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Abstract

The aim of this study was to demonstrate the usability of k-carrageenan in the
accumulation of a layer by layer protein film on a gold electrode. It is known that in
terms of bioelectronics there are significant advantages to functional biofilms which
are formed as a result of the interaction between different layer biomolecules. In this
study, k-carrageenan (k-CG) was employed as the polyanion for the construction of
the electroactive multilayer protein thin films. The protein layers were built up by
successive adsorption of k-CG and cytochrome ¢ (cyt ¢) based on the opposite
charge on a modified gold electrode with a cyt ¢ monolayer. Electron transport
between the cyt ¢ layers was established without the hindrance of k-CG. The highest
electron transfer capability was achieved when the pH value of the solutions was 5,
and the k-CG concentration was a 0.25 mg mL™*. Whilst the amount of cyt ¢ on the
electrode surface was 10.87 pmol cm in the monolayer structure, the amount was
calculated to be 158.01 pmol cm? with the formation of 8-bilayer [k-CG/cyt c]
structures over the cyt ¢ monolayer. The multilayer protein film was also
characterized using electrochemical impedance spectroscopy, ellipsometry, and UV-
visible absorption spectroscopy. This novel biofilm allows a high amount of electron
transfer and can be used as an immobilization platform for biosensor applications.

Keywords: carrageenan; cytochrome c¢; multilayer film; electron transfer;
electrostatic interaction



1. Introduction

Coupling of the molecular recognition properties of biomolecules with the signal
transduction capabilities of electronics could be possible if proteins were immobilized
on electrode surfaces in suitable microenvironments where the labile biological
components are protected [1-5]. Either a shuttle molecule or a direct electron transfer
method can be employed to establish electronic communication between the
electrodes and proteins [6-8]. Several strategies for direct electron transfer have
been attempted such as the use of genetically engineered enzymes [9,10] and
specifically designed electrode surfaces [8,11,12] for the fabrication of efficient
electrochemical biosensors.

If direct electron transfer is established between redox protein and electrode, the use
of redox mediators can be avoided, thus reducing potential interference and side
reactions. However, only some redox proteins show efficient direct electron transfer
[13,14]. One of these proteins is cytochrome c (cyt c), which allows heterogeneous
electron transfer at a gold electrode [15,16]. Cyt ¢ has been immobilized on the
electrode surfaces by different techniques such as physical adsorption [17],
entrapment [18], layer-by-layer assembly (LBL) [19], Langmuir—Blodgett [20], and
covalent attachment [21]. For instance, LBL assembly is employed to produce
supramolecular hybrid multilayer models under mild conditions as this is particularly
important for preserving the activity of the biomolecules [22-24]. This method allows
an increase in protein content on the electrode surface. However, the critical point is
to obtain effective electron transport through the protein-polyelectrolyte assembly to
the electrode [25].

The isoelectric point of cyt c is about 10, and below this pH value, cyt c is charged
positively. This positive charge allows the protein to attach or to interact with
negatively charged groups on the surfaces of the other molecules [26,27]. For
example, the sulfonated polyaniline was used as a counter polyelectrolyte for
multilayer assembly of cyt ¢ [28]. In another study, a fully electroactive protein
multilayer electrode based on DNA and cyt ¢ was constructed [29]. A more
complicated approach is the multilayer immobilization of cyt c and a redox enzyme on
gold substrates. This structure does not require a shuttle molecule to allow electron
transfer between the electrode and the redox enzyme. Cyt c is employed as an
electron provider in the multilayered structure, transferring electrons from the
electrode to the enzyme [30-33]. These findings are significant for two reasons: First,
they indicate the compatibility of cyt ¢ with redox enzymes, which allows direct
electron transferring within a polyelectrolyte multilayer structure, combining cyt ¢ and
the redox enzyme. Second, the catalytic current necessary for the biosensor
sensitivity increases due to the growing number of accumulated layers in the
constructed artificial biprotein multilayer system. That is why a cyt ¢ multilayer system
is valuable for the development of third-generation biosensors [34,35]. Therefore,
preparation of multilayered architecture of cyt ¢ with different polyelectrolytes is
important in terms of assessing the compatibility of polyelectrolytes with cyt ¢ in
multilayered architecture.

