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Phosphate mediated adsorption and electron transfer
of cytochrome c. A time-resolved SERR
spectroelectrochemical study†

Daiana A. Capdevila,z Waldemar A. Marmisollé,z Federico J. Williams and
Daniel H. Murgida*

The study of proteins immobilized on biomimetic or biocompatible electrodes represents an active field

of research as it pursues both fundamental and technological interests. In this context, adsorption and

redox properties of cytochrome c (Cyt) on different electrode surfaces have been extensively reported,

although in some cases with contradictory results. Here we report a SERR spectroelectrochemical study

of the adsorption and electron transfer behaviour of the basic protein Cyt on electrodes coated with

amino-terminated monolayers. The obtained results show that inorganic phosphate (Pi) and ATP anions

are able to mediate high affinity binding of the protein with preservation of the native structure and

rendering an average orientation that guarantees efficient pathways for direct electron transfer. These

findings aid the design of Cyt-based bioelectronic devices and understanding the modulation by Pi and

ATP of physiological functions of Cyt.

Introduction

Cytochrome c (Cyt) is a soluble monohemic protein that can be
regarded as a multi-functional enzyme as it participates in a
number of processes of fundamental importance in cellular life
and death. Among them, the best documented function is as
an electron shuttle between complexes III and IV in the
mitochondrial electron transfer chain. Other functions that
have been described in more recent years include scavenging
of reactive oxygen species (ROS), production of ROS, cardiolipin
oxidation during apoptosis and assembly of the apoptosome.1–5

The different functions appear to be regulated by a variety of
mechanisms such as phosphorylation and local electric fields.1

Moreover, it has been shown that Cyt is able to bind specifically
a number of anions, including chloride, phosphate, ATP, ADP,
nitrate, sulfate, perchlorate, citrate, and oxalate.6–26 Ion binding
has been reported to affect or modulate properties and pro-
cesses of Cyt, such as reduction potential,6,11,13–15 protein
folding,7,9 the so-called alkaline transition,8 heat stability,12

electrophoretic and chromatographic behavior,16,17 binding to

Apaf-1,27,28 and electron transfer kinetics with natural and
artificial redox partners.1,26,29–34 The binding domains for some
of these anions have been studied using NMR and computa-
tional methods for both the native and chemically modified
protein.17–26

Cyt has been extensively investigated not only because of the
relevance of its multiple biological functions, but also as a
model system for establishing the physical basis of protein
electron transfer and for the development of technological
devices such as sensors. For many of these basic and applied
investigations the protein is immobilized on metallic electrodes
or nanoparticles coated with biocompatible or biomimetic
films, mainly self-assembled monolayers (SAMs) of o-function-
alized alkanethiols on gold and silver. Cyt is a basic protein
with net positive charge at neutral pH,16 mainly determined by
a ring of lysine residues surrounding the partially exposed
heme edge, which constitutes the site for electrostatic binding
to the natural redox partners in the mitochondrial electron
transfer chain. Thus, a usual strategy for immobilization
consists of its electrostatic adsorption on SAMs of o-carboxyl-
alkanethiols35–51 and other negatively charged functional
groups such as phosphonate and sulfonate.42,52 Surprisingly,
it has been reported that Cyt is also able to bind efficiently the
positively charged surfaces of electrodes coated with SAMs of
amino- and trimethylammonium-terminated alkanethiols and
to exhibit good electrochemical response in the assemblies.42

In a more recent work it was concluded that adsorption of Cyt
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to amino-terminated SAMs occurs through the protein side
opposite to the partially exposed heme.53 This proposal, how-
ever, is not compatible with the good electrochemical response
reported previously.42 On the other hand, no protein adsorp-
tion was reported on cysteamine SAMs employed for studying
nanoparticle enhancement of long-range electron transfer of
Cyt.54 Contradictory results have also been reported regarding
the possibility of adsorbing Cyt to other surfaces such as SAMs
of mercaptopyridine and OH-terminated alkanethiols.55–61

Clarifying the ability of Cyt to bind different types of surfaces
and characterizing the redox properties of the protein in these
complexes are issues of great interest as this knowledge will
contribute to a better understanding of the interactions of Cyt
with the different biological partners and with the building
blocks employed in biomimetic and technological devices.

