To be more precise with the Fe cyt c concentration 

(recommended) reduce the diluted protein solution in the cuvette (not all the 

purified protein solution) with a little sodium dithionite (a few grains) and 

measure its spectrum again.  Use the peaks at ~414 nm (ε of 128,100 M-1 cm –1) 

and 550 nm (ε of 27,700 M-1 cm –1) to determine the ferrocyt c concentration.  

Average the values for the concentration that you get from these 3 peaks.  Store 

solutions in the fridge – they’re good for 3 – 4 weeks. 

Note on peak absorbance values  

In the original literature,164 the peak maximum for Fe cyt c (oxidized) is given as 

410 nm.  I have consistently measured 409 nm for the max and have seen a couple other 

papers that do as well.  The peak for the reduced Fe cyt c is given as 417 nm and I have 

always measured 414 nm.  I use the peak maxima that I measure with the molar 

absorptivity at the peak from the literature (which may be between 1 and 3 nm off).  To 

reiterate, peak maxima (and corresponding molar absorptivity values) that I used are as 

follows: 

Ferricyt c -409 nm (106,100 M-1cm-1) 

Ferrocyt c 414 nm (128,100 M-1 cm –1), 550 (27,700 M-1 cm –1) 

This is, in my opinion, the best way to approach this conflict.  However for Zn-sub cyt c, 

I have measured the absorbance peak at the literature value of 423 nm. 
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Section 4:  Preparation of Zn-sub Cyt c from Fe cyt c 

Removal of Iron from the Porphyrin with HF (refer to Figure A.1) 

*****At all times when working in HF hood, nitrile AND neoprene gloves should be 

worn (for use only in the HF hood), lab coat, and goggles should also be worn, be 

extremely cautious and aware during this procedure as HF is dangerous!***** 

a) Lyopholize cytochrome c sample (30-50 mg powder (Sigma C-7752)) for 4-5 hours 

before HF procedure (this will dry the protein and improve the yield dramatically).  

The Ghosh, Hruby and Aspinwall labs all have lyopholizers that you can get 

permission to use.  

b) Run N2 through old Teflon container containing drierite to insure tubes are dry and 

unclogged (3 hours is long enough).  Note on Teflon containers – the old Teflon 

container is leaky and is only used to purge the HF apparatus; it stays connected to 

the HF apparatus when not in use.  The new Teflon container is stored with the HF 

apparatus supplies in a drawer in the wet lab. 

c) Put lyopholized sample of cyt c into the new Teflon container with a stir bar.  

Optional: attach the small piece of tubing to the inside of the top of the cap: this 

directs the N2 and the HF gas down into the container. 

d) Use Teflon tape on the threads of the Teflon container.  Tighten cap on Teflon using 

the metal pieces (kept in the hood) that fit on the top and bottom of the container and 

make sure all seals are secure.   

e) Run N2 through apparatus and Teflon container (there should be a slow, steady 

bubbling in the NaOH bath). Note: pressure will not register on regulator. 
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Figure A.1  HF apparatus for removing Iron from native cyt c.  The arrow heads represent the handle on 
the valve. 
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f) Purge for a few minutes (if you’re not able to lyopholize the protein first, then purge 

for one hour. 

Refer to Figure A.1 for the following directions. 

g) Stop N2 flow and close the valve to the N2 (A).  

h) Cool Teflon container in liquid N2 bath (fill up to top of Teflon container but not 

covering where the tubing attaches). 

i) Open the main HF valve (on top of cylinder, turn counterclockwise to open). 

j) Very important to make sure that valve B is allowing flow from the HF tank to 

the Teflon container before doing the next step (Since there is no pressure valve on 

HF tank, an unknown amount of pressure could build up in the tubing if valve B is 

not open). Slowly open black HF flow valve of cylinder (black valve on cylinder – 

turn counter clockwise a few turns). 

k) Let HF flow (10 seconds or less).  You should see bubbles and/or a white precipitate 

(NaF) in the NaOH bath at this point. 

l) Shut off black HF flow valve, main HF valve on cylinder, and the three way valve to 

the base bath (C), in that order (shut valve C  whenever backflow from base occurs. 