Carrageenan is the name for a family of high molecular weight sulphated
polysaccharides obtained by extraction of certain species of red seaweeds. It is
composed of galactose and anhydrogalactose units linked by glycosidic unions. It
can be traditionally split into six basic forms: Kappa, lota, Theta, Mu, Nu and Lambda
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carrageenan [36]. Of these different types of carrageenan, kappa-carrageenan (k-
CG) is the most used one in the combinations of carrageenan with other polymers
[37-40]. However, to the best of my knowledge, the k-CG and cyt ¢ have not been
studied together in the experimental research so far.

In this paper, k-CG was employed for multilayer immobilization of the electroactive
cyt ¢ on a gold wire electrode. The electron transfer capacity of this multilayered
system was measured. To establish this system, cyt c monolayer was immobilized on
the gold wire electrode modified with alkanethiols [41]. Then, the assembly
capabilities of k-CG were investigated on LBL immobilization of cyt ¢ for such
conditions as solution pH values, k-CG concentration and incubation time.

2. Materials and Methods
2.1. Materials

Horse-heart cytochrome ¢, 11-mercapto-1-undecanoic acid (MUA) and 11-mercapto-
1-undecanol (MU) were purchased from Sigma-Aldrich. k-Carrageenan was provided
from Fluka. Potassium hydroxide, hydrogen peroxide, and ethanol were purchased
from Panreac. Sodium hydroxide, sodium dihydrogen phosphate, phosphoric acid,
sulfuric acid, potassium ferricyanide, potassium ferrocyanide, and nitric acid were
supplied from Merck. The gold wire electrodes (0.5 mm diameter) were provided from
Alfa Aesar. The gold sheets (1 cmxlcm) were supplied from a local vendor. All
solutions were prepared with deionized water by Elga Pure Lab Classic.

2.2. Solutions

The solutions of 5 MM MUA and 5 mM MU were separately prepared in ethanol and
stored at +4 °C. The 5 mM phosphate buffer pH 7.0 solution was used for the
preparation of cyt ¢ solution (30 puM) and as the electrolyte solution for the
electrochemical measurements. The 0.5 mM phosphate buffer solution was used for
the preparation of the k-CG, cyt ¢ (20 uM) and as the rinsing solution [25]. The k-CG
was dissolved in the 0.5 mM sodium phosphate buffer solution at 80 °C.

2.3. Immobilization of cyt ¢ monolayer

Gold electrodes were cleaned as described in the method of Katz et al [42]. They
were incubated in piranha solution [H2SO4: H202 (3:1, v/v)] for 10 min. Then they
were boiled in KOH solution (2.5 M) for 4 hours. Finally, they were incubated in
concentrated nitric acid for 10 min, having been kept in concentrated H>SO4 for
overnight. The electrodes were carefully rinsed with deionized water after each step.
The cyt ¢ monolayer was prepared according to a previously published procedure
[41]. The cleaned gold electrodes were incubated in a mixture containing 5 mM MUA
and 5mM MU (ratio 1:3) for 48 h. Having been rinsed carefully with ethanol and
deionized water, they were incubated in cyt ¢ solution (30 uM) for 2 h and finally
rinsed carefully with the 5 mM phosphate buffer solution.

2.4.  Multilayer immobilization of cyt ¢

As described above, the freshly prepared monolayer electrodes were successively
incubated in the k-CG solution and the cyt ¢ solution (20 uM in 0.5 mM phosphate
buffer) and carefully rinsed three times in 0.5 mM phosphate buffer after each step
[43].



Multilayer k-CG/cyt c¢ thin films on gold sheets were prepared for ellipsometric
measurement with the same manner as described above for the gold wire electrodes.

For UV-vis absorption measurement, the k-CG film (about 0.5 mm thickness) was
prepared by drying the k-CG solution (2%) in a petri dish for 48 h at 40 °C. Then the
K-CG film was cut into test sections in appropriate sizes (about 1cmx2cm). Two of the
test sections were incubated in the cyt ¢ solution (20 uM in 0.5 mM phosphate buffer)
for the preparation of cyt c monolayered k-CG film. To prepare the 8-bilayer k-CG/cyt
c film, the cyt ¢ monolayered k-CG film was consecutively incubated in the k-CG and
cyt ¢ solutions and carefully rinsed three times in the 0.5 mM phosphate buffer
solution after each step. The films were dried at room temperature before UV-vis
absorption measurement.

