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ABSTRACT. Methods to prepare ultrathin gold nanowires and monodisperse nanoparticles
based on the intrinsic property of gold (I) ions to form aurophilic interactions stabilized by
oleylamine and long-chain alkylamine have been widely explored. Due to the low
thermodynamic stability of the high aspect ratio nanostructures, their conjugation and assembly
into functional nanosystems have not been explored so far. One of the reasons for this is that the
surface of the nanostructures is insulated by stabilization compounds, which preserve the
integrity of the nanostructures but at the same time, form an insulating barrier in electronic and
electrochemical systems in contact areas and for the charge transfer reactions. Conjugation of a
metalloprotein cytochrome ¢ (Cyt ¢) with oleylamine-stabilized gold ultrathin nanowires and
nanoparticles into a bioelectrochemically active nanoarchitecture is presented here for the first
time. Methods of preparing and assembling the ultrathin nanowires and nanoparticles on the thin
film gold electrodes are shown. Thermodynamic and kinetic parameters were obtained for the
direct electron transfer reaction of cyt ¢ on these surfaces. Nanowires are responsible for an
approximately -20 mV shift in the redox potential of the ferri/ferro-cyt ¢ couple relative to a thin

film gold electrode.
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1. Introduction

Cytochrome ¢ (Cyt ¢) is one of the most extensively studied proteins because of its central role
in electron transfer in living organisms and as a consequence of electron shuttle between
molecular partners in artificial bioelectronic systems.!> Conjugation of cyt ¢ with nanoelectronic
elements may provide an opportunity to develop platforms with new and unique properties with
respect to electron transfer rate, potential range as well as amount of immobilized electroactive
metalloprotein. Conjugation of electroactive cyt ¢ with nanostructured materials has been
reported.>® Recently, an inexpensive and versatile synthesis for producing various gold
nanostructures employing oleylamine (OA) as a reducing agent and stabilizer has been studied by
different authors.”!? Ultrathin nanowires 2 nm in diameter and with an aspect ratio of up to 4000
have been obtained by this method.® The nanowires present a face-centered cubic crystalline
structure and thus have about 70% of the atoms on their surface, suggesting that these new
metallic nanostructures could be used to design new electrochemical platforms with a large
surface area. Although this method has been widely used, the nanostructures (NS) prepared so far
have not been exploited for electrochemical systems. One of the reasons for this is that the
surface of the nanostructures is insulated by stabilization compounds, which preserve the
integrity of nanostructures but at the same time, form an insulating barrier for the charge transfer
reactions.!?> One example is the OA and polymeric compounds produced in the course of the
reaction. It is challenging to obtain access to the free or chemically functionalized and therefore
organized surfaces for electrochemical systems.

We report on how we addressed this issue by assembling ultrathin gold nanowires and
nanoparticles prepared by OA-based synthesis with a metalloprotein cyt ¢ into a

bioelectrochemically active nanoarchitecture for the first time. Key thermodynamic and kinetic



parameters of the direct electron transfer reaction of cyt ¢ on these electrode surfaces were
obtained. We demonstrate that oleylamine-stabilized gold nanostructures are prospective
electrode materials for bioelectrochemical systems such as biosensors, bioelectronics, and energy
research.

2. Experimental Section

2.1. Reagents and materials. Cytochrome ¢ (horse heart, type VI), 6-mercaptohexanoic acid
(HS(CH2)sCOOH, 6-MHA), 2-mercaptoethanol (2-ME), ethanedithiol, oleylamine, AuCl,
HAuCl43H20 were purchased from Sigma-Aldrich Chemicals and used as received. Distilled
water was used for the experiments. Other chemicals were reagent grade.

2.2. Synthesis of gold nanostructures. Oleaylamine-based synthesis of gold nanoparticles was
performed as described previously.” Gold nanowires were prepared by modification of
procedure.'! 200uL OA was mixed with 7.45 mg HAuCls3H>0, 2.5 ml hexane was added
followed by 100 puL of TIPS. After the reaction time of 5.5-6 h, the mixture was heated at 80 °C
for about 15-30 sec. All samples were centrifugated and redispersed in hexane.

