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The multilayer formation of two different sulfonated polyanilines with cytochrome c is presented

and mechanistic aspects of the contributions of the polyelectrolytes’ properties to the
characteristics of the assemblies are discussed. These two modified polymers, PASA1 and PASA2
are chemically synthesized and differ in the grade of sulfonation, substitution, and the chain

length of the polymer. The influence of these properties on the multilayer assembly with
cytochrome c is studied in detail by Quartz Crystal Microbalance (QCM) technique and Cyclic
Voltammetry (CV). It is shown that the multilayer formation is successful, however, the redox

activity of polyanilines itself has to be taken into account. In the case of a strong redox activity

(PASA2) voltammetric analysis allows the separation of redox processes addressed to the

polyelectrolyte and cyt c. For multilayers with PASAT1 as building block electroactivity can be
predominantly attributed to cyt ¢ ensuring a high amount of electroactive protein and a low
probability for interfering redox reaction, making this system suitable for biosensor applications.

Introduction

In the course of the last years, the layer-by-layer (LBL)
electrostatic adsorption technique has been particularly
considered as a way to construct thin polymeric architectures,
the properties of which can be controlled by the adsorption
conditions and number of steps.! The simplicity and versatility
of such build-up procedure creates great possibilities for its
widespread use in biomaterial coating, immobilization of
biomolecules, and protection of bioassemblies. The formation
of multilayer films by electrostatic self-assembly has been
extensively reviewed.> ®

One of the main trends in the biological applications of LBL
assembly is embedding bioactive proteins into thin films and
utilizing their unique functions in opto-electronical devices,
sensors, drug delivery, cell seeding and growth, tissue
engineering, and implantable materials.”*"!° Proteins can be
directly integrated into the architecture without any covalent
binding by means of a polyelectrolyte, retaining the structure
close to that of their native form.'"™"

Intensive work in the area of bioelectrochemistry during the
last two to three decades has certainly been devoted to the
metalloprotein cytochrome ¢ (cyt c¢).!*!®27 Strategies
have been developed for producing cyt ¢ monolayers on
coated electrodes with different properties,'®**3? and their
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applications as sensors for superoxide and peroxide have been
shown.*** By means of the LBL process the formation of
electroactive multilayers on the electrode could also be
demonstrated.!® On the surface of gold electrodes sub-
sequently coated with up to 16 alternating layers of cyt c
and poly(anilinesulfonic acid) (PASA) the immobilized
protein is fully electroactive, retains its native structure and
can be successfully applied as a sensor for superoxide.**4°
Moreover, on this basis it is possible to construct bi-protein
architectures by the combination of cyt ¢ with enzymes such as
xanthine oxidase, bilirubin oxidase, laccase, and sulfite oxidase
in self-assembled multilayers, so that a biomimetic signal chain
from the enzyme substrate via the enzyme and cyt ¢ towards
the electrode can be established.'®

Among the variety of different polyelectrolytes, sulfonated
polyaniline (PASA) is found to be suitable for the construction
of electroactive cyt c-containing multilayers. The formation of
intermediate layers as distinguishable units in a multilayer
assembly of PASA/cyt ¢ has been confirmed by Atomic Force
Microscopy (AFM) measurements.*! All terminating layers of
PASA or cyt ¢ have similar charge and adhesive properties
throughout the multilayer film independent of the number of
preceeding layers.*! However, interpenetration of cyt ¢ and
PASA layers can be concluded from the slightly exponential
growth of the layer assembly. Furthermore, the redox
properties and dynamics of cyt ¢ and PASA conversions in
the layered structures have been investigated by Surface-
Enhanced Resonance Raman Spectroscopy (SERR)** It is
found that cyt c is kinetically the fast component, and
that PASA undergoes a rather slow redox conversion at
the modified gold surface.** It was assumed that the
polyelectrolyte-protein electron transfer might play an
active role in supporting long-range electron transport within
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metal- MUA/MU-Cyt-(PASA-Cyt), multilayer assemblies
(MUA and MU are 1l-mercapto-1 undecanoic acid and
11-mercapto-1-undecanol, respectively).*? But it has also been
demonstrated that DNA or modified gold nanoparticles can
be used as building blocks for the formation of electroactive
multilayered protein architectures.***