In this work we have investigated the interactions of Cyt with
amino-terminated SAMs. Using stationary and time-resolved
surface-enhanced resonance Raman (SERR) spectroelectro-
chemistry, as well as cyclic voltammetry (CV) and X-ray Photo-
electron Spectroscopy (XPS), we determined that Cyt is unable
to bind efficiently to amino-terminated SAMs at neutral pH, but
inorganic phosphate and ATP mediate the adsorption with high
affinity and specificity. Moreover, the adsorbed protein retains
the native structure, is electrochemically active and adopts
similar orientations on NH2- and COOH-terminated SAMs, thus
leading to comparable electron transfer dynamics.

Experimental section
Chemicals

Cysteamine hydrochloride (NH2-C2), 6-mercaptohexanoic acid
(COOH-C6), 6-mercapto-1-hexanol (OH-C6), 8-mercapto-1-octanol
(OH-C8), 11-mercapto-1-undecanol (OH-C11) and adenosine
5-triphosphate magnesium salt (ATP) purchased from Sigma-
Aldrich; 6-amino-1-hexanethiol hydrochloride (NH2-C6),
8-amino-1-octanethiol hydrochloride (NH2-C8), 11-amino-1-
undecanethiol hydrochloride (NH2-C11), and 11-amino-1-
hexadecanethiol hydrochloride (NH2-C16) purchased from
Dojindo; and 16-mercapto-1-hexadecanol (OH-C16) purchased
from Frontier Scientific were all used without further purifica-
tion. Horse heart cytochrome c (Cyt) purchased from
Sigma-Aldrich was twice filtered (Millipore Amicon 10 kDa) in
buffer solution. All chemicals were of the highest available
purity. Aqueous solutions were prepared with high purity
deionized water (Millipore; 18.2 MO).

Electrochemical experiments

Cyclic voltammetry was performed using a Gamry REF 600
electrochemical workstation. The three-electrode electrochemi-
cal cell was equipped with a polycrystalline Au bead (ca. 3 mm2)
as a working electrode, a Pt wire counter electrode and a
Ag/AgCl (3 M KCl) reference electrode to which all potentials
cited in this work are referenced.

Unless stated otherwise, the supporting electrolyte was
10 mM phosphate buffer (Pi) solution at pH 7.0. All experi-
ments were carried out at room temperature.

Surface-Enhanced Resonance Raman (SERR)
spectroelectrochemistry

SERR spectra were measured with the 514 nm line of an Ar ion
laser (Coherent Innova 70C) using a single stage spectrograph
(Jobin Yvon HR800) coupled to a confocal microscope
(Olympus BX41) and equipped with a liquid-nitrogen cooled
CCD detector. Rayleigh scattering was rejected using a razor
edge filter (Semrock). The laser radiation was focused onto the
surface of a rotating Ag electrode by means of a long-working-
distance objective (20�, numerical aperture 0.35). Typically,
experiments were performed with a laser power of 12 mW at the
sample. The spectroelectrochemical cell for SERR determina-
tions has been described elsewhere.62

For time-resolved experiments (TR-SERR), potential steps of
variable height and duration were applied to trigger the redox
reaction, which was monitored by SERR spectra recorded at
variable delay times after each step. Synchronization of
potential steps and measuring-laser pulses was achieved by a
BNC565 pulse-delay generator. Measuring pulses were gener-
ated by passing the cw laser beam through two consecutive
laser intensity modulators (Linos).

Subsequent to polynomial background subtraction, SERR
spectra were subjected to band fitting analysis using home-
made software.