m) Remove the liquid N2 bath and warm Teflon container with heat gun or hot plate, 

opening the valve to the NaOH solution (C) when the container is just thawed (if it 

gets too hot the lines will be overpressurized, on the other hand if it’s not heated 

enough the NaOH will be sucked back through the tubing to the Teflon container – if 

backflow happens shut off the valve from the NaOH to the Teflon container (C) 

immediately).  
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n) Once valve C is open and you’re sure no NaOH is being sucked back into the tubing, 

stir solution for a few minutes and let HF bleed off by turning on the N2 gas flow and 

opening blue N2 valve to the Teflon container (A) at low N2 pressure until the HF is 

gone (usually less than 5 minutes).  Open the Teflon container slowly and carefully in 

case any HF remains (white vapor).  If there is some HF leave container open to air in 

the hood for a few minutes to get rid of it.  It is a good idea to check the Teflon 

container for leaks at this point.  Purple solid around the cap seals indicates leaking.  

The next time the seals should be secured with  more Teflon tape or screwed on 

tighter to prevent leaks from occurring.  

*** note: from this point on, you are dealing with an EXTREMELY light sensitive 

molecule (metal free and zinc cyt c) so keep all light exposure to a minimum (especially 

uv light).  Wrap everything in silver foil and keep the lights as low as possible.*** 

o) Dissolve protein in a minimum amount of 50 mM phosphate buffer (pH 7).  

p) Desalt on a Sephadex G-25 column with 50 mM phosphate buffer (pH 7, 0.1% w/v 

sodium azide). Separation on the column is as follows: the first band (purplish-pink) 

should be the metal free cyt c. Sometimes a second band (more purple in color) 

migrates slowly off the column with a Söret band max of about 380-390.  Free 

porphyrin will stick to the column and can only be removed by running 0.2 M NaOH 

through the column (don’t run 0.2 M NaOH through the column for more than 5 

hours at a time – the column material will begin to break down).  Free porphyrin 

should not be a problem if the protein is lyophilized before exposure to HF and the 
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exposure time is kept to a minimum.  On the other hand, if you get a lot of unreacted 

Fe cyt c after this procedure, run the HF for longer. 

q) Check absorbance spectra to make sure you’ve got metal free cyt c (peaks at 506, 

540, 568, and 620 nm). 

Additional notes on HF procedure 

extra tubing is in drawer under balances 

test the NaOH base bath occasionally to make sure it is still basic 

 

Addition of Zinc (protect from light at all stages of synthesis  -esp. UV light!!!) 

r) To porphyrin cyt c solution add glacial acetic acid directly to make 10-20% v/v acetic 

acid/water mixture. 

s) Add Zn(CH3COOH)2 or ZnCl2 in 10 fold molar excess (a few crystals or small 

spatula tip). 

t) Stir in 50-60oC water bath for 1-2 hours. 

u) Dialyze the protein in 35 mM phosphate buffer overnight (change buffer at least 1x 

and centrifuge at 5000 rpm for a few minutes to bring down precipitate. 

v) Purify  of Zn-sub cyt c on ‘Biorad’ econo-gradient pump and fractionator (sections 1, 

2 and 3 of this manual) 
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References for Fe Cyt c purification: 

Brautigan, Ferguson-Miller, Margoliash, Methods in Enzymology, 1978, 53D, 128-164 

References on HF procedure: 

Structure and Function of Cytochromes (Okunuki, K., Kamen, M.D., and Sekuzu, I.) p. 

318-327 and 383-387. University Park Press, Baltimore. 1967. 