The aim of the present report is a detailed study of the
polyelectrolyte influence on the multilayer formation and redox
properties of the assemblies formed. Since sulfonated poly-
aniline is no more commercially available, two different sulfo-
nated polyanilines (PASA1 and PASA2) have been chemically
synthesized, the formation of cyt ¢ multilayer assemblies has
been investigated by Quartz Crystal Microbalance (QCM)
measurements, and characterization of these systems on
electrodes has been done by Cyclic Voltammetry (CV). Further-
more, simulations of the voltammetric response are performed
to gain a further insight into protein-polyelectrolyte interaction
on the surface of the gold electrode. The results are discussed in
terms of a possible application of this system in biosensorics.

Experimental section
Chemicals

All reagents and solvents were commercially available (Sigma,
Acros Organics, and Fluka) and used without further purifica-
tion. 18 MQ Millipore water (Eschborn, Germany) was used
for all types of measurements. Freshly distilled solvents were
used for all syntheses.

PASAL1

The starting material-emeraldine base of polyaniline,
purchased from Sigma, was firstly reduced in phenyl hydrazine,
then washed with ethyl ether, after which the reduced form of
polyaniline, leucoemeraldine base, was formed. Upon treating
this polymer form with fuming sulfuric acid, the final product
was obtained according to a previous report (Scheme 1).%°

PASA2

2-Methoxyaniline-5-sulfonic acid was polymerized to fully-
sulfonated polyaniline poly(2-methoxy aniline-5-sulfonic acid)

PASA1  «m

PASA2 oo,

- NH}>
n
HO35

Scheme 1 Chemical structures of investigated polymers prepared
according to ref. 45 and 46.

upon mixture with ammonium peroxydisulfate under basic
conditions. This procedure gave a polymer described in a
previous report (Scheme 1).

Determination of molecular weight

The molecular weights of synthesized compounds were
determined by Gel Permeation Chromatography (GPC) using
water as eluent. UV detector was adopted to detect the
molecules. Because standard materials for sulfonated poly-
aniline were unavailable, the calibration curve of sodium
polystyrene sulfonate, which is also a water soluble poly-
electrolyte, was used to calculate the weight average molecular
weight (My,) of the sulfonated polyaniline.

Preparation of cytochrome ¢ monolayers

Cyt ¢ monolayers were produced by 2 h incubation of gold
wire electrodes, previously modified with 5 mM MUA/MU
(1/3) in EtOH, in 0.5 mM potassium phosphate buffer solution
(pH 7) containing 20 uM of cyt c.*!

Preparation of cytochrome ¢ multilayers

The multilayer assembly was carried out by sequential incuba-
tions of a cyt ¢ monolayer electrode into polyelectrolyte
(0.2 mg/ml) and cyt ¢ (20 pM) solutions.>® Each of the
10 min long adsorption steps was followed by rinsing the
electrodes in 0.5 mM potassium phosphate buffer. The proce-
dure was repeated until desired number of layers was reached.

QCM measurements

A MultiLab 3900 piezoelectric instrument (J. Kitlicka, Brno,
Czech Republic) was used for the quartz crystal microbalance
measurements. A clean gold-covered quartz sensor chip
(10 MHz, ICM, USA) was incubated in ethanolic solution
containing S mM MUA/MU (1/3) for 24 h, then rinsed with
water and mounted into the QCM flow system. The solutions
containing PASA and cyt ¢ of above given concentrations
were successively pumped through the cell for 10 min with
5 min of buffer flow in between, at a flow rate of 20 uL/min.

We estimated the mass increase [Am (ng)] from the QCM
frequency shift [Af (Hz)] of fixed films by using the Sauerbrey
equation.*’ Taking into account the diameter of the electrode
(d = 5 mm) and the other technical parameters,*® this
equation can be rewritten as

Am = 0.87 Af ()

According to (1) a film mass increase can be estimated. Since
measurements have been performed in solution, these values
are estimates due to unknown amount of bound water.