2.5. Electrochemical measurements

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
experiments were performed with the aid of a CHI 660B (CH Instrument, USA)
electrochemical workstation. Electrochemical measurements were carried out in 1 mL
of sodium phosphate buffer solution (5 mM, pH 7.0). A commercial Ag/AgCI (3 mol L
1 KCI) electrode (CHI) was used as the reference and a Pt wire was used as the
counter electrode [25]. The working electrode was a modified gold wire one. The CV
measurements were performed at a scan rate of 0.1 V s for multiple cycles
(between +0.25 V and -0.25 V). The experiments were conducted for three replicates
to confirm the results. The amount of immobilized cyt ¢ (I) on the gold surface was
calculated by the following equation:

=% k4 (1)

where Q is the charge (average of the anodic and cathodic charge values), n is the
number of electrons, F is Faraday constant and A is the area of the electrode
surface. Here, the charge (Q) is determined by integrating the peak area of cyclic
voltammogram.

The frequency range used for the EIS measurements, which were performed in the
phosphate buffer solution (5 mM, pH 7.0) containing 1 mM KszFe(CN)s and 1 mM
KsFe(CN)e with an amplitude of 0.025 V, was from 100 kHz to 0.05 Hz. The pure
argon was used to deoxygenate the solution before measurements were performed.

2.6. Characterization of multilayer k-CG/cyt ¢ structure

The ellipsometric measurements of the multilayer k-CG/cyt ¢ film on the gold sheets
were recorded by a J.A. Woollam Co., Inc. HS 190 (Nebraska, USA) spectroscopic
ellipsometer (V-VASE, angle:75°). The optical constants and the thickness of
multilayer thin films were fitted using the Cauchy model.

UV-visible (UV-vis) absorption spectra of the cyt ¢ solution and the films were
recorded with a Perkin Elmer Lambda 35 (USA) spectrophotometer.



3. Results and Discussion

The use of the LBL assembly technique based on the interaction of cyt ¢ with
polyelectrolytes and nanoparticles allows more cyt ¢ to be immobilized on the
electrode surface. The combination of this form of cyt ¢ with enzymes provides new
bioelectronic functionalities [44-46]. Thus, in this research, the interaction between k-
CG and cyt ¢ has been investigated by composing an electroactive cyt ¢ multilayer
system as illustrated in Schematic 1. This interaction between k-CG and cyt ¢ was
identified by the cyclic voltammetry technique, exploiting the electroactive properties
of cyt ¢ [47,48].

Schematic 1

In the initial step of this work, the cyt ¢ monolayer was prepared on the gold
electrode. Fig. 1a displays cyclic voltammogram of the immobilized cyt ¢ monolayer
on the gold electrode. In this voltammogram, the peak currents were observed near
+0.015 V for oxidation of cyt ¢ and +0.010 V for reduction of cyt c. The amount of
electroactive cyt ¢ in monolayer immobilized system was calculated to be 10.8 pmol
cm?. The cyclic voltammogram of the immobilized cyt ¢ monolayer with multiple
cycles is replotted as time-current curves in Fig. 1b, which illustrates that the
monolayer of cyt ¢ was steady over multiple cycles with little change in peak currents.

Fig. 1a and b.