X-ray photoelectron spectroscopy

XPS measurements were performed under UHV conditions
(base pressure o5 � 10�10 mbar) using a SPECS UHV spectro-
photometer system equipped with a 150 mm mean radius
hemispherical electron energy analyser and a nine channeltron
detector. Spectra were acquired at a constant pass energy of
20 eV using an un-monochromated MgKa (1253.6 eV) source
operated at 12.5 kV and 20 mA and a detection angle of 301 with
respect to the sample normal on grounded conducting sub-
strates. Quoted binding energies are referenced to the Au 4f7/2

emission at 84 eV. Atomic ratios were calculated from the
integrated intensities of core levels after instrumental and
photoionization cross section correction.

Electrode modification

Ag ring electrodes employed for SERR measurements were
treated by repetitive oxidation/reduction electrochemical cycles
in 0.1 M KCl to create a SER-active nanostructured surface.

Au electrodes used for CV were first oxidized in 10% HClO4

applying a potential of 3 V for 2 minutes, then sonicated in 10%
HCl for 15 minutes, rinsed with water and subsequently treated
with a 3 : 1 v/v H2O2 : H2SO4 mixture at 120 1C. Finally, electro-
des were subjected to repetitive voltammetric cycles between
�0.2 and 1.6 V in 10% HClO4 and thoroughly washed with
water and ethanol.

For SAM-coating, Ag and Au electrodes were soaked over-
night at 4 1C in 2 mM solutions of single component or mixed
alkanethiols in 4 : 1 v/v C2H5OH : HClO4 10�4 M (pH = 4). Mixed
SAMs of NH2- and OH-terminated alkanethiols were prepared
by varying the relative concentrations of the two components
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in the incubation solution. The relative mol fraction of
NH2-terminated thiols in the soaking solutions, x, is used
throughout this work to denominate the different mixed SAMs
as (NH2)x(OH)1�x-Cn, where n refers to the number of C atoms.
Prior to protein adsorption the modified electrodes were rinsed
thoroughly with ethanol and water and activated electro-
chemically as previously described.51

For SERR experiments Cyt was directly added to the spectro-
electrochemical cell to achieve a final concentration of about
0.15 mM. Adsorption equilibrium was monitored spectro-
scopically and was achieved typically after a few minutes.
SAM-coated Au bead electrodes employed for CV experiments
were incubated overnight at 4 1C in 1 mM Cyt solution prior to
electrochemical measurements in protein free buffer solutions.

Results and discussion
Phosphate mediated adsorption of Cyt

Adsorption of Cyt on nanostructured Ag electrodes coated with
SAMs of amino-terminated alkanethiols at neutral pH was
investigated by SERR, which allows for the sensitive and
selective detection of Cyt molecules in close contact with the
surface. For that purpose, SAM-coated electrodes were incu-
bated at open circuit (OC) in 0.15 mM Cyt solutions in pure
water or with the addition of 10 mM concentration of one of the
following electrolytes: KCl, KNO3, K2SO4, TrisCl buffer and
HEPES buffer. In all cases SERR experiments performed after
60 minutes incubation show extremely weak or no Cyt signal.
These results are not unexpected considering that both Cyt16

and amino-terminated SAMs63,64 are positively charged to some
extent at pH 7. Interestingly, as shown in Fig. 1A for a NH2-C6
SAM, addition of phosphate buffer (Pi; pH 7.0) to any of the
previous solutions to obtain a final concentration of 10 mM
results in the appearance of strong Cyt SERR signals, which
become constant within a few minutes after Pi injection.
Consistently, direct incubation of the electrodes in Cyt
solutions containing increasing concentrations of Pi yields
increasing amounts of adsorbed protein up to a maximum Pi
concentration of ca. 7 mM (Fig. 1B). Further increase of Pi
concentration in the incubation solutions results in a decrease
of Cyt SERR signal, which becomes very weak for ionic
strengths above 150 mM (Fig. 1C). On the other hand, addition
of increasing amounts of KNO3 to electrodes previously incu-
bated in Cyt solutions containing 10 mM Pi solutions leads to a
sharp decrease of the signal (Fig. 1C) that nearly disappears at
KNO3 concentrations above 100 mM.