Electrochemistry

All electrochemical measurements were done in a home-made
1 ml cell using an Ag/AgCl/ 1 M KCI reference (Biometra,
Germany) and a Pt-wire counter electrode. The working
electrodes were modified gold wires (diameter 0.5 mm)
obtained from Goodfellow (Bad Nauheim, Germany). Cyclic
voltammetric experiments were carried out with the Autolab
PGSTAT 30 device (Metrohm, Netherlands). Scan rates were
varied between 5 and 640 mV/s. The potential range has been
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chosen between —0.4 and +0.4 V. Data analysis has been
performed using GPES (General Purpose for Electrochemical
System, Eco Chemie, Utrecht, The Netherlands) software.

Results and discussion
Characteristics of the polyelectrolytes

Some key properties of sulfonated polyanilines are important
in terms of their use as polyelectrolytes: the self-doping effect
caused by the amount of SO;~ groups,* chain length, and the
overall charge of the polymer. Also the methoxylation
additionally affects the redox properties and conductivity of
polymers.>®! That is why we concentrate on two different
PASA polymers that differ in the grade of sulfonation,
methoxylation, and the molecular weight of the polymer.

In the case of the product obtained by the sulfonation
of polyaniline, PASA1, the sulfonation is ~75% and no
methoxylation has been performed (see Scheme 1). In contrast,
PASA2, obtained by the polymerization of a single modified
aniline, is fully sulfonated and methoxylated (Scheme 1). It can
be seen that PASA?2 has a considerably lower molecular weight
than PASA1 (see Table 1).

Assembly of cytochrome ¢/PASA multilayers

First of all, we have studied whether a successful immobiliza-
tion with these two polymers can be achieved. For this purpose
cationic cyt c¢ and both negatively charged PASA are
assembled on negative MUA/MU-modified quartz surfaces
by alternate adsorption from pH 5 buffer, where the protein is
positively charged. QCM has been used to analyze the adsorp-
tion kinetics. Fig. la and 1b show QCM measurements of
alternate PASA/cyt ¢ adsorption for both different polymers.
In the first step, a cyt ¢ monolayer is being adsorbed onto an
underlying layer of MUA/MU on gold. The QCM frequency
decreases sharply because of rapid adsorption. After that,
buffer solution has been pumped through the cell. From the
frequency shift it can be seen that in buffer about 50% of the
adsorbed cyt c is removed, presumably involving weakly
attached molecules. After the washing step, the solutions of
polyelectrolyte and protein are consecutively pumped through
the cell and further decreases in frequency are monitored.

In the case when PASAI is immobilized (Fig. la), during
each washing step an amount of only 20% of deposited
material is being removed, leading to a small increase in
frequency. Each subsequent step is quite reproducible, and
adsorption always reaches saturation during the period of cyt
¢ and PASA solution flow over the quartz crystal surface. For
every layer of PASAIl adsorption, QCM frequency (f)
decreases by about 31 + 5 Hz (averaged value based on results

Table 1 Determined molecular weights and degrees of sulfonation
(the sulfur-to-nitrogen, S/N ratios) for both polyelectrolytes. My, is the
weight average molecular weight

Polyelectrolyte My, g/mol S/N
PASAL 6470 ~0.75
PASA2 3630 ~1
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Fig. 1 Frequency shift for three successive deposition rounds of
mofified (a) PASAI and (b) PASA2 and cyt ¢ on a monolayer of a
cyt c-modified gold chip (quartz crystal 10 MHz). Experimental
conditions: [PASA] = 0.2 mg/ml, [cyt c] = 20 uM, 0.5 mM phosphate
buffer, pH 5.

obtained after 6 electrodes have been measured). After each
following cyt ¢ adsorption step, f decreases by approximately
53 4+ 3 Hz, which corresponds to film mass increases of
27 £+ 3 ng for PASALI layers and 46 &+ 5 ng for cyt ¢ layers,
respectively. These values include not only deposited material,
but also bound water.>

