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ABSTRACT. Fast-scan protein-film voltammetry was applied to explore interfacial biomimetic
electron exchange under the environmental glass forming conditions. Gold electrodes were coated
with 1-pentanethiol SAM-azurin (Az, blue cupredoxin) assemblies and placed in contact with a
water-doped and buffered protic ionic melts of choline dihydrogen phosphate ([ch][dhp]), served as
electrolyte media, allowing for a necessary cell conductivity under the virtually solid, semi-solid and
liquid electrolyte conditions over 273-353 K, within which the electron exchange rate was studied as
a function of the water amount and temperature. Exposure of the Az films to the semi-solid electrolyte
greatly affected the protein’s conformational dynamics, hence the ET rate, via the mechanism
occurring in the extra complicated dynamically-controlled regime. Results are compared to the
earlier studies on the reference system with a conventional electrolyte, allowing for the disclosure of
mutually-entangled mechanistic motifs. Under the “standard” condition (with no [ch][dhp] added),
the Az biomolecule may reside in an apparently ergodic state, whereas upon adding of [ch][dhp] to
allow water content ranging between 6 to 15 waters per [ch][dhp], system displays anomalous
temperature dependences, suggesting that the reactive system crosses a broad, well-manifested
nonergodic zone which arises from the continuous interplay (freezing/unfreezing) of ET-coupled
highly cooperative conformational modes of the Az protein, inherently linked to the electrolyte’s
slowest collective relaxation(s). Above this [ch][dhp] concentration, allowing the water content
between 1.65 to 3.7 waters per ion pair, the system returns to a series of new, quasi-ergodic states,
with each displaying virtually linear Arrhenius patterns yet with distinct parameters. © 2019 Bull.
Georg. Natl. Acad. Sci.
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The vitally important biochemical processes in  concentrated solutions of versatile natural buffer
biological organisms (living cells and tissues) take ~ components and different kind of regulatory or
place in rather crowded environments forming  substrate-like organic molecules [1-3]. In many
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cases these environments are the extremely viscous
media and of essentially glass forming (factually,
of the semi-solid) rather than simple liquid-like
texture [4,5]. Therefore, the semi-solid hybrid
(organic/inorganic) blends may provide a more
realistic mimic of the environment in a cell or
biological membrane than does a simple aqueous
electrolyte [6,7]. Consequently, kinetic studies of
redox processes within such the assemblies/blends
are highly relevant and may improve our
understanding of electron transfer in biological
organisms and structures. Semisolid conditions that
normally offer notable protein preservation also
raise some novel challenging mechanistic
questions. However, systematic mechanistic
studies of interfacial biological ET in glassy media
by the standard voltammetry methods have been
limited because of the poor solution conductivity of
the semi-rigid environment and/or the extra-
demanding cryogenic requirements. Fortunately,
the protic ionic substance, choline dihydrogen
phosphate ([ch][dhp]), have been reported to
possess significant ionic (particularly protic)
conductance and remarkable bio-compatibility
[8-10], involvement of which, along with the
enhancement of the stability and robustness of
electroactive Au—-SAM-—protein assemblies, allows,
on the one hand, to approach a solid-like (glassy)
state under nearly ambient experimental conditions
and, on the other hand, to warrant settings for
obtaining the artifact-free, hence, fully reliable
voltammetry data.

In our earlier work (see papers [11-13]) we
demonstrated the ability of fast-scan cyclic
voltammetry to be a very powerful biophysical
method to study intrinsic physical mechanisms of
redox-active proteins. In this work the Au-SAM-
Az assembly (consisting of the alkanethiol SAM
with methylene carbon numbers of 4, and Az,
azurin, blue cupredoxin) was placed in contact with
a buffered protic ionic melt, [ch][dhp], containing
2 to 15 water molecules per [ch][dhp] ion pair
(content of the ionic component varied from 50 to
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90% w/w), and the ET was studied as a function of
temperature (273-353 K) by fast-scan cyclic
voltammetry, in order to obtain new insights
regarding the novel mechanistic aspects for the
electron exchange occurring within the semi-solid
and almost solid, that is, ultraviscouse (glass
forming) environment.

Materials and Methods

Highly purified P. aeruginosa azurin was purchased
from Sigma and was used without further
purification. The starting material for the buffer
doped ionic melt, choline dihydrogen phosphate
([ch][dhp]) was purchased from lonic Liquids
Technologies (lolitech, GmbH) and was used as
received. The 1-pentanethiol, highest purity
commercially available (Acros) was used as
received. The buffer components, ultrapure 5M
ammonium acetate and HCIO4 (70%) were from
Fluka. The Az films were prepared according to
published procedures. All the PIM blends were
adjusted to have pH 4.6 [12].