2.3. Electrode Preparation. To prepare thin-film gold working electrodes (WE), a silicon
oxide layer of 1um thickness was grown on a silicon substrate. Thin films of titanium (10 nm,
adhesion layer) and gold (300 nm) were subsequently prepared on Si/SiO; substrates by sputter
deposition. The electrodes were cleaned in acetone, propanol, and water followed by
H202:H2SO4 1:2 v/v and water. The substrates were next subjected to electrochemical cleaning
by consecutive potential cycles in 0.01 M KCl in 0.1 M H2SO4 between 0 and 1.5 V at 0.05 V s°!
starting and ending at 0 V vs. Ag/AgCI/KCI 3 M reference electrode). These electrodes are
referred to as flat electrodes (without the immobilized nanostructures). Subsequently, various

procedures were used to prepare the electrodes with nanostructured surfaces.



2.3.1. Flat thin-film electrodes. After electrochemical cleaning, the electrodes were immersed
into 5 mM solutions of 6-MHA/2-ME (5mM/5mM) in hexane for 1 h. The electrodes were rinsed
with hexane and phosphate buffer to eliminate excess alkanethiols. Cyt ¢ was electrostatically
adsorbed from 30 uM solutions in phosphate buffer (4.4 mM, pH 7.0, ionic strength 10 mM) at 4
°C for 2 h. After adsorption, the substrates were thoroughly rinsed with phosphate buffer to
remove any excess cyt ¢ from the electrode surface.

2.3.2. Nanostructures immobilization via chemical binding (ED-NS electrodes). Either
nanoparticles or nanowires were immobilized on the surface of the thin film gold electrodes via
chemical binding with ethanedithiol (ED). After electrochemical cleaning as described above, the
thin film substrates were immersed into 5 mM solution of ED in ethanol for 1 h. The substrates
were rinsed with ethanol followed by hexane to eliminate excess ED. The samples of
nanostructures were then dropped onto the surface of thin film gold electrodes from hexane
solutions. The samples were left overnight to allow the nanostructures to adhere and were
subsequently rinsed with hexane. When necessary, oxygen plasma treatment was used and the
samples were subsequently rinsed with hexane. Preparation of carboxylate-terminated thiol
SAMs and adsorption of cyt ¢ was performed as described above for the flat electrodes.

2.3.3. Nanostructures immobilization (NS-electrodes). After electrochemical cleaning of the
thin film gold electrodes, the samples of nanostructures were dropped onto the electrode surface
from hexane solutions. The samples were left overnight to allow the nanostructures to adhere and
were then processed as described above.

Oxygen plasma treatment was performed in a plasma oven (diener electronic), 200 Watt, 0.7
mbar. Structural characterization of the electrode surfaces was performed by scanning electron

microscopy (Gemini 1550 VP, Carl Zeiss, Jena, Germany) and TEM analysis (FEI CM20



microscope operated at 200 kV, by drop casting of particle dispersions on copper grids coated
with Formvar film).

2.4 Electrochemical measurements. Cyclic voltammograms (CV) were acquired in a three-
electrode setup controlled by potentiostat (AUTOLAB). The three-electrode cell was composed
of a gold working electrode, a coiled platinum-wire auxiliary (counter) electrode, and a Ag/AgCl
reference electrode (3 M KCI, Ef = 0.210 V vs. NHE). The values of potentials are reported vs.
Ag/AgCl reference electrode. The diameter of the working electrode in the electrochemical cell
was 0.5 cm. Electrochemical experiments were performed at room temperature 21+1 °C in
deaerated solutions. Solutions were deaerated with argon and maintained under an argon stream
during the measurements. Electron transfer rate constants were evaluated using Laviron’s
method.'*

2.5. Correction of peak potential. The anodic and cathodic peak potentials of cyt ¢ on
nanostructured electrodes were corrected for the uncompensated ohmic potential drop due the
solution resistance according to the equation: E,*" = E,“V - IyRy, where E,¢Y is the E, value
defined from the voltammogram and R, is the uncompensated resistance.'> Peak potentials
corrected using this equation are shown in Table 1. Conductivity of 0.1 M solution of sulfuric
acid was measured as about 20 Ohm'cm’'. Therefore, the Ohmic potential drop for
measurements in sulfuric acid (Figure 2A) was about 1 mV and was considered negligible.