3.1. Effect of solution pH values on intermolecular interaction for construction of
2- bilayer [k-CG/cyt c] structures

The multilayer system was formed on cyt ¢ monolayered electrode by consecutive
adsorption of the k-CG as the polyanion and cyt ¢ as the polycation. The solution pH
is a key factor for the interaction between different molecules due to the variation of
the magnitude of the electrical charge of dissolved molecules. This fact directly
affects the electrostatic interaction between molecules, changing the adsorption
process and the film properties [49,50]. The solutions of k-CG (0.2 mg mL™) and cyt ¢
(20 uM) with different pH values (pH 4.0, 5.0, 6.0, and 7.0) were prepared (in 0.5 mM
phosphate buffer) to investigate the effect of solution pH values on the electrostatic
interactions of k-CG and cyt c. The cyt c monolayered gold electrode was incubated
in K-CG and then cyt c solution for 10 min. The cyclic voltammograms of pH-
dependent 2-bilayer k-CG/cyt ¢ films are given in Fig 2a. The amounts of
immobilized cyt ¢ on the electrode surface calculated from voltammograms are
shown in Fig 2b. As observed from each peak current value in the voltammograms,
the highest amount of electron transfer from the oxidation and reduction of cyt ¢ was
obtained from the multilayer k-CG/cyt c film prepared at pH 5.0. It shows that the best
interaction between the k-CG and cyt ¢ occurs at pH 5.0. One other result obtained
from voltammograms is that at pH 6.0, and 7.0, the formation of the bilayer k-CG/cyt
c structure could be observed, whilst at pH 4.0, no bilayer k-CG/cyt ¢ structure was
formed despite the increase in the positive charge density of cyt c. In fact, it is known
that decreasing the pH value of the solution causes an increase in the magnitude of
the positive charge of the proteins due to the protonation of the side chain of amino
acids [51]. Why a bilayer k-CG/cyt ¢ film was not formed at pH 4.0 might be due to
the change in k-CG ionic structure. At this pH value, partial protonation may take
place in the k-CG structure. Thus, there may be a reduction in the negative charge
density of the sulfate group which provides electrostatic interaction with other



molecules on the k-CG surface [52]. The next multilayer k-CG/cyt ¢ structures were
formed at pH 5.0.

To provide evidence for the deposition of cyt ¢ and k-CG on the cyt ¢ monolayered
electrode by LBL assembly, the cyt ¢ monolayered electrode was incubated in a
solution (pH 5.0) containing cyt ¢ (20 puM) and k-CG (0.2 mg mL%). The
voltammograms of this new electrode, the 2-bilayer k-CG/cyt ¢ electrode (prepared
by LBL) and the cyt ¢ monolayered electrode were given in Fig. 2c. When the
voltammograms are compared, it is seen that the electrode incubated in a solution
containing cyt ¢ and k-CG has even lower peak currents than the cyt ¢ monolayered
electrode. This result indicates that if the cyt ¢ and k-CG are found in the same
solution, cyt ¢ cannot be deposited on the cyt ¢ monolayered electrode. In addition,
the electron transfer capacity of the cyt ¢ monolayered electrode was adversely
affected by the incubation technique in a solution containing cyt ¢ and k-CG.

Fig. 2a, Fig. 2b and Fig. 2c

3.2. Effect of incubation time of the gold monolayered electrode on
intermolecular interaction for construction of 2-bilayer k-CG/cyt ¢ film

To investigate the effect of the incubation time of the gold electrodes in solutions on
the construction of multilayer electroactive protein architecture, the modified gold
electrodes were incubated in the k-CG solution first and then in the cyt ¢ solution for
different time periods (2.5, 5, 10 and 20 min). The cyclic voltammograms of the 2-
bilayer k-CG/cyt c films prepared in different incubation times were given in Fig 3a.
As can be seen from the voltammograms, the peak currents of the multilayer k-
CGlcyt ¢ structures showed an increase with the increase of the incubation time. The
amounts of immobilized electroactive cyt ¢ on the electrode surface calculated from
voltammograms are shown in Fig 3b. The results show that the deposition of k-CG
and cyt c on each other is almost completed in 5 minutes. Although the highest peak
current is obtained for 20 min incubation time, the successive voltammograms show
that the stability of this multilayer film is somewhat low (Figure is not given). The
subsequent multilayer films were prepared for 10 min of incubation time.