The Az film voltammetry was carried out with an
Autolab Electrochemical Analyzer GSTAT 30. The
electrochemical cell has been described elsewhere
[11-13]; GPES software was used for the primary
data analysis and the ‘‘post-measurement’” Ohmic
potential drop corrections for the experimental CV
response The conductivity of all aqueous [ch][dhp]
blends (work solutions) was checked by standard
instrumentation. It was found that conductivity of all
solutions was high enough that the iR drop
correction had no significant impact on the
voltammetric data. Nevertheless, the post-
measurement software-aided corrections were made
[11-13]; hence the results reported in this paper are
essentially free of Ohmic potential drop errors.

Results and Discussion

Fig. 1, panel (A) shows chemical composition of
([ch][dhp]), whereas Fig. 1, panel (B) depicts
typical cyclic voltammograms for the azurin
electron exchange at Au/SAM junctions Az at a
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Fig. 1. (A) Chemical composition of choline dihydrogen phosphate ([ch][dhp]). (B) CV records for the
electron exchange of Az at a 1-pentanethiol (n = 4) SAM coated Au electrode placed in a70% (w/w) [ch][dhp]
solution (pH 4.6, at 20°C); potential scan rates: 10, 20, 40, 60 and 80 V s! (the peak intensity increase).

1-pentanethiol (n=4) SAM coated Au electrode
placed in a 70% (w/w) [ch][dhp] solution (pH 4.6,
at 20°C); potential scan rates: 10, 20, 40, 60 and
80V s Very accurate and stable CV curves
obtained throughout and application of standard
data-processing methodology that is based on the
extended Marcus theory [11-14] allowed us to
determine standard kinetic constants and respective
activation parameters for the Mb electron
transfer/exchange (ET).
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Fig. 2, panel (A) displays evolution of
conductivity for the buffered aqueous [ch][dhp]
blends (pH 4.6) as a function of the molar fraction
of the [ch][dhp] component, denoted as “X”, at
20°C. Data for a pure solid [ch][dhp] (amounting to
ca. 10-5 S/m) are taken from Ref. [9]. Fig. 2, panel
(B) shows an Arrhenius-type plot for the
conductivity temperature dependence of a 90%
(w/w) buffered aqueous [ch][dhp] blend (pH 4.6).
Blue curve depicts the polynomial fit to the
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Fig. 2. (A) Evolution of the conductivity for the buffered aqueous [ch][dhp] blends (pH 4.6) as a function of the molar
fraction of the [ch][dhp] component, at 20°C. Data for a pure solid [ch][dhp] are taken from Ref. [9]. (B) Arrhenius-
type plot for the conductivity temperature dependence of a 90% (w/w) buffered aqueous [ch][dhp] blend (pH 4.6). Blue

curve — the polynomial fit; dashed red line — the linear fit.
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experimental poins, whereas the dashed red line —
the linear fit. From these results one may see that
the electrolyte conductivity within the whole
concentration range of the ionic component,
[ch][dhp], is sufficient to warrant with an excess the
artifact-free determination of electron exchange
rate constants (vide supra).

Unlike the case of an aqueous electrolyte [12]
(considered here as a standard one) and despite the
overall increased stability of the assemblies with
regard to the temperature variation (vide supra),
the rate constant data in Fig. 3, panels (A) and (B),
show a very peculiar behavior. In particular, for
cases with moderate additive concentrations
around 50-70% w/w (matching the water amount
of ca. 15.0 to 6.25 waters per [ch][dhp] ion pair),
the rate constants display hysteresis with the
temperature cycling, and dramatically variable
slopes of plots for the rate constant, In(k®) vs. T.
This behavior was observed for multiple different
samples and scans. The linearity, reversibility, and
reproducibility were restored starting with the
case of 80% [ch][dhp] and above matching ca.
3.70, 255 and 1.65 waters per ion pair).
Specifically, Fig. 3, panel (A) depicts Arrhenius
plots for ET rate constants of Az immobilized at
SAM (n = 4) coated Au electrodes, placed in a
water-doped and buffered (pH 4.6) protic ionic
melt containing 0 (ref. [12]), 80 (blue), 85 and
90% (w/w) [ch][dhp] (from top to bottom). The
data for 50 and 70% mixtures fall with the so
called “Nonergodic Zone” (vide infra) indicated
by the stretched ellipsoid in yellow color, display
“anomalous” Arrhenius plots, are depicted
separately (expanded) in the panel (B) of this Fig..
Fig. 3, panel (B) depicts Arrhenius plots for ET
rate constants of Az immobilized at SAM (n=4)
coated Au electrodes placed in a water-doped and
buffered (pH 4.6) protic ionic melt containing
50% (dashed curves) and 70% (solid curves)
([ch][dhp]) w/w. Open and filled symbols indicate
cycles with a temperature increase and decrease,
respectively. A linear Arrhenius plot below
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represents a system with 80% [ch][dhp] (shown in
the panel A as well), depicted here for the
comparison. Within the [ch][dhp] concentration
range of 50 to 70% w/w, systems exhibited a
behavior that is typical for the nonergodic pattern
[15-20] (vide infra), while above 80%, the quasi-
ergodic behavior restored, indicating that some
distinguished degrees of freedom that survived
freezing, could withstand further increase of the
additive concentration, and displayed “normal”
Arrhenius patterns.