2.6. Plieth’ approximation. According to Plieth’ approximation,'® a negative shift in the
redox potential of metal nanoparticles compared to the redox potential of the bulk is proportional
to the reciprocal radius: Ae=2yvm/(zFr), where v is the surface energy, yau(25 °C)=1880 erg cm™?,
and vu is the molar volume, 10.21 ¢cm? mol! and r is the radius of the nanoparticle.

2.7. Surface coverage of cyt c. For a redox couple that is immobilized on the electrode

surface, the surface coverage on the electrode surface, I, is given by:
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where I, is the surface coverage of cyt ¢ on the electrode surface, 4 is the area under the peak (in
units V-A), n is the number of electron transfer, A is the surface area of the flat electrode in the
electrochemical cell (0.196 ¢cm?), and v is the scan rate. The surface coverage was calculated
from the baseline-corrected peaks. Theoretically, the crystallographic dimensions of cyt ¢ of

2.6x3.2x3.0 nm yield approximately 20 pmol cm™ for a close-packed monolayer of cyt c.!”

3. Results and Discussion

The oleylamine-stabilized monodisperse nanoparticles (NPs) and ultrathin nanowires (NWs)
used in our work were prepared by oleylamine synthesis,”»!! drop-cast on the electrochemically
cleaned gold thin film electrode surface. They were allowed to adhere overnight, were washed
with hexane, and analyzed by electron microscopy, Figure 1 and Figures S1, S2A, S3A. The
geometrical features of the nanostructures were as follows. The nanowires were about 2 nm in

diameter and several hundreds of nanometers to micrometers in length, forming bundles, and the

nanoparticles were 12 nm (9%) in diameter, Figure S1.




Figure 1. Transmission electron micrographs of (A) Au NPs and (B) Au NWs. Scale bars are 5

nm (Au NP) and 100 nm (Au NW).

3.1. Thermodynamic stability of OANWSs. We observed that the NWs are not as stable as
OANPs, which is in agreement with their large surface area and aspect ratio. In contrast to the
OANPs, the OANWs are stable in hexane solutions for only about two weeks, they are
disaggregated to nanoparticles after drying the solvent, prolonged exposure to ultrasound (Figure
S2B), and are destroyed by prolonged exposure to oxygen plasma (OP) (Figure S2C). Using
solvents interacting with the amino group of OA or Au(l) results in a partial or complete
disaggregation of NWs (Figure S3).

Generally, we observed that the addition of polar solvent such as ethanol, which is widely used
in the preparation and separation of nanostructures results in partial or complete disaggregation
of NWs to NPs or nanorods. Figure S3 demonstrates such a case. The nanowires are observed in
hexane-treated samples of nanostructures prepared according to 8, but mostly NPs were observed
in the samples treated with ethanol. This is not unexpected, if we consider that the stabilizing
effect of OA is based on the interactions RH>N--Au(0) or RH2N-Au(]) (tentatively assigned to a
complex [AuCI(RNH>)] '¥1%), which have energies of about 44 kJ mol'.2%?! The binding energy
of these interactions is comparable with the binding energy of the hydrogen bond (5 to 30 kJ mol-
!, typically approx. 20 kJ mol").2?> Therefore, hydrogen bonds such as C,HsHO~NH:R can
compete with amine-gold binding (RH>N--Au(0) or RH>N--Au(I)) when ethanol is added.
Moreover, if we accept that OA gold nanostructures are surrounded by Au(I)!%!° (which attracts a
stabilization shell of OA), then the role of ethanol is: 1) to distort or decrease the amount of
stabilization OA molecules on the NS surface due to hydrogen bond formation, and 2) to reduce