In general, the kinetic behavior in the case of PASA2 looks
similar. However, during each washing step an amount of
about 80% of deposited material is being removed, leading to
a smaller overall decrease in frequency with every deposition
step than in the former case. The analysis of the measurement
gives following results: upon deposition of PASA2 layers f°
decreases by 7 + 1 Hz; after each following cyt ¢ step by
20 + 1 Hz. These values correspond to a mass change Am of
6 + 1 ng for PASA2 and 17 + 1 ng for cyt c. Notwithstanding
the similarity of the kinetic behavior, it can be seen that the
adsorbed amounts of both polyelectrolyte and cyt c are smaller
when PASA2 is being used as a polyelectrolyte for the multi-
layer assembly. As explanation of this result it should be noted
that although PASA?2 has a higher content of SO;™ groups, its
polymer chains are significantly shorter, indicating that not
only electrostatics is responsible for the polymer and protein
immobilization. But in fact, the successful assembly of cyt ¢
and modified PASA can be demonstrated for both kinds of
synthesized sulfonated polyanilines.
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Voltammetry of Cyt ¢/PASA1 and Cyt ¢/PASA2 multilayers

In all experiments with cyt ¢ and the two different PASA films
in aerobic solutions at pH 7, we obtain defined and reprodu-
cible cyclic voltammograms (CV). A total of 12 electrodes
coated with 4 and 6 protein/polyelectrolyte bilayers has been
measured for the both modified PASA systems. Fig. 2a and b
show CVs for 4 and 6 cyt ¢/PASAI and cyt ¢/PASA2 bilayer
systems on a Au-MUA/MU-cyt ¢ monolayer electrode,
respectively.

In the case of PASA1 (Fig. 2) a single pair of reduction-
oxidation peaks is observed with slightly higher reduction
peak heights. According to the formal potential obtained
(see Table 2), these results suggest that the electroactive
Cyt cFe' in the film is converted to Cyt cFe™ on the forward
scan to positive potentials, with conversion of Cyt cFe'!! to
Cyt cFe' on the reversed scan. The formal potential (Table 2)
is independent on the amount of immobilized bilayers and
corresponds to the value of cyt ¢ redox couple at pH 7. The
average amounts of electroactive species on the electrode
surface, calculated from the integration of both reduction
and oxidation peaks, are also summarized in Table 2. It can
be seen, that an increase in surface concentration depending
on the number of the immobilized bilayers is achieved. This is
in agreement with a previous report, where the currently
commercially unavailable PASA was immobilized with cyt ¢.*
It has to be mentioned here that the electroactive amount of
cyt ¢ cannot be directly compared with the deposited mass
from QCM experiments, since a different type of electrodes
has been used (needle electrodes instead of planar gold) and
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Fig. 2 Cyclic voltammograms of (a) 4 bilayer and (b) 6 bilayer
cyt ¢/PASA electrodes [Au-MUA/MU-cyt c-(PASA-cyt ¢)4 or 6]- All
curves are taken at scan rate 100 mV/s in 5 mM potassium phosphate
buffer, pH 7.

Table 2 Summary of the electrochemical data for cyt ¢/PASA multi-
layer assemblies with two different polyelectrolytes and different
numbers of cyt ¢/PASA bilayers. All electrochemical measurements
were done at scan rate 100 mV/s

polyelectrolyte PASAL PASA2

number of bilayers 4 6 4 6

E, mV 542 742 —743 ~15+5
AE, mV 29+ 7 43 £ 10 -10£3 341
Ey5(red), mV 134+ 14 1434+10 161 £17 168 £20
Eyox), mV 178 £21 182 +£24 145+13 143 +15
Tyt o pmol/em? 79 £38 141+ 7 68" +5 (83)'+5

¢ Evaluated from the integration of the CV peaks and assuming only
cyt ¢ redox activity.

the determined mass from QCM measurements also comprises
bound water. The peak separations (AE) (Table 2) are indica-
tions of the quasi-reversible character of electron transfer to
the electrode surface from the outer layer through the whole
bilayer assembly. The CV peak widths at half-height (Table 2)
are larger than the theoretically predicted 0.09 V for ideal
surface waves.'® This may result from a distribution of
distances and/or orientations of cyt ¢ and/or interactions
between cyt ¢ units in the films.