These results constitute a clear indication that Pi-mediated
adsorption of Cyt to NH2-terminated SAMs involves electro-
static interactions of specific nature, and are consistent with
the existence of high affinity sites for Pi on the surface of Cyt, as
shown previously.11,22,65

In order to assess the Pi-mediated affinity of Cyt for
NH2-terminated SAMs in a quantitative manner, NH2-C6 coated
electrodes were incubated in 10 mM Pi solutions of variable Cyt
concentration. The bulk concentration of Cyt was determined
by UV-vis absorption, while the relative surface concentration

was monitored by SERR measurements performed as a func-
tion of incubation time to ensure equilibrium conditions,
which were achieved after approximately 7 minutes. Experi-
ments were performed at two extreme applied electrode poten-
tials, �200 and 150 mV, to ensure full reduction and full
oxidation of the adsorbed protein, respectively.

For the sake of comparison, identical experiments were
performed to monitor the adsorption of Cyt to COOH-C6 coated
electrodes. At neutral pH these SAMs are partially deprotonated
and have been extensively reported as suitable platforms for
efficient Cyt adsorption.35–51

The experimental data were treated in terms of eqn (1),
where I is the SERR intensity, K is the affinity constant, Imax is
the intensity under saturation conditions and [Cyt] is the
concentration of the protein in the bulk solution.

I ¼ Imax
K½Cyt�n

1þ K ½Cyt�n (1)

Fig. 1 Adsorption of Cyt on NH2-C6 SAMs at OC. (A) SERR spectra in the
absence (grey) and presence (black) of 10 mM phosphate. (B) Normalized SERR
intensity as a function of ATP (squares) and Pi (circles) concentration. (C) Normal-
ized SERR intensity as a function of the ionic strength achieved by adding
different salts to a 10 mM Pi solution: ATP (squares), Pi (circles), and KNO3

(triangles).
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As shown in Fig. 2 and Table 1, the data could be adjusted
reasonably well with eqn (1) for both types of SAMs and redox
states of the protein, yielding n values close to 1 within error, as
expected for a simple Langmuir adsorption model.

Notably, the affinity of ferrous Cyt (Cyt2+) for NH2-terminated
SAMs in the Pi-mediated adsorption process is similar to that
obtained for direct electrostatic adsorption to COOH-terminated
SAMs and to the values previously reported for adsorption on
silica.66 In contrast, for the ferric form (Cyt3+) the affinity is one
order of magnitude higher in the Pi-mediated process (Table 1).
These results are consistent with the higher affinity of Cyt3+ for
Pi compared with Cyt2+, as determined in previous studies in
solution.11

Adsorption of Cyt to NH2-terminated SAMs can also be
mediated by ATP even more efficiently than by Pi. As shown
in Fig. 1B, maximum Cyt surface concentration is obtained at
ATP concentrations close to 1 mM, i.e. one order of magnitude
less than for Pi-mediated adsorption. Further addition of ATP
produces Cyt desorption, although the effect is slightly less
pronounced than for Pi (Fig. 1C).

Fig. 3 shows XPS P 2p signals obtained for electrodes
incubated overnight in aqueous solution of ATP and ATP plus
Cyt, respectively. In both cases P 2p signals are clearly observed
with a main peak at 284.8 eV, indicating that ATP adsorbs on
the coated electrodes. Note that the peak is asymmetric only for

the electrodes incubated with Cyt, suggesting that the protein
interacts with ATP affecting the binding energy of the P 2p
electrons giving rise to a new component at 133.2 eV (PCyt). The
surface concentration of Cyt can be estimated from the C 1s
signal at 288.3 eV (Fig. S1, ESI†) that corresponds to C atoms
from acid derivatives (CCOX). The relative intensities of the CCOX