Fig.3a and Fig. 3b

3.3. Effect of k-CG concentration on intermolecular interaction in the
construction of 3-bilayer k-CG/cyt ¢ structure

The effect of k-CG concentration on the formation of a multilayer k-CG/cyt ¢
architecture was investigated. The cyt c monolayered gold electrodes were incubated
in K-CG solutions with different concentrations and then in the cyt ¢ solutions (20
MM). The cyclic voltammograms of the 3-bilayer artificial architecture of k-CG/cyt ¢
were given in Fig 4a. As can be seen from the voltammograms, when the k-CG
concentration is increased from 0.1 mg mL* to 0.25 mg mL™, there is a considerable
increase in the peak currents for the oxidation and reduction of the accumulated cyt ¢
in the multilayer system. However, when the k-CG concentrations were 0.5 mg mL?
and 1 mg mL?, there was a gradual decrease in the oxidation and reduction peak
currents of the cyt ¢ in the multilayer system. The amounts of immobilized
electroactive cyt ¢ on the electrode surface calculated from voltammograms are
shown in Fig 4b. The decrease in the amount of electroactive protein on electrode
surface depending on the increase in k-CG concentration (0.5 mg mL* and 1 mg mL"
1) can be attributed to the increase in the ionic strength [29]. These results indicate



that the optimum k-CG concentration for the most stable interaction between k-CG
and cyt ¢ is 0.25 mg mL*. The subsequent multilayer films were prepared with 0.25
mg mL* of k-CG concentration.

Fig.4a and Fig. 4b
3.4. The Building up of the multilayer k-CG/cyt ¢ system

The multilayer film of the bilayer k-CG/cyt ¢ was prepared using the optimum
conditions set out above on the interaction between k-CG and cyt c. For this purpose,
the cyt ¢ monolayered gold electrodes were incubated in k-CG solutions (0.25 mg
mL-1, pH 5.0) for 10 min and then in the cyt c solutions (20 pM, pH 5.0) for 10 min. As
can be seen from Fig. 5a, the intensity of the oxidation and reduction peak currents
of the cyt c increased as the numbers of k-CG/cyt ¢ layers formed on the electrode
surface were increased. The cyclic voltammograms of the 8-bilayer k-CG/cyt c film
were replotted as time-current curves (Fig. 5a inset), which illustrates that the
multilayer k-CG/cyt ¢ film was steady over multiple cycles with little change in the
peak currents. The amounts of immobilized electroactive cyt ¢ on the electrode
surface calculated from voltammograms are shown in Fig 5b. Whilst the amount of
electroactive monolayer of the cyt ¢ was 10.87 pmol cm2 on the gold electrode, this
value reached 158.01 pmol cm?in the 8-bilayer k-CG/cyt ¢ system constructed using
K-CG. In addition, as the number of bilayer k-CG/cyt ¢ on the electrode surface
increases, the anodic and cathodic peak potentials of the cyt ¢ have been separated
(Fig. 5c¢). A similar observation has been pointed out in the literature for the DNA-cyt
¢ multilayer structure. It has been noted that the electron transfer kinetics is subject to
a limitation of the assembled proteins [29].

Fig.5a, Fig 5b, and Fig. 5c

To provide more definitive evidence for the electron transfer kinetics of the multilayer
structure, a 4-bilayer k-CG/cyt c¢ film was used for the evaluation of the shift of the
peak potential with respect to the scan rate in the cyclic voltammograms. It was
observed that the increase in the scan rate caused peak separation (Fig. 6) and a
linear increase of the redox peak currents (Fig. 6 inset). The calculation of the rate
constant (ks) for the electron transfer between the multilayer film and the electrode
was performed according to the Laviron equation, considering the scan-rate
dependence of the anodic and cathodic peak potentials: in the event of nAE< 0.2 V
[53, 54]

kg = mnvF /RT (2)

where m is a parameter related to the AE, (it is obtained from ref. 53), n is the
number of the electron transferred (for cyt c it is known as 1), R is the gas constant, T
is the temperature, and v is the scan rate and F is the Faraday constant [54]. The
electron transfer rate constant ks was calculated to be 3.11 + 0.26 s™* at a scan rate
of 0.1V s™.

However, the electron transfer rate of cyt ¢ monolayer had been reported to be 75 s
[43]. Clearly, the electron-exchange rate between the protein molecules in the
multilayer protein system is notably slower than the electron transfer rate of the cyt c
monolayer on the gold electrode. It can be concluded that the peak separation of
multilayer k-CG/cyt ¢ structure is related to the electron transfer kinetics between
protein molecules.