However, when PASAZ2 is a part of the multilayer assembly,
the shape of the voltammogram looks different (Fig. 2). The
potential of the reduction peak in this case is higher than that
of oxidation, which is not possible, when a single redox couple
is considered. By increasing the amount of the bilayers from
4 to 6, the situation becomes clearer, since two separate
reduction peaks appear. This fact is an indication of two
redox processes detected on the electrode surface. It is known
that the redox process of cyt ¢ can be accompanied by
reversible oxidation-reduction of PASA as revealed by SERR
analysis.*> Taking into account the structural differences
between PASA 2 and PASA1 (Scheme 1), the presence of an
additional electron-donating methoxy group on the aniline
ring in PASA2 increases its redox activity.’*>! The electro-
chemical conversion of PASA2 obviously occurs close to that
of cyt c, so that the superposition of these processes leads to
the unusual shape of cyclic voltammograms. That is why the
electroactive surface loading for cyt ¢ in these assemblies
cannot be quantified correctly by simply analyzing the charge
from the peak area. But even when assuming that the whole
charge of the reduction process would be originated from
cyt ¢, the obtained surface loadings in the case of PASA2
(Table 2) are lower than those of PASAIL, confirming the
conclusions from QCM measurements of less protein deposi-
tion when PASA?2 is used as building block. In general, the
amount of electroactive species on the electrode surfaces is
in both cases lower than in previously reported multilayer
system.” But still, successful multilayer assembly can be
achieved, comprising electroactive cyt ¢ molecules.

Voltammetry of Cyt ¢/PASA1 and Cyt ¢/PASA2 multilayers at
lower scan rates

In order to gain a further insight into the redox processes on
the surface measurements at low scan rates have been done.
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Fig. 3 Cyclic Voltammograms of (a) [PASA2/cyt c]-6-bilayer
electrode (Au-MUA/MU-cyt c-[PASA2/cyt c]s) taken at slow scan
rates 5-40 mV/s and (b) of an Au-MUA/MU electrode in 0.5 mg/ml
solution of PASA2. All measurements were done in 5 mM potassium
phosphate buffer, pH 7.

Fig. 3 and 5 demonstrate summarized CVs taken in the scan
rate range 540 mV/s.

In the case of PASA2 (Fig. 3a), two redox processes can be
identified. The first process with a formal potential Ey; = 0 V
is addressed to the redox conversion of cyt c. In the case
of the second redox process a clear reduction peak (Eieq2 =
+0.12 V) appears, but the oxidation peak is rather weak and
broadening with increasing scan rates. This process can be
addressed to the redox conversion of polyaniline itself. It can
be seen that both deposited components react rather inde-
pendently on the electrode surface. However, taking into
account the cathodic movement of the reduction potential of
polyaniline (E,.q») With increasing scan rates, whereas the peak
position of cyt ¢ remains constant, it can be seen that the peak
position difference is getting smaller. This fact indicates that
the redox conversion of PASA is slower compared to that of
cyt c. To support these conclusions, measurements with
PASAZ2 in solution in the absence of cyt ¢ have been performed
at a MUA/MU modified gold, demonstrating the presence of
pronounced redox processes even at higher scan rates
(Fig. 3b). The appearance of these redox processes can be
attributed to the convertion of emeraldine to pernigraniline
and is in good agreement with already reported data for
self-doped polyanilines.’*>!¥5 At 5 mV/s a peak separation
of 152 mV appears, indicating a rather slow rate of conversion
at the modified gold.

In order to obtain a distribution of species on the surface, a
simulation of all PASA 2/cyt ¢ voltammograms by means of
MatLab software has been performed. This species distri-
bution can be seen in Fig. 4. It was possible to calculate the
percentage of electroactive species on the surface, resulting in a

I, pA
g

03 02 01 00 01 02 03 04
EV

Fig. 4 Anodic part of the CV measured for [PASA2/cyt c]-6-bilayers
at 5 mV/s, simulated with MatLab software. The curve (a) represents
the measured CV (overall process), the curves (b) and (c) represent two
separated processes (cyt ¢ and PASA2 conversion, respectively),
calculated from (a).

ratio of cyt ¢/PASA of about 68/32. Because of the relatively
high percentage of PASA2, compared to cyt c, it is clear
that the redox conversion of sulfonated polyaniline itself has
to be taken into account by considering the redox properties
of the whole assembly, successful multilayer formation
notwithstanding.