Vanderkooi, Erecinska, Eur. J. Biochem., 60, 199-207 (1975) 

References for Zn-sub Cyt c preparation: 

Vanderkooi, Adar, Erecinska, Eur. J. Biochem., 64, 381-387 (1976) 

Ye, Shen, Cotton, Kostic, J. Inorg. Biochem., 65, 219-226 (1997) 

Tremain, Kostic, Inorgan. Chim. Acta, 300-302, 733-740 (2000) 
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B. Air Plasma Treatment of Submicron Thick PDMS Polymer Films: Effect of 

Oxidation Time and Storage Conditions 

This appendix describes experiments that done by Renee Lawton and Colin Price 

(students at Catalina Foothills High School) and the author as part of a science fair 

project.  The results reported here appear in Colloids and Surfaces A: Physiochemical 

and Engineering Aspects.199 

The surface of native (i.e. as cast) PDMS stamps is hydrophobic, with a water contact 

angle of ca. 95-110 degrees.  In some cases, e.g. when cells, proteins, and DNA are 

microcontact printed (µCP), the hydrophobic surface of the PDMS needs to be made 

more hydrophilic to make it compatible with the biological “ink”.24, 195  Some possible 

solutions are to covalently modify the PDMS surface or to use a more hydrophilic 

polymer to form the stamp.  Another possibility is to oxidize the surface of the PDMS 

stamp; a variety of methods such as plasma treatment and electrical discharge are known 

to render a PDMS surface hydrophilic.  However, after oxidation the surface gradually 

becomes less wettable, a process known as hydrophobic recovery that has been studied 

extensively.200-204  

Different oxidation times and storage environments (air, water, hexadecane) were 

investigated to assess conditions that might retard the hydrophobic recovery of PDMS.  

The effects of storage in air versus water on hydrophobic recovery have been studied 

before.200, 204, 205  However, differences in a number of experimental variables (type of 

PDMS sample, plasma conditions, and the length of plasma treatment) among these 
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studies prompted these studies to examine hydrophobic recovery of PDMS under the 

conditions used in our laboratory for µCP of proteins. 

 

Experimental 

Glass microscope slides (cleaned in Chromerge) were coated with PDMS following 

the procedure described in Chapter 3.4.3, based on a paper by Cheng et al.172  To oxidize 

the samples, air was leaked into a low temperature plasma cleaner (Harrick model PDC-

3XG) at 30 W for either six or sixty seconds.  Immediately following plasma treatment, 

the samples (5-6 for each storage condition) were placed in sealed jars and stored at room 

temperature.  The jars contained either air, deionized water (18.3 MΩ, Barnstead), or 

hexadecane (Sigma). 

Sessile water contact angles (1 µL drop size) were measured using a Kruss Drop 

Shape Analysis (DSA 10 Mk2) instrument at ambient temperature and humidity (15%). 

The samples were removed from the respective jar and dried under an argon stream 

before being measured.  Those stored in hexadecane were rinsed in isopropyl alcohol to 

remove the hexadecane before drying under an argon stream.  For each storage condition, 

the contact angle was measured three times on each sample for a randomly selected set of 

three out of the five or six total samples. 

 

Results and Discussion 

Water contact angles measured as a function of storage time for unoxidized samples 

are plotted in Figure B.1.  As expected, the contact angle remained fairly constant,  
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Figure B.1  Contact angle versus time for unoxidized PDMS films.  Samples stored in air (open diamonds), 
water (squares), and hexadecane (triangles).  Errror bars are shown for samples stored in hexadecane (other 
storage conditions had similar error). 
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between 98 and 108 degrees, regardless of the storage condition.  Figure B.2 shows the 

hydrophobic recovery of samples oxidized for one minute.  The first contact angle 

measurements were made between 5 and 10 minutes after oxidation.  For all three storage 

conditions, a water drop on the PDMS surface spread completely, which was taken to be 

a contact angle less than 5 degrees (not shown in Figure B.2).  After one hour, the contact 

angles of samples stored in air and water were still less than 5 degrees, while that of the 

samples stored in hexadecane increased to 22 degrees (first data points in Figure B.2).  

Aside from this initial difference, the polarity of the storage condition did not appear to 

significantly affect the subsequent rate of hydrophobic recovery.  After about 140 hours, 

the contact angle reached 50-60 degrees for all storage conditions; thereafter minimal 

changes were observed.  This final value is significantly less than the approximately 100 

degree contact angle of unoxidized PDMS.  The reason that complete hydrophobic 

recovery was not observed is likely due to the thickness of the PDMS layer - if a 

significant portion of the 30 nm film is oxidized, the amount of unoxidized polymer 

remaining in the film will be insufficient for complete recovery.201 

For PDMS films oxidized for only 6 sec, storage conditions were found to have a 

more significant effect on the rate of hydrophobic recovery (see data plotted in Figure 