(288.3 eV) and PCyt (133.2 eV) signals indicate the presence of
1.3 ATP molecules per Cyt on the electrode surface. On the
other hand, the normalised intensity ratios of the CCOX and N
1s signals are 126 and 166, respectively (Fig. S2, ESI†), i.e.
very close to the stoichiometry expected for the protein
(CCOX

126 : N148), thus indicating that the contribution of the
N1s signal from the alkanethiols is small. Therefore, XPS
results suggest the existence of approximately 1 : 1 ATP–Cyt
complexes adsorbed on the SAM-coated electrodes.

Structure, orientation and redox equilibrium of adsorbed Cyt

Resonance Raman (RR) and SERR spectra of heme proteins are
very sensitive probes of the structural integrity of the heme
redox active site. Specifically, the marker bands region
(ca. 1300–1700 cm�1) is particularly indicative of changes in
the redox state, spin and coordination pattern of the heme
iron.48,49,62 As shown in Fig. 4, SERR spectra of Cyt adsorbed to
an electrode coated with NH2-C6 sensitively respond to the
applied potential, indicating that the immobilized protein is
electrochemically active. Furthermore, SERR recorded at suffi-
ciently negative or positive potentials are identical to the RR
spectra recorded in solution for native Cyt2+ and Cyt3+, respec-
tively, in terms of peak positions and bandwidths. The differ-
ences in relative intensities of RR and SERR spectra are due to
the isotropic character of the solution that contrasts with the
anisotropy of the adsorbed protein, and the different spectroscopic

Fig. 2 SERR normalized intensity of Cyt bands on NH2-C6 (squares) and
COOH-C6 (circles) as a function of Cyt bulk concentration in 10 mM Pi buffer pH 7.
(A) E = �200 mV, (B) E = 150 mV.

Table 1 Adsorption parameters of Cyt on NH2 and COOH-SAMs in phosphate
buffer 10 mM pH 7

NH2-C6 COOH-C6

E/mV K/mM�1 n K/mM�1 n

�200 9 � 2 1.4 � 0.1 9 � 3 1.5 � 0.3
150 160 � 50 1.2 � 0.2 20 � 5 1.2 � 0.2

Fig. 3 P 2p XPS spectra of (NH2)0.5(OH)0.5-C6 SAM modified gold electrode
incubated overnight in 0.5 M ATP (top) and 1 mM Cyt in 0.5 M ATP solution
(bottom).
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selection rules that apply in the two types of experiments. Thus,
the comparison of RR and SERR spectra indicates that the
protein adsorbs in some preferential orientation and that the
structure of the redox active site is well preserved upon immo-
bilization. One should note, however, that small amounts of
non-native Cyt species that are not easily detected under
Q-band excitation cannot be completely ruled out.

Similar results were obtained for single component
(NH2-Cn) and mixed SAMs ((NH2)x (OH)1�x-Cn) of various chain
lengths (n = 2, 6, 8, 11 and 16). Moreover, for all SAM composi-
tions and electrode potentials explored, SERR spectra could be
quantitatively simulated using the RR spectra of Cyt2+ and Cyt3+

as spectral components and the intensities as the only adjus-
table parameters (Fig. S3, ESI†). This treatment allows for the
determination of surface relative concentration of Cyt2+ and
Cyt3+ as a function of the applied potential and, thereby, for the
determination of formal reduction potentials (E1) from Nernst
plots (Fig. S4, ESI†). E1 values were also determined by CV of Cyt

adsorbed on Au electrodes coated with identical SAMs, yielding
similar results (Table 2).