Fig.6
3.5. Characterization of the multilayer k-CG/cyt ¢ system

In the next set of experiments, the multilayer k-CG/cyt ¢ system was characterized by
EIS. The Nyquist curves were plotted for bare gold, monolayer cyt ¢ and multilayer k-
CGlcyt c films (2-bilayer, 4-bilayer, 6-bilayer, and 8-bilayer), as illustrated in Fig. 7. It
is clear from the figure that the increase in the number of cyt c layers created
differences in Nyquist curves for monolayer and multilayer protein films. The Nyquist
plot of the bare gold electrode, found to be almost linear, demonstrated that the
transfer of charges was unhindered. After the assembly of the cyt ¢ monolayer and k-
CGlcyt c bilayers on the gold electrode, the Nyquist plots exhibited a semicircular
shape at low frequency, which indicates that the addition of the cyt ¢ monolayer and
K-CGlcyt ¢ bilayer hinders the diffusion of Fe(CN)s*/* to the gold electrode surface.
With each subsequent cyt c assembly step, Fig. 7 shows that the semicircle diameter
of the Nyquist plot increases, which indicates increasing charge transfer resistance.
This expansion in the semicircle diameter of the Nyquist curves can be attributed to
the poor electrical conductivity of cyt ¢ [55]. Another possible cause for the increase
in the charge transfer resistance could be the repulsive electrostatic interaction
between the negatively charged k-CG and Fe(CN)s*/* [56,57]. The Randles circuit
(Fig. 7 inset) was evaluated to be the best fit for the impedance data.

Fig.7

Ellipsometry is a method widely used to study the characteristics of thin films onto
modified surfaces [58]. The thickness of the multilayer k-CG/cyt c film for 4-bilayer
and 8-bilayer films were probed using ellipsometry. The fiting was done by
minimizing the mean-square error calculated by ellipsometer's own computer
program, using the Cauchy model. The spectral variations of the ellipsometric angles
were presented in Fig. 8. The multilayer film thicknesses from the ellipsometric data
were calculated to be 15.019+1.36 nm and 26.398+1.52 nm for 4-bilayer k-CG/cyt ¢
and 8-bilayer k-CG/cyt ¢ films respectively. The increase in the film thickness due to
the increase in the number of bilayers k-CG/cyt ¢ shows that the k-CG/cyt ¢
multilayer film was formed on the gold surface [59].

Fig.8

Fig. 9 shows the UV-vis spectra of the k-CG film, the cyt ¢ monolayered on k-CG film
and 8-bilayer k-CG/cyt ¢ on k-CG film. UV-vis spectra of the cyt ¢ solution (20 uM)
were also taken for comparison (Fig. 9 inset). As shown from the figure, the cyt c
solution exhibited a clear absorption peak around 408 nm. The k-CG film did not
show any absorption peak in the examined spectral region. However, the cyt c
monolayered k-CG film and the 8- bilayer k-CG/cyt ¢ film showed an absorption peak
around 408 nm. These results indicate that the cyt ¢ is assembled on k-CG film.
When the absorption peak intensities of the two films (the cyt ¢ monolayered k-CG
film and the 8-bilayer k-CG/cyt ¢ carrying the k-CG film) are compared, it is seen that
the peak intensity of the 8-bilayer k-CG/cyt ¢ film is higher. This difference shows that
the cyt ¢ and k-CG can be deposited via the LBL assembly technique.

Fig.9



4. Conclusion

In this study, some parameters related to the electrostatic interaction between k-CG
and cyt ¢ were optimized to build up a multilayer k-CG/cyt ¢ electroactive artificial film
on a gold electrode. The peak currents of the multilayer film on the electrode showed
an increase with the addition of each layer of cyt c. The k-CG/cyt ¢ multilayer film
exhibited direct electron exchange between cyt c layers in a surface-fixed state. With
an 8-bilayer k-CG/cyt c film, the content of the immobilized cyt ¢ was found to be 15
times higher than in a monolayer system. In addition, multilayer protein film formation
was confirmed by electrochemical impedance spectroscopy, ellipsometry, and UV-vis
absorption spectroscopy. This multilayer film can be used as an immobilization
platform for some redox enzymes in the preparation of the third-generation
biosensors in which direct electron transfer is accomplished using no diffusional
electron transport mediator [60].
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Figure captions

Schematic 1. The successive incubation steps for construction of the multilayer k-
CGlcyt c film on cyt ¢ monolayered gold surface.