In earlier work on Au-SAM-Az aqueous
electrolyte junctions [12], we showed that the
electron transfer mechanism falls within the
dynamically-controlled regime for thin SAMs. In
this kinetic mechanistic regime, heterogeneous
“adiabatic” rate constant, kf\, of electron exchange

can be presented as [11-14,21,22]:

1 A‘O
kS =— / exp(-AG, / RT), 1
Teﬁ ”3 p( a ) ( )

where 4, is the reorganization free energy of the

complex environment (in the sense of Marcus),
AG,is the free energy of activation of the

exchange process and 7. is the effective

characteristic time related to relaxation processes of
the solvent molecules, protein interior, etc. (other
symbols attain their traditional meaning). In the
approximation of a dielectric continuum and a
Debye-type dielectric response, one finds that:

&, 131V,
Teft ~TL :(5_] RTm ) 2
S

where 7z is the longitudinal relaxation time of the

solvent polarization and n is the solvent viscosity.

The other parameters are the molar volume Vp,
the static dielectric constant ¢,, and the

high-frequency dielectric constant ¢, . For the case
of more complex environments, 7, might be

associated with some conformational or molecular
rearrangement that is coupled to the electron
transfer.
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Fig. 3. (A) Arrhenius plots for ET rate constants of Az immobilized at SAM (n = 4) coated Au electrodes, placed in a
water-doped and buffered (pH 4.6) protic ionic melt containing 0 (ref. X), 80 (blue), 85 and 90% (w/w) [ch][dhp] (from
top to bottom). The data for 50 and 70% mixtures fall with the “Nonergodic Zone” indicated by the stretched ellipse in
yellow color, display “anomalous” Arrhenius plots, are depicted separately (expanded) in the panel B of this Fig. (B)
Arrhenius plots for ET rate constants of Az immobilized at SAM (n = 4) coated Au electrodes placed in a water-doped
and buffered (pH 4.6) protic ionic melt containing 50% (dashed curves) and 70% (solid curves) ([ch][dhp]) w/w. Open
and filled symbols indicate cycles with a temperature increase and decrease, respectively. A linear Arrhenius plot below
represents a system with 80% [ch][dhp] (shown in the panel A as well), depicted here for the comparison.

Within the present research effort, we extended
our previous work [12] to examine the same Au/l1-
pentanethiol (n= 4) SAM/Az junction through the
application of a novel experimental design allowing

for the unprecedentedly broad variation of a key
tuning parameter 7. , made possible through the

changes of solution composition and temperature.
These studies clearly indicated that, along the
solvent control adiabetic mechanism showing via
applicability of equations (1) and (2) (as has been
[12]),
experimental conditions, the novel kinetic features,
and hysteretic Arrhenius
dependencies (predicted as to be typical for the
mechanistic pattern of nonergodic environmental
impact [15-20]) can be observed and explored
systematically. Importantly, nonergodicity (dyna-
mical arrest) and accompanying kinetic effects
should be even more well-pronounced when appear
in combination with the short-range (dynamically-
controlled) ET in glass-forming media, for which
the broad spectrum of slowly relaxing degrees of

demonstrated  before under certain

such as nonlinear
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freedom directly determine the rate constant
through the pre-exponential term of the rate
equation, (1), also (2).

In  summary, the sandwich-like
assemblies composed of gold-deposited alkanethiol
SAMs and on top immobilized films of the redox-
active protein azurin, additionally were placed in
contact with semi-solid electrolytes, the buffered
protic ionic melts of variable doping water content.
The fast-scan voltammetry studies of biomimetic
ET under the conditions of approaching a glassy
state revealed the combined operation of the both,

nano-

dynamically controlled (adiabatic) and medium’s
nonergodic response mechanistic patterns. We
propose that this kind of interplay should be typical
processes  proceeding
overcrowded intercellular environments.

for biomolecular in
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