Au(l) to Au(0), while being oxidized to acetaldehyde,? thus also destabilizing the OA shell and



resulting in disaggregation of NWs. This implies that solvents which are able to interact either
with Au(0) or Au(l) and form a hydrogen bond with the NHz-group of OA would generally
destabilize or disorder the stabilization shell and lead to a partial or complete disaggregation of
NWs to NP, thereby increasing the NP/NW ratio. Thus, an OA stabilization shell is necessary to
preserve the integrity of such energetically unfavorable ultrathin nanowire structures with a large
surface area (aspect ratio up to 4000). Attempts to obtain access to the free surface of ultrathin
nanowires may easily lead to their disaggregation into more stable nanostructures such as NPs or
nanorods with lower surface energy (aspect ratio).

3.2. OANS on electrode surfaces. We employed two strategies to assemble the nanowires or
nanoparticles on the thin-film gold electrodes (Scheme 1, see section 2.3 for details). In the first
series (Scheme 1A), the nanowire or nanoparticles samples were allowed to adhere to the
preliminarily cleaned planar gold film electrodes (NW-electrodes and NP-electrodes). In the
second series (Scheme 1B), the planar electrodes were first modified with a homofunctional
cross-linker ethaneditiol (ED) and the nanostructures were drop-cast on the thiol-functionalized
electrode surface (ED-NW-electrodes and ED-NP-electrodes). Oleylamine stabilization
molecules on the nanostructures surface are replaced by thiol molecules in this reaction. XPS
surface analysis confirmed the formation of a sulfur-gold bond (see SI). The excess of OA was
then removed by oxygen plasma (OP) treatment and hexane. The washing procedure removes the
nanostructures not adhering to the electrode surface, so that the electrodes displayed patches of

an exposed planar thin film gold surface (Figures S1, S2A, S3A).
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Scheme 1. Assembly of cyt ¢ on electrodes (structure of horse heart cyt ¢ is adapted from Protein

Database, http://www.rcsb.org/pdb).
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Figure 2. Oxidation and reduction of electrode surfaces in H2SO4, 0.1 M. (A) planar gold film
(a), planar gold film modified with OANPs (b) and OANWSs (c), scan rate - 30 mV's™!; (B) planar

gold film (a), modified with EDT-linked NWs (b), scan rate - 50 mV's'!. OP treatment 5 min.

Electrodes modified with adhering (Scheme 1A) NPs and NWs demonstrated a negative shift
of the reduction potential of gold compared to a bare film gold electrode of about -40 mV and -
70 mV, respectively, Figure 2A (for the consideration of the Ohmic potential drop due to the

solution resistance see section 2.5). The presence of OA on the surface, which was also oxidized
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at high potentials, did not allow the gold oxidation potentials to be determined. In our discussion
we consider a symmetric shift of the oxidation (Ea) and reduction (Ec) potentials of the reaction
Au” + e — Au’, which are generally used to find a redox potential as E’=(E.+Ec)/2. This
observation correlates with theoretical and experimental studies that reported on the decreasing
formal redox potential of metal nanoparticles with decreasing size and in comparison to that of
the bulk metal.'® The reason for the size-dependence of the electrochemical parameters of
nanoparticles larger than a few angstroms in radius is the change of the Gibbs free energy
associated with the change in the surface area (the Gibbs free energy of dispersion) and a shift of
the Fermi level of the nanoparticles in comparison to the bulk metal.>* In this sense, gold
electrodes with adsorbed gold nanostructures of different sizes behave like “different metal
electrodes” or electrodes with different standard potentials.?> With respect to the electrochemical
data reported so far, easier oxidation of metal nanoparticles (negative shift of anodic potentials)
with decreasing nanoparticle size?® and electrochemical Ostwald ripening? has been reported as
a result of a negative shift of the standard potentials of smaller nanoparticles. Our data
demonstrate that the reduction of the potential-determining ion, Au(l), on OANS electrodes
proceeds at potentials more negative than for the planar metal electrode. According to Plieth’
approximation (see section 2.6),'¢ the gold nanoparticle of 12 nm in diameter would be
composed of about 53347 gold atoms and would demonstrate a negative shift of redox potential
of about -0.033 V with respect to the bulk gold. Since the redox potential determines the
capability for reduction or oxidation, the negative shift of the redox potential can be considered
as a reduced electron affinity of the gold nanostructures in comparison to the bulk metal.>> The
negative shift of the reduction potential of gold on nanostructured electrodes might also be
influenced by different weights of the exposed gold plane surfaces, defects and edges due to the