Fig. 1. Cyclic voltammogram of the immobilized cyt ¢ monolayer on the gold
electrode (a). Stability of the oxidation and reduction peak currents of the cyt c
monolayer over multiple cycles (b).

Fig. 2. Effect of solution pH values on self-assembly of k-CG and cyt ¢ (constructed
structure: cyt c/[K-CG/cyt C]2, === pH 4.0, === pH 5.0, === pH 6.0, === pH 7.0, === cyt C
monolayer), voltammograms of the multilayer electroactive cyt ¢ (a). Amounts of
electroactive cyt ¢ on the electrode surface (b). Effect of incubation method on the

immobilization of electroactive cyt ¢ (=== incubated in the mixture of cyt ¢ and k-CG,
== Ccyt ¢ monolayer, === LBL [k-CG/cyt c]2) (c).

Fig. 3. Effect of incubation time on self-assembly of k-CG and cyt ¢ (constructed
structure: cyt c/[k-CG/cyt c]2), voltammograms of the multilayer electroactive cyt c

(=== 2.5 Min, === 5 min, === 10 min, === 20 min) (a). Amounts of electroactive cyt c on
the electrode surface (b).

Fig. 4. Effect of k-CG concentration on the construction of multilayer assembly
(constructed structure: cyt c/[k-CG/cyt c]s) voltammograms of the multilayer

electroactive cyt ¢ (== 0.1 mg mL?, === 0.25 mg mL!, == 0.5 mg mL*?, == 1 mg mL
) (a). Amounts of electroactive cyt ¢ on electrode surface (b).

Fig. 5. k-CG/cyt ¢ multilayer system (constructed structure: cyt c/[K-CG/cyt c]2-s)
voltammograms of the immobilized electroactive cyt ¢ in multilayer system (=== cyt c
monolayer, === cyt c/[K-CG/cyt c]2, === cyt c/[K-CG/cyt Cla, === cyt c/[K-CG/Cyt Cl6, ==
cyt c/[k-CGlcyt c]g), inset: stability of the oxidation and reduction peaks currents of the

8-bilayer k-CG/cyt ¢ film over multiple cycles (a). Amounts of the electroactive cyt c
on the electrode surface (b). Peak separations for 2—8 k-CG/cyt ¢ bilayers (c).

Fig. 6. The variation of the anodic and cathodic peaks potentials with respect to the
scan rate in the cyclic voltammograms. (constructed structure: cyt c/[K-CG/cyt Cla,

scan rate: === 0.05, == 0.1, === 0.2, == 0.4, == 0.5, == 0.8, == 1.0 V s7?) inset: the
variation of the anodic and cathodic peaks currents.

Fig. 7. Nyquist plots of the bare gold electrode (e*¢¢), monolayered cyt c (¢¢9), 2-
bilayer k-CG/cyt C (== = =), 4-bilayer k-CG/cyt c (A A A), 6-bilayer k-CG/cyt ¢ (mmm)
and 8-bilayer k-CG/cyt c (e ®@), inset: the Randles circuit.

Fig. 8. Ellipsometric measurements, change of W with wavelength (bare gold — - -,
4-bilayer k-CG/cyt ¢ film = — —, and 8-bilayer k-CG/cyt ¢ film ).

Fig. 9. UV-vis spectra (k-CG film , Cyt ¢ monolayered k-CG film , 8-bilayer
K -CG/cyt ¢ carrying k-CG film ——, inset: the UV-vis spectra of 20 uM cyt ¢ solution.
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Highlights

¢ K-CG was employed for multilayer immobilization of the electroactive cyt c.
e The electron transport between cyt c layers was established.
e The cyt c content was increased by 15 times with multilayer film formation.
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