For all SAM compositions the measured E1 values vary
linearly with the number of methylene groups (Table 2 and
Fig. 5), and the values recorded at the thinner SAMs are very
close to those reported for Cyt in solutions under otherwise
comparable conditions. A very similar behavior has been
reported previously for Cyt electrostatically adsorbed on Ag
electrodes coated with o-carboxyl alkanethiols of variable
length, and was ascribed to the potential drop across the
SAM.48,49,62 The similarities between COOH- and NH2-terminated
SAMs indicate that the two types of systems present comparable
interfacial potential distributions, thereby reinforcing the idea
that Pi binds to Cyt and to the NH2-terminated SAMs over-
compensating the partial positive charges of the electrode coating.

As recently demonstrated, the average orientation of the
heme group of adsorbed Cyt with respect to the electrode
surface can be inferred from the relative intensities of SERR
bands of different symmetry recorded under Q-band excitation.47

Specifically, A1g totally symmetric modes are preferentially
enhanced when the heme plane is parallel to the surface; while
for a perpendicular orientation, also the non-totally symmetric
modes A2g, B1g and B2g are enhanced to a similar extent.
Therefore, changes in the average orientation of Cyt on the
surface can be monitored through the intensity ratio of
SERR bands that correspond to modes of different symmetry.

Fig. 4 RR and SERR spectra of Cyt obtained with 514 nm excitation. From top to
bottom: RR of Cyt3+, SERR of Cyt adsorbed on NH2-C6 in 10 mM Pi buffer at 200 mV,
70 mV and �200 mV; RR of Cyt2+. Band assignment adopted from ref. 67.

Table 2 Formal redox potential of Cyt adsorbed on different amino-terminated
SAMs in 10 mM phosphate buffer pH 7. The standard deviation of the values is
less than 10 mV in all cases

E1/mV (vs. Ag–AgCl, KCl 3 M)

SAM n = 2 n = 6 n = 8 n = 11 n = 16

NH2-Cna 80 70 60 70 �10
(NH2)0.75(OH)0.25-Cnb N.D. 51 30 0 �10
(NH2)0.5(OH)0.5-Cnb N.D. 43 30 20 �10
(NH2)0.25(OH)0.75-Cnb N.D. 50 50 70 �20

a Determined by SERR. b Determined by CV.

Fig. 5 Formal redox potential of Cyt adsorbed on different SAMs. Squares:
NH2-SAM; circles: (NH2)0.5(OH)0.5-SAM; up-triangles: (NH2)0.25(OH)0.75-SAM;
down-triangles: (NH2)0.75(OH)0.25-SAM.
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Fig. 6A compares the intensity ratio I[n10(B1g)]/I[n4(A1g)] for
Cyt3+ adsorbed on C6-COOH and C6-NH2 SAM as a function of
the applied electrode potential. The values obtained for both
monolayers are within the same range, indicating that direct
adsorption of Cyt to negatively charged SAMs and Pi-mediated
adsorption to positively charged SAMs involves the same region
of the protein surface. The potential dependences of the
average orientations, however, follow opposite tendencies:
upon increasing the electrode potential, the heme group
becomes more perpendicular to the surface on NH2-C6 and
more parallel on COOH-C6 SAMs.

The orientation of adsorbed Cyt as a function of the coating
thickness also exhibits opposite tendencies for NH2- and COOH-
terminated SAMs, with the heme group orienting more perpendi-
cular at thinner NH2-terminated SAMs, and vice versa (Fig. 6B).

The orientation of Cyt on the SAM-coated electrodes is
determined by the interplay of specific interactions and the
alignment of the protein dipole moment with the local electric
field. For SAMs with negatively charged o-functional groups
shorter chain lengths or more positive potentials correspond to
higher interfacial electrical field.48,49,62 The opposite tenden-
cies found for Pi-mediated adsorption with respect to direct
adsorption to COOH-terminated SAMs may indicate that the
binding of Pi produces a displacement of the dipole moment
vector of Cyt.