presence of the nanostructures. The effective electrode surface area of nanostructured assemblies
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increased about 5.8 (Serr= 1.15 + 9% cm?) and 6.2412% (Sefr = 1.22+ 14% cm?) times compared
to a planar gold electrode surface (Serr = 0.196 + 0.014 cm?) for NP- and NW-electrodes,
respectively, as it is calculated from the reduction peaks?’ (the measurements were performed in
the electrochemical cell, where the geometrical surface area exposed to the electrolyte remains
the same for all the electrodes). The data in Figure 2B also show that covalent binding of the
nanostructures via a homofunctional cross-linker ED (Scheme 1B) increases the nanostructure
density on the electrode surface (an increase of the effective surface area by about 20 times) but
such an assembly, however, is not favourable for the electrochemistry of cyt ¢ as it is shown
below.

3.3. Electrochemistry of cyt c¢. Cyt ¢ was immobilized on the nanoparticle or nanowire gold
surfaces following the procedure adopted from Bowden et al.?® (see Scheme 1 and section 2.3).
In this immobilization method cyt ¢ was electrostatically adsorbed on the negatively charged
functional groups of mercaptocarboxylic acid.>?°-*? It is supposed that electrostatic adsorption
proceeds via interactions of the terminal amine groups of lysine amino acid residues close to the
heme pocket (Lys-13, 72, and 86 of horse heart cyt ¢ 3°), which are positively charged at neutral
pH, with the negatively charged carboxylate surface of the electrodes. Weak interactions with the
alcohol group of mercaptoethanol were also found for Lys-8, 13, and 27 of horse heart cyt ¢.3°
Since interactions which are responsible for binding cyt ¢ to the thiol-functionalized electrodes
are electrostatic in nature, the immobilization and electrochemical experiments were performed
in a low ionic strength buffer (typically 1 to 10 mM ionic strength, 10 mM ionic strength buffer
was used in a present work). Desorption of electrostatically immobilized cyt ¢ upon exposure of
the electrodes to the high ionic strength solutions was previously shown.’? This effect can be
explained by shortening the Debye length in high ionic strength solutions at which electrostatic

interactions are reduced in strength (screened). The stability of the adsorbed electroactive cyt ¢
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layer during experiments is also demonstrated in Figure S4 confirming that the protein doesn’t
diffuse into the solution. This result is in agreement with the previous results showing that the
desorption of cyt ¢ into electrolyte solutions from the carboxylate surface is negligible at low
ionic strengths (< 50 mM phosphate buffer solution) in the pH range 6-9.3%34

Our experiments also confirmed an enhanced electrochemistry of cyt ¢ on mixed thiol
monolayers of mercaptocarboxylic acid-mercaptoalcohol in comparison with a single
mercaptocarboxylic acid.?® The linear dependence of the peak currents on the square root of the
scan rate (Ip vs. v!/?), Figure 3, confirmed the adsorption behavior, i.e. that electroactive cyt ¢

was confined to the nanostructured surface.
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Figure 3. (A) Direct electron transfer of cyt ¢ on the Au-NPs-SAM-cyt ¢ electrodes, scan rate
varies from 10 to 10000 mV s™!' (from inner to outer curve), PB 4.4 mM, pH 7.0. (B) Dependence

of Ip on the scan rate for A confirms the adsorption behavior.