B.3).  Storage in hexadecane resulted in almost complete recovery in less than 6 minutes 

(the time of the first measurement after oxidation).  For samples stored in water, the 

contact angle remained relatively constant, at about 80 degrees, over the observation 

period of 90 hours.  The contact angle of samples stored in air for 6 min was initially  



 

 

239

0

15

30

45

60

75

0 50 100 150 200 250 300 350

time (hrs)

co
nt

ac
t a

ng
le

 (d
eg

re
es

)

 

Figure B.2  Contact angle versus storage time for PDMS films oxidized for 1 minute: Stored in air 
(diamonds), in water (open squares), and in hexadecane (triangles).  The first set of data points corresponds 
to samples stored for one hour.  Error bars are shown for samples stored in air (other storage conditions had 
similar error). 
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Figure B.3  Contact angle versus storage time for PDMS films oxidized for 6 sec:  Stored in air 
(diamonds), in water (open squares), and in hexadecane (triangles).  The first set of data points corresponds 
to samples stored for 6 min.  Error bars are shown for samples stored in air (other storage conditions had 
similar error). 
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much lower than that of those stored in water; however hydrophobic recovery was rapid, 

with the contact angle increasing to between 75 and 100 degrees after 90 hours.   

For all storage conditions, the final contact angle was greater for samples oxidized for 

6 sec relative to samples oxidized for 1 min.  This difference in degree of hydrophobic 

recovery is likely due to a difference in the fraction of the PDMS film that was oxidized.   

The shorter oxidation time produced a thinner oxidized layer, meaning that there was 

more unoxidized PDMS in the film available to contribute to the hydrophobic recovery 

process. 

The observation that PDMS films stored in water undergo hydrophobic recovery is in 

contrast with the results of a previous study.204  However in that case, the samples were 

not exposed to air during the contact angle measurement (it was performed using on an 

air bubble adsorbed onto PDMS immersed in water).  This suggests that in this study, 

exposure to air during the measurement contributes to hydrophobic recovery, although 

considerable diffusion and restructuring in the PDMS film certainly occurs prior to the 

brief exposure to air.   

In conclusion, the length of time that PDMS is oxidized in a plasma has a greater 

effect on hydrophobic recovery than the environment in which the oxidized polymer is 

stored. The most probable explanation is that the oxidation time affects the thickness of 

the oxidized layer.  However, regardless of oxidation time or storage condition, the 

contact angle increased after plasma treatment.  Since it is well known that the degree of 

adsorption and desorption of molecules to a PDMS surface is influenced by its 
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hydrophobicity,23 it is concluded that a hydrophilic PDMS stamp should be used for µCP 

immediately following oxidation. 
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C. Potential Modulated-ATR Spectroscopy 

Electroreflectance has been used to determine the rate of electron transfer for cyt 

c films adsorbed on SAM modified gold electrodes206 and has been adapted to an ATR 

geometry for determining the rate of electro-optical switching in polymer films on 

ITO.194 

Potential-modulated ATR (PM-ATR) is essentially an impedance technique that 

detects the spectroscopic signal caused by molar absorptivity changes in a redox active 

adsorbed film upon oxidation or reduction.  An ac modulated potential centered at the 

formal reduction potential of cyt c is applied to the ITO surface which causes changes in 

the intensity of the reflected light as the cyt c on the surface is oxidized and reduced.  

Changes in the reflectivity represent changes in the optical constants of the film, which 

can be caused by physical changes in the film, such as changes in oxidation state, charge 

density, and molecular conformation.194  An advantage to using this technique in an ATR 

geometry is that a polarized signal can be used measure the effective dichroism in the 

rates of electron transfer for the electroactive portions of any adsorbed film. 