However, in the case of the PASA1/cyt ¢ system measured
at low scan rates no distinct redox peaks of polyaniline on the
surface can be determined from the voltammetric response.
One redox couple with a formal potential E = 0 V can be
recognized also at lower scan rates (Fig. 5a), although a small
shoulder (E..q = 0.08 V) appears at 5 mV/s. By increasing the
scan rates this is disappearing completely, leading to a
conclusion that the redox activity of PASAL itself is rather low.

-60 T T T T T
-04 0.2 0.0 0.2 04
E,V
“ b
204 100mV/s

-0.4 0.2 0.0 0.2 0.4 0.6
E,V

Fig. 5 Cyclic voltammograms of (a) [cyt c/PASAl]-6-bilayer
electrode (Au-MUA/MU-cyt c-[PASAl/cyt c]g) taken at slow scan
rates 5-40 mV/s and (b) of an Au-MUA/MU electrode in 0.5 mg/ml
solution of PASA1. All measurements were done in 5 mM potassium
phosphate buffer, pH 7.
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In general, the voltammetric behavior of this protein/PASA
system is similar to previously reported results.*® The absence
of a redox conversion of polyaniline itself is further supported
by measurements of a thiol-modified gold electrode in solution
containing 0.5 mg/ml PASA1 (Fig. 5b). No redox activity is
found at neutral pH in the potential range investigated. Thus,
the conclusion can be made, that the amount of electroactive
species calculated for both 4 and 6 PASAl/cyt ¢ bilayer
systems (Table 2), can be rather completely addressed to
cyt ¢. Moreover, it was not possible to get separated redox
processes by the same kind of MatLab analysis as for the
PASA2 system. These results are promising, since the
chemically synthesized PASA1 can be used as a polyelectrolyte
to build up electroactive protein multilayer architectures
without additional side reactions, such as redox conversion
of the polyaniline itself. Thus, the idea of increasing
the electroactive amount of the recognition element used can
be realized by increasing the number of deposition steps
by means of the LBL technique. When the redox protein is
the only redox-active compound, a desirable precondition
is fulfilled to make use of a specific reaction of this protein
with an analyte molecule for a specific biosensor. In
addition, these results support the idea that a high redox
activity of the polyelectrolyte is not necessary for the
electron transfer through the assembly. The exchange
between the cyt ¢ molecules seems to be the predominant
mechanism and the polyelectrolyte acts mainly as a structural
support.

Conclusions

In the present report we demonstrate that multilayer forma-
tion of chemically modified sulfonated polyanilines used as
polyelectrolyte with the redox protein cytochrome c is
possible. Both the deposited mass and the amount of electro-
chemically active species are increased by increasing the
number of layers. The use of a multilayer sensor with
higher amounts of electroactive cyt ¢ is expected to yield a
significantly enhanced sensitivity. However, the redox activity
of the polyelectrolyte can significantly contribute to the
overall redox activity of the assembly as shown for PASA2.
This may cause side reactions when the system would
be applied in sensorics. Multilayer assemblies with PASAL,
in contrast, show a behavior dominated by the redox
protein, which makes them promising for sensor approaches,
e.g. for superoxide detection. Finally, the integration of
sulfonated polyanilines with different chemical properties in
an assembly with cyt ¢ is a further contribution to artificial
models of biological redox chains leading to bioelectronic
functionalities.

Acknowledgements

We thank Prof. Klaus-Dieter Tauer (Max-Planck-Institute for
Colloids and Interfaces, Golm) for the GPC measurements.
Financial supports by the MWFK Brandenburg (project:
3508-14/13) and the BMBF (project: 031S22011), Germany
are gratefully acknowledged.

References

1 G. Decher, Science, 1997, 277, 1232-1237.

2 S. Mansouri, F. M. Winnik and M. Tabrizian, Expert Opin. Drug

Delivery, 2009, 6, 585-597.

G. Zotti, B. Vercelli and A. Berlin, Acc. Chem. Res., 2008, 41,

1098-1109.

4 A. Berlin, B. Vercelli and G. Zotti, Polym. Rev., 2008, 48, 493-530.

C. Picart, Curr. Med. Chem., 2008, 15, 685-697.

S. A. Sukhishvili, E. Kharlampieva and V.

Macromolecules, 2006, 39, 8873-8881.