Figure 4A shows cyclic voltammograms (CVs) of cyt ¢ on NS- (Scheme 1A) and ED-NS-
(Scheme 1B) electrodes. For comparison, the CVs of a number of electrodes without
immobilized cyt ¢ are shown in Figure 4A and Figure S5. Mainly capacitive background currents
are observed. The capacitive currents are larger for the NS-modified electrodes than for a flat

electrode due to the increase of the effective surface area of the NS-modified electrodes. Redox
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peaks of cyt ¢ with better resolution were observed reproducibly on NS-electrodes as well as
higher concentrations of electroactive cyt ¢ on the electrode surface compared to those on ED-NS
electrodes. This might be explained by the fact that in the case of adhering nanostructures (NS-
electrodes), the areas of the planar electrode surface not covered with nanostructures would
further react with negatively charged thiols (MHA-ME) introducing additional negative charges

on the surface, thus favoring the electroactive orientation and conformation of cyt ¢.2%3437
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Figure 4. CVs of cyt ¢ on electrodes: (A) OA replaced by thiols, (B) OA is additionally removed
by oxygen plasma treatment before the reaction with thiols. In (A): planar thin-film Au-SAM-cyt
c (a), Au-EDT-NPs-SAM-cyt ¢ (b), Au-NPs-SAM-cyt ¢ (c), Au-NWs-SAM-cyt ¢ (d), Au-SAM
(e, dashed line). (B): line (a) and insert in (B) show CVs of a planar thin film Au-SAM-cyt ¢
electrode and Au-SAM electrode (dashed line) like lines (a) and (e) in (A), respectively, Au-NPs-
OP_SAM-cyt ¢ (b), Au-NWs-OP-SAM-cyt ¢ (c). Other conditions: scan rate - 50 mV s-1,

measurements were performed in 4.4 mM phosphate buffer, pH 7.0.

In our previous works, we observed that in the case of unfolding or denaturation of cyt ¢ (e.g.,
as a result of unfavorable immobilization or constriction on the surface), an additional pair of
redox peaks might appear at more negative potentials. These additional peaks can be assigned to

the partly unfolded, denaturated or constrained fraction of cyt ¢. Axial ligands in cyt ¢ are
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methionine (a thioether side-chain group) and histidine (an imidazol side-chain group). The
influence of axial ligands as well as protein structure on the redox potential, E”’, of iron
porphyrins has been shown.’®3° Denaturation or constriction of the protein may result in a
variation of the environment of the iron of the heme group of cyt ¢, thus producing a shift in the
Fe(II/TIT) redox potential of cyt c. For example, with a help of the “tail porphyrin” concept it was
shown that histidine replacement by methionine produced a shift of the redox potential of
hemoproteins analogues of about 160 mV. Thus, one might expect the shift of the redox potential
(E®) of cyt c and as a consequence an appearance of additional redox peaks due to removal of
the axial ligand or increasing the distance between metal ion of the porphyrin and the axial
ligands (e.g, as a result of denaturation or constriction on the surface). However, we did not
observe these effects in the presented work.

Since electrochemical and XPS experiments showed that OA molecules were not completely
replaced by thiols, we used OP treatment (5 min) to additionally remove OA from the surface.
This treatment further enhanced the electrochemistry of cyt ¢, Figure 4B (NS-OP-electrodes) and
Table 1. An increased amount of the immobilized electroactive cyt ¢ is observed as well. This is
probably due to the additional removal of the insulating organic molecule OA, which plays a role
of an electron transfer barrier. As one can see from CVs (Figure 4), the NS-modified electrodes
demonstrate larger background capacitive currents (this might be expected due to the increased
surface area). Therefore, the redox peaks (Faradaic currents) of cyt ¢ are poorly resolved on the
NWs-modified electrodes.