Kinetics of Pi-mediated electron transfer

Electron transfer dynamics of Cyt adsorbed to the different
NH2-terminated SAMs in the presence of 10 mM Pi was
investigated by time-resolved SERR spectroelectrochemistry.
Experiments were performed by applying potential steps from
an initial equilibrium value of ca. �100 mV to the formal redox
potential of the immobilized protein. SERR spectra were
recorded at various delay times after the perturbation and
analyzed as described in the previous sections. Fig. 7 shows
the time evolution of SERR spectra after a potential step. The
spectra can be quantitatively simulated by using only the RR
spectra of Cyt2+ and Cyt3+ as spectral components and adjusting
the intensities.

Time-dependent concentration profiles obtained from this
analysis exhibit a monoexponential behavior (Fig. S5, ESI†)
from where apparent electron transfer rate constants at zero
driving force (kapp

0) were obtained. The electron transfer
kinetics of adsorbed Cyt was also investigated by CV. Fig. 8
shows typical voltammograms which exhibit the characteristic
linear dependence of the peak intensities with the scan rate,
and increasing peak separations that allow the determination
of kapp

0 using Laviron’s formalism.68

The two techniques yield consistent results for Cyt
adsorbed to both single component (NH2-Cn) and mixed SAMs
(NH2-Cn/OH-Cn) of variable chain length. The electron transfer

Fig. 6 Intensity ratio of the n10 and n4 SERR bands for Cyt on NH2-SAMs
(squares) and COOH-SAMs (full circles, data taken from ref. 47). (A) Dependence
on the applied potential for n = 6, (B) values extrapolated to 0 V vs. chain length
(number of C atoms).

Fig. 7 Baseline corrected TR-SERR spectra at different delay times for a NH2-C6
coated Ag electrode. The components were obtained from RR spectra of Cyt2+

(dashed line) and Cyt3+ (full line). Overpotential:�0.1 V.
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rate of Cyt increases exponentially upon shortening the length
of the spacer, as expected for a single step non-adiabatic
reaction, but it becomes distance-independent for the thinner
SAMs (Fig. 9).

A similar behavior has been observed for a variety of
proteins on different types of SAMs and, particularly, for Cyt
on COOH-terminated SAMs.38,39,43,48,49,69 In this last case the
origin of the plateau has been addressed by a combination of
experimental and computational techniques, which demonstrated
that the rate limiting step in the plateau region is not electron

transfer but protein reorientation and thermal fluctuations of
the protein and interfacial water molecules that are indispen-
sable for establishing efficient electron pathways. Moreover, it
has been shown that both types of motion are strongly influ-
enced by the interfacial electric field.46,47

A similar mechanism may hold for Pi-mediated adsorption
of Cyt to NH2-terminated SAMs. As shown in Fig. 10A, the
apparent electron transfer rates of Cyt are insensitive to the
mole fraction of the NH2-component in mixed SAMs of longer
alkanethiols. For thinner films, however, kapp

0 decays upon
increasing the content of the NH2-component. These results
suggest that the partially protonated NH2-groups provide the
binding sites for Pi adsorption, which in turn serve as binding
sites for Cyt. As a result of Pi adsorption the positive charges of
the SAM are overcompensated, yielding a negatively charged
surface that presents an interfacial potential distribution
qualitatively similar to COOH-terminated SAMs. Therefore,
higher contents of NH2-components in the mixed SAMs corre-
spond to higher electric fields that hinder high and low
amplitude motion of the adsorbed protein, thereby limiting
the rate of heterogeneous electron transfer. In good agreement
with this interpretation, measured rates in the plateau region
are sensitive to the solution viscosity, which was varied by

Fig. 8 (A) Voltammograms of Cyt adsorbed on (NH2)0.5(OH)0.5-C6 in Pi buffer at
different scan rates between 1 and 9 V s�1. (B) Background corrected peak
currents as a function of the scan rate. (C) Voltammetric peak potential of Cyt
adsorbed on (NH2)0.5(OH)0.5-SAMs of different chain length as a function of the
scan rate: C6 (full circles) and C11 (empty circles).