P. Bertrand, A. Jonas, A. Laschewsky and R. Legras, Macromol.

Rapid Commun., 2000, 21, 319-348.

8 K. Haberska and T. Ruzgas, Bioelectrochemistry, 2009, 76, 153-161.
9 Z.Y.Tang, Y. Wang, P. Podsiadlo and N. A. Kotov, Adv. Mater.,
2006, 18, 3203-3224.

10 S. Q. Liu, D. Leech and H. X. Ju, Anal. Lett., 2003, 36, 1-19.

11 F. Caruso, K. Niikura, D. N. Furlong and Y. Okahata, Langmuir,
1997, 13, 3427-3433.

12 N. Jessel, F. Atalar, P. Lavalle, J. Mutterer, G. Decher, P. Schaaf,
J. C. Voegel and J. Ogier, Adv. Mater., 2003, 15, 692-695.

13 W. Kong, L. P. Wang, M. L. Gao, H. Zhou, X. Zhang, W. Li and
J. C. Shen, J. Chem. Soc., Chem. Commun., 1994, 1297-1298.

14 G. Ladam, P. Schaaf, F. J. G. Cuisinier, G. Decher and
J. C. Voegel, Langmuir, 2001, 17, 878-882.

15 Y. Lvov, K. Ariga, I. Ichinose and T. Kunitake, J. Am. Chem.
Soc., 1995, 117, 6117-6123.

16 F. Lisdat, R. Dronov, H. Mohwald, F. W. Scheller and
D. G. Kurth, Chem. Commun., 2009, 274-283.

17 E.J. Calvo and C. Danilowicz, J. Braz. Chem. Soc., 1997, 8, 563-574.

18 R. A. Scott, Cytochrome c: A multidisciplinary approach, Sausalito,
CA, 1995.

19 M. Fedurco, Coord. Chem. Rev., 2000, 209, 263-331.

20 T. D. Dolidze, D. E. Khoshtariya, D. H. Waldeck, J. Macyk and
R. van Eldik, J. Phys. Chem. B, 2003, 107, 7172-7179.

21 H. A. Heering, F. G. M. Wiertz, C. Dekker and S. de Vries, J. Am.
Chem. Soc., 2004, 126, 11103-11112.

22 L.J. C. Jeuken, S. D. Connell, P. J. F. Henderson, R. B. Gennis, S. D.
Evans and R. J. Bushby, J. Am. Chem. Soc., 2006, 128, 1711-1716.

23 D. E. Khoshtariya, T. D. Dolidze, S. Seifert, D. Sarauli, G. Lee
and R. van Eldik, Chem.—Eur. J., 2006, 12, 7041-7056.

24 C. Leger and P. Bertrand, Chem. Rev., 2008, 108, 2379-2438.

25 1. Takahashi, T. Inomata, Y. Funahashi, T. Ozawa and
H. Masuda, Chem.—Eur. J., 2007, 13, 8007-8017.

26 D. Chen, G. Wang and J. H. Li, J. Phys. Chem. C, 2007, 111,
2351-2367.

27 T. Ruzgas, L. Wong, A. K. Gaigalas and V. L. Vilker, Langmuir,
1998, 14, 7298-7305.

28 J. Petrovic, R. A. Clark, H. J. Yue, D. H. Waldeck and
E. F. Bowden, Langmuir, 2005, 21, 6308-6316.

29 A. Avila, B. W. Gregory, K. Niki and T. M. Cotton, J. Phys.
Chem. B, 2000, 104, 2759-2766.

30 I. Taniguchi, K. Toyosawa, H. Yamaguchi and K. Yasukouchi,
J. Chem. Soc., Chem. Commun., 1982, 1032-1033.

31 B. Ge and F. Lisdat, Anal. Chim. Acta, 2002, 454, 53—-64.

32 C. H. Lei, F. Lisdat, U. Wollenberger and F. W. Scheller, Electro-
analysis, 1999, 11, 274-276.

33 A. V. Krylov, M. Beissenhirtz, H. Adamzig, F. W. Scheller and
F. Lisdat, Anal. Bioanal. Chem., 2004, 378, 1327-1330.

34 F. Wegerich, P. Turano, M. Allegrozzi, H. Mohwald and
F. Lisdat, Anal. Chem., 2009, 81, 2976-2984.

35 K. Tammeveski, T. T. Tenno, A. A. Mashirin, E. W. Hillhouse,
P. Manning and C. J. McNeil, Free Radical Biol. Med., 1998, 25,
973-978.