Table 1 compares redox peak separation (AE), redox potentials (E’), heterogeneous electron
transfer rate (ket) found by the Laviron method,'* and concentrations of electroactive cyt ¢ on the

surface (I'o) (for the details see experimental section). Additionally, we used the Marcus equation
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(1)* for the nonadiabatic first-order reaction to calculate the apparent electron transfer distance,
det:
ke=v-exp[-B(det-do)]exp[-AG*/RT], (1)

where v is the frequency factor generally taken to be 10'3 s714! B is the factor of decrease in the
electron transfer rate with increasing distance (ca. 1 A),*> dy is the van der Waals contact
distance, assumed to be 3 A, and AG* is the free energy of activation.*’

Table 1 Electrochemical characteristics of the heterogeneous electron transfer of cyt ¢ on
electrodes, TS / T, — ratio of concentrations of cyt ¢ on the OANS-electrode and flat

electrode?.

Electrode system E’, mV AEcor, kerh, s | det™, A | Ty, pmol | ToNS/I, Mt
mV cm?

Au-SAM 342) 8(1) o) [ 18(2) 53(03) |1

AuNP-OPSAM | 32(d) _ |39G5) | 2.0003) |2127) | 9%(@®) 18

AuNW-OP-SAM | 12(6) | 28(6) | 24(05) |22.6(4) |31(6) 6

a E’ — redox potential of cyt ¢ taken as the average of the reduction and oxidation peak
potentials, AEcor - difference between peak potentials corrected for the ohmic potential drop due
to the solution resistance, ket" — heterogeneous electron transfer constant found by the Laviron
method, det™ - an apparent electron transfer distance found using eq. (1), 'o — concentration of
cyt ¢ on the surface, 95 % confidence intervals are given in parenthesis. The electrochemical
characteristics of cyt ¢ on the electrodes reflect not only the averaged orientational populations of
electroactive cyt ¢ 3 but also the averaged nanostructured electrode surface.

We observed that the redox potential of the Fe(IlI/IT) ferri/ferro-cyt ¢ couple adsorbed on NS-
OP-electrodes demonstrated a slight shift in the cathodic direction, see Table 1. This effect is
most pronounced for NWs-OP-electrodes. The effect might be due to the different conformation

and orientation of cyt ¢ adsorbed on various surfaces.?*34-37
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For basic and applied studies cyt ¢ was immobilized on various flat and nanostructured
surfaces, e.g., gold nanostructures (mostly gold nanoparticles)®*-48, graphene nanosheets’ , and
fullerene film modified electrodes*. The data on the thermodynamics and kinetics of interfacial
redox processes of cyt ¢ electrostatically adsorbed on the surfaces, however, reveal a large
scattering of the data for the formal redox potential, E®*, the heterogeneous electron transfer rate
constant, ker, and the amount of the immobilized electroactive cyt c. For cyt ¢ electorstatically
adsorbed on SAMs of thiols values of E” between -10 and 60 mV (vs. Ag/AgCl) have been
reported*** (the formal potential of native cyt ¢ is about 70 mV vs. Ag/AgCl sat. KCI in a
phosphate buffer solution of pH 7°°). The heterogeneous electron transfer rate constant is within
0.3 — 880 s13%444651 The heterogeneous electron transfer rate constant decreases with the
increase of the electron transfer distance (alkanethiol chain-length).3* Moreover, it was shown
that it was primarily the kind of the metal rather than its surface morphology (roughness) that
controls the thermodynamics and kinetics of interfacial redox processes of electrostatically
adsorbed cyt ¢.’? Additionally, some discrepancy in the kgr values may be explained by the
observed dependence of ket on v (scan rate).>! This dependence was attributed to electroactivity
changes resulting from reorientation of molecules during the potential scan. The scan rate
dependence of ket makes it difficult to compare the data for the heterogeneous electron transfer
rate constant using Laviron’s method for cases AE <200 mV and AE >200 mV.'%312 It was
demonstrated that gold nanoparticles coated with thiol-based SAMs catalyze interfacial
electrochemical electron transfer of redox metalloproteins.®*4” High surface coverage of cyt ¢
up to about 123 pmol c¢cm? in layered nanospace of grapheme nanosheets*® compared to the
theoretical value of monolayer cyt ¢ on the GCE surface 13 pmol cm™ 3 and 20 pmol cm™ '7 on
the gold surface has been reported. Although, lower values of the electroactive coverage on