The experimental setup for PM-ATR was developed in the Saavedra lab by Wally 

Doherty and has been described in detail194 and the important points are briefly described 

here.  The spectroscopic portion of the setup is essentially the same as the ATR setup 

described in Section 3.7, without the mechanical chopper.  For PM-ATR of cyt c films, a 

417 nm bandpass filter (<5 nm fwhm) was used because that is where the change in 

molar absorptivity between ferri and ferrocyt c is at a maximum.  The potential of the 

ITO surface is controlled with a potentiostat and both the modulating potential and 
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modulated spectroscopic signal are monitored with a lock-in amplifier.  The in and out of 

phase portions of the spectroscopic signal (the real and imaginary portions, respectively) 

are recorded using Labview software. 

The results reported here are for cyt c films adsorbed on ITO sputtered on 1 mm 

thick glass substrates; ITO from the same source that has been used throughout this work 

(although this section uses a different batch with a slightly higher rms roughness).  These 

results are preliminary due to the low signal to noise ratio of the spectroscopic signal.  An 

attempt was made to use ITO films sputtered onto glass coverslips to increase the number 

of reflections by decreasing the thickness of the ATR element, however the electroactive 

surface coverage of the solution adsorbed cyt c films was too low (~2 pmol/cm2).  The 

low electroactive surface coverage might have been due to the relatively high sheet 

resistance of the ITO sputtered on the coverslips (800-1300 Ω/square vs. 20 Ω/square for 

the commercial ITO on 1 mm thick substrates). 

 

 Preliminary results from 1 mm thick ATR substrates 

The spectroscopic signal due to changes in the optical constants of the ITO with 

potential was found to be negligible for these experimental conditions (see Figure C.1).  

As the magnitude of the modulating potential increases, the electroreflectance signal also 

increases and eventually levels off.  The modulating potential should be in the range that 

gives a linear reflectance response from the adsorbed, redox-active film.  This potential is 

different for every molecule and every surface, therefore the signal was measured with 

increasing modulating potential.  Figure C.2 shows the response of cyt c.  The linear  
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Figure C.1  Background electroreflectance response of ITO in a) TM and b) TE. 
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Figure C.2  The real component of the electroreflectance response versus the amplitude of potential 
modulation for a solution adsorbed cyt c film on ITO.  The bottom graph shows an expanded view of the 
linear portion of the curve.  The potential was modulated at a frequency of 1 Hz. 
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regime extents to potentials between 20 – 40 mV.  A modulation potential of 20 mV was 

therefore used in order to maximize the spectroscopic signal while remaining in the linear 

regime. 

Once the modulation potential is established, the frequency of the modulation is 

increased and the real and imaginary portions of the spectroscopic signal measured.  This 

data is plotted in Figure C.3, where the real portion of the electroreflectance is graphed 

versus the imaginary portion.  Each point on the plot represents a different frequency (ω), 

and the frequency where the plot crosses the Re (Rac) = 0 can be related to the electron 

transfer rate using the following equation: 

     
2

2
dls

x

CR
k

ω
=             (3) 

where Cdl is the capacitance of the double layer and Rs is the uncompensated solution 

resistance.  Cdl and Rs were determined using standard impedance spectroscopy66 to be 20 

µF and 78 Ω, respectively.  For the plots utilizing the TM and TE signals (Figure C.3a 

and b), the electroreflectance signal from adsorbed cyt c became too noisy to measure 

before Re (Rac) = 0.  Therefore the rate of electron transfer for these films could not be 

determined. 

An interesting experiment in the future would be to increase the electroreflectance 

signal via increasing the number of reflections by using ITO sputtered on a glass 

coverslip.  One possible drawback to this approach is that, as the sensitivity of the 

measurement increases, the contribution from the optical background of the ITO would  
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Figure C.3  Complex plane plots of the electroreflectance response of cyt c in the a) TM polarization and 
b) TE polarization.  Each point is the average of three different measurements on different substrates.  The 
arrow indicates the direction of decreasing frequency.  The frequencies measured ranged from 0.1 to 19 Hz.   
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also increase (i.e. the electroreflectance background could become nonzero) and need to 

be subtracted from the PM-ATR signal. 

Potential modulated ATR is a promising new method for studying the orientation 

dependent electron transfer rate of cyt c films.  New capabilities for sputtering ITO in-

house offer the possibility of studying the effect of surface roughness and surface 

modification on any orientation-dependent behavior in the adsorbed cyt c films using 

PM-ATR. 
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