36 S. Borgmann, Anal. Bioanal. Chem., 2009, 394, 95-105.

37 B. Prieto-Simon, M. Cortina, M. Campas and C. Calas-Blanchard,
Sens. Actuators, B, 2008, 129, 459-466.

38 F. Scholz, G. L. D. Gonzalez, L. M. de Carvalho, M. Hilgemann,
K. Z. Brainina, H. Kahlert, R. S. Jack and D. T. Minh, Angew.
Chem., Int. Ed., 2007, 46, 8079—-8081.

39 M. K. Beissenhirtz, F. W. Scheller, W. F. M. Stocklein,
D. G. Kurth, H. Mohwald and F. Lisdat, Angew. Chem., Int.
Ed., 2004, 43, 4357-4360.

40 M. K. Beissenhirtz, F. W. Scheller and F. Lisdat, Anal. Chem.,
2004, 76, 4665-4671.

w2

N D

Izumrudov,

~

14276 | Phys. Chem. Chem. Phys., 2010, 12, 14271-14277

This journal is © the Owner Societies 2010


http://dx.doi.org/10.1039/c0cp00793e

Downloaded by University of Memphis on 07 June 2012
Published on 30 September 2010 on http://pubs.rsc.org | doi:10.1039/COCPO0793E

View Online

41 R. Dronov, D. G. Kurth, H. Mohwald, F. W. Scheller,
J. Friedmann, D. Pum, U. B. Sleytr and F. Lisdat, Langmuir,
2008, 24, 8779-8784.

42 J. Grochol, R. Dronov, F. Lisdat, P. Hildebrandt and
D. H. Murgida, Langmuir, 2007, 23, 11289-11294.

43 S. M. Bonk and F. Lisdat, Biosens. Bioelectron., 2009, 25, 739-744.

44 D. Sarauli, J. Tanne, D. Schafer, I. W. Schubart and F. Lisdat,
Electrochem. Commun., 2009, 11, 2288-2291.

45 X. L. Wei, Y. Z. Wang, S. M. Long, C. Bobeczko and
A. J. Epstein, J. Am. Chem. Soc., 1996, 118, 2545-2555.

46 S. Shimizu, T. Saitoh, M. Uzawa, M. Yuasa, K. Yano,
T. Maruyama and K. Watanabe, Synth. Met., 1997, 85, 1337-1338.

47 G. Sauerbrey, Z. Phys., 1959, 155, 206-222.

48 C. Teller, J. Halamek, J. Zeravik, W. F. M. Stocklein and
F. W. Scheller, Biosens. Bioelectron., 2008, 24, 111-117.

49 J. Yue, Z. H. Wang, K. R. Cromack, A. J. Epstein and
A. G. Macdiarmid, J. Am. Chem. Soc., 1991, 113, 2665-2671.

50 F. Masdarolomoor, P. C. Innis, S. Ashraf and G. G. Wallace,
Synth. Met., 2005, 153, 181-184.

51 A. Mirmohseni and M. R. Houjaghan, Mol. Cryst. Lig. Cryst.,
2008, 484, 722-727.

52 C. Larsson, M. Rodahl and F. Hook, Anal. Chem., 2003, 75,
5080-5087.

53 L. V. Lukachova, E. A. Shkerin, E. A. Puganova, E. E. Karyakina,
S. G. Kiseleva, A. V. Orlov, G. P. Karpacheva and A. A.
Karyakin, J. Electroanal. Chem., 2003, 544, 59-63.

54 R. Mazeikiene, G. Niaura and A. Malinauskas, Synth. Met., 2003,
139, 89-94.

55 C. Sanchis, H. J. Salavagione, J. Arias-Pardilla and E. Morallon,
Electrochim. Acta, 2007, 52, 2978-2986.

This journal is © the Owner Societies 2010

Phys. Chem. Chem. Phys., 2010, 12, 14271-14277 | 14277


http://dx.doi.org/10.1039/c0cp00793e