SAM-modified flat gold electrodes are usually reported.
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We found the energy of activation of the electron transfer reaction of immobilized cyt ¢ from
the temperature dependence of the electron transfer rate (Figure S6, Arrhenius plot). It is
assumed that E,2AH*,** where E, was found from the Arrhenius plots. We further assume that
the contribution of the entropy of activation to the free energy of activation AG* of ET is
negligibly small,>3-* therefore, AG*=AH*. Table 2 compares the values of the activation energies
of the heterogeneous electron transfer of cyt ¢ on planar Au-SAM-cyt ¢, Au-NW-OP-SAM-cyt c,
and Au-NP-OP-SAM-cyt c¢. The reorganization energies were estimated using Marcus theory, i.e.
A=4AG" 403 and are summarized in Table 2.

Table 2 Activation energies (Ea) and reorganization energies (1) of the heterogeneous electron

transfer of cyt ¢ on electrodes®.

Electrode system E., kJ mol! A, eV
Au-SAM 31(3) 0.32
Au-NP-OP-SAM | 28(3) 0.29
Au-NW-OP-SAM | 23(4) 0.24

295 % confidence intervals are given in parenthesis.

The value of der for the flat electrodes, which is calculated as 16.8 A for MHA (using values of
1.16 A per methylene unit (-CH>-), 4.8 A intercept,’ and about 5 A for the heme to edge distance
in cyt ¢ *3) is in a good agreement with a der of 18 A (Table 1) found for the flat electrodes. On
the other hand, the der™ values for NS-electrodes deviate to a greater extent from the calculated
16.8 A distance. We assume that some OA molecules remain between the gold thin film
electrode surface and adhering nanostructures thus providing an additional tunneling barrier for

the electron transfer. Indeed, the oleylamine molecules on the NW were found to be 1 - 2 layers
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thick, and exhibited a thickness in the nanometer range, representing an isolating barrier for
electron tunneling.!? This explains deviations of the apparent electron transfer distance, det™, for
the NS-electrodes (in Table 1, found from the Markus equation) from the calculated value of
about 16.8 A. Thus, additional electron transfer barrier between NPs and NWs and the electrode
surface contributed to the ket found for Au-NP-OP-SAM-cyt ¢ and Au-NW-OP-SAM-cyt ¢
systems. Therefore, higher values of ket immediately between cyt ¢ and thiol modified NPs and
NWs are expected than those found for the electrode assembly. For the bundles of nanowires, the
electron transfer process faces a longer path with more barriers on the interface, thus the wires’
own contact resistance makes the transfer process slower. This may explain that the rate

decreases while the energy of activation decreases.

4. Conclusions

In summary, we realized an assembly of ultrathin NWs and NPs prepared by OA-based
synthesis with a metalloprotein in a bioelectrochemically active nanoarchitecture for the first
time. The gold reduction potential of electrodes modified with ultrathin nanowires and
nanoparticles demonstrated cathodic shift. We showed that the geometrical features of the
nanostructures and the method of their assembly allow fine tuning of the electrochemical
properties of the nanostructured gold electrode. Various methods of the bioelectronic circuit
assembly of a metalloprotein and OANPs and OANWSs are demonstrated and discussed.
Nanoconjugates with OANSs covalently attached to the gold electrode surface demonstrate a
lower performance in combination with a metalloprotein electrostatically adsorbed on the thiol
functionalized gold surface compared to the systems with OANSs adsorbed on the electrode

surface.  Novel nanostructured electrodes provide a good environment for stable and
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reproducible immobilization of the electroactive metalloprotein. While the concentration of the
electroactive cyt c is drastically increased, studies on the surface treatment and immobilization of
nanowires probably improve the kinetics of electron transfer in the Au-OANSs-SAM-cyt ¢
assembly to further realize the potential of OA nanostructures for bioelectrochemical systems.
The nanostructures prepared by oleylamine synthesis can prospectively be used to assemble other
biomolecules into functional nanoarchitectures for sensors, artificial electron transport chains,

metalloprotein electronics, and energy research.
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