Fig. 9 Dependence of the apparent electron transfer rate constant on the chain
length of the SAM: NH2-Cn (squares), (NH2)0.175(OH)0.825-Cn (up triangles), and
COOH-Cn (circles, data taken from ref. 69).

Fig. 10 (A) Apparent electron transfer rate constant of Cyt as a function of the
amine molar fraction, x, of the SAM for different chain length: C6 (squares), C8
(empty circles), C11 (up triangles), and C16 (down triangles). Data obtained from
CV experiments, except for x = 1, that were measured by TR-SERRs. (B) Effect of
viscosity on the rate constant of Cyt on NH2/OH-C6 of different composition: x =
0.125 (black circles), x = 0.875 (empty circles). The subscript ‘‘0’’ refers to solution
without sucrose.
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addition of sucrose (Fig. 10B). The effect is more severe for
SAMs with higher contents of NH2-groups. In contrast, no
viscosity effects were observed for the longer SAMs, indepen-
dently of the content of NH2-terminated alkanethiols.

Note that the rates of heterogeneous electron transfer of Cyt
on COOH- and NH2-terminated SAMs are relatively similar
(Fig. 9). The larger differences are observed for single compo-
nent NH2-terminated SAMs that present reaction rates ca. one
order of magnitude lower than for COOH-terminated SAMs,
which corresponds to electronic couplings that differ only by a
factor of three. As previously shown, small rotations of the
protein by less than 51 may result in variations of the electronic
coupling of more than one order of magnitude. Therefore, one
can safely conclude that adsorption of Cyt to the two types of
surfaces involves essentially the same protein region.

Conclusion

In this work we show that phosphate anions and phosphate
containing species such as ATP are able to mediate high affinity
binding of both Cyt2+ and Cyt3+ to surfaces containing NH2-
groups where adsorption of this basic protein is not expected at
physiological pH. SERR experiments show that the orientation
of the adsorbed protein is comparable to that observed for
adsorption on COOH-terminated SAMs. These results are con-
sistent with the fact that interactions of Cyt with phosphate
derivatives in solution have been reported to involve lysine
residues 86, 87 and 88, Thr89 and Arg91,11,19,22,26 while adsorp-
tion to COOH-terminated SAMs involves lysines 8, 13, 72, 73, 86
and 87.46 As shown in Fig. 11, these binding domains are
partially superimposed and, therefore, the electronic coupling
in both cases is expected to be comparable, as verified by the
present time-resolved SERR and CV determinations.

This information is expected to be valuable for the design of
molecular bioelectronic devices that include Cyt as a redox
active building block. Moreover, it may help to understand the
modulation by Pi and ATP of physiological functions of Cyt,
such as the assembly of the apoptosome whose structure has
not been yet determined at high resolution.70
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Figure SI1. C1s XPS spectra of (NH2) 0.5 (OH)0.5C6 SAM modified gold electrode incubated overnight in 0.5M ATP 

(top) and 1mM Cyt  in 0.5M ATP solution (bottom). 
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Figure SI2. C1s XPS spectra of (NH2) 0.5 (OH)0.5C6 SAM modified gold electrode incubated overnight in 0.5M ATP 

(top) and 1mM Cyt  in 0.5M ATP solution (bottom).  
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Figure SI3. Component analysis of SERR spectra of Cyt on NH2-C6 SAM coated silver electrode at three different 
applied potentials. The components were obtained from RR spectra of Cyt

2+
 and Cyt

3+
.  
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Figure SI4. Nernst plot for Cyt on NH2-C6 SAM coated silver electrode. Relative concentrations of reduced and 

oxidized forms were obtained by component analysis as indicated in Figure SI3. 

 

 

Figure SI5. Time dependence of relative concentration of Cyt
2+

 after a potential jump from -100mV to the redox 

potential for Cyt on NH2-C6 SAM coated silver electrode. Data of two independent experiments are included and 

fitted to a monoexponential decay function.  
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