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ABSTRACT: The electrochemical systems of both grafted
catechol as a pH-responsive electrophore and immobilized
cytochrome c as a model redox protein are detected by cyclic
voltammetry at an optimized lipid deposit-modified glassy
carbon electrode. The catechol covalent grafting is success-
fully performed by the one-pot/three-step electrochemical
reduction of 3,4-dihydroxybenzenediazonium salts generated
in situ from 4-nitrocatechol. The resulting glassy carbon
electrode electrochemically modified by grafted catechol
species is evaluated as an efficient electrochemical pH sensor. The optimized molar ratio for the lipid deposit, promoting
cytochrome c electrochemical activity in solution onto glassy carbon electrode, is reached for the lipid mixture composed of 75%
1,2-dioleoyl-sn-glycero-3-phosphocholine and 25% cardiolipin. Cytochrome c immobilization into the optimized supported lipid
deposit is efficiently achieved by cyclic voltammetry (10 cycles) recorded at the modified glassy carbon electrode in a
cytochrome c solution. The pH-dependent redox response of the grafted catechol and that of the immobilized cytochrome c are
finally detected at the same lipid-modified glassy carbon electrode without alteration of their structure and electrochemical
properties in the pH range 5−9.

■ INTRODUCTION

Electroactive bacteria are living microorganisms that are able to
directly connect their respiratory metabolism to their extrac-
ellular environment by transferring electrons across biological
membranes to or from solids like metal oxides or electrodes.1−3

These bacteria are organized at conducting surfaces as biofilms
and can indeed shuttle electrons via periplasmic and membrane
proteins to/from electrodes.3,4 Hence, electroactive bacteria
represent living, stable, self-replicating, and low-cost electrode
catalysts. This unique property leads to potential “green”
biotechnology applications, such as microbial fuel cells,
microbial electrosynthesis cells, wastewater treatment, desalina-
tion, and biosensors.1,2,4,5 To permit the advent of these
promising microbial electrochemical technologies, it is crucial to
progress toward the fundamental knowledge of these electro-
active biofilms. In particular, it is important to understand the
role and function ofmembrane proteins in electroactive bacteria.
Indeed, little is known on the coupling of extracellular electron
and proton transfers in electroactive bacteria and these
phenomena are key factors for optimizing and designing
relevant applications.
Electroactive microorganisms such as Gram-negative Geo-

bacter sulfurreducens directly connect and transfer electrons to
anodes via outer-membrane c-type cytochrome redox proteins
as ultimate redox relays.3,6 In the absence of an organic substrate
like acetate, at least four redox proteins may be detected

electrochemically in the biofilm, whereas in the presence of an
organic substrate, extracellular electron release from bacterial
catabolism is easily followed by recording a catalytic anodic
current.7 The anolyte then becomes more acidic, consistent with
the oxidation of the organic substrate to carbon dioxide
concomitantly with proton release. Acidification of the anolyte,
of the biofilm, and/or of the biofilm/electrode interface
compromises the performance and viability of the catalytic
biofilms.8−10 In fact, the extracellular electron transfer may be
coupled to proton transfer in outer-membrane c-type
cytochromes or, alternatively, nonredox proton transport
proteins may be responsible for the acidification of the anolyte.
Although extracellular electron and proton transfers are known
to occur in electroactive bacteria,9,11,12 the fundamental
understanding of these processes is still in its infancy and
precludes the optimization of microbial electrochemical
technologies.
The overall objective of our research is to develop an efficient

and versatile electrochemical platform for probing electroactive
bacteria membrane proteins incorporated in artificial lipid
deposits supported on modified carbon electrode. In a first
approach, the electrodes are modified with pH-responsive
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electrophores such as quinone units and then covered by lipid
layers or deposits, creating an artificial supported lipid
membrane in which membrane proteins are incorporated and
electrochemically probed (Figure 1). Indeed, the intrinsic
electroactivity of the protein (if any) can be probed directly
with the lipid-modified electrode and possible proton transport
occurring across the lipid layer by the membrane protein can in
principle be detected with the grafted pH-responsive redox
probe (Figure 1).13,14 The first experimental challenge of this
work is to immobilize and to analyze the electrochemical activity
of the pH-responsive redox probe and that of the membrane
protein at the same electrode without alteration of their native
and electrochemical properties.15

Here, a proof of concept of the electrochemical platform is
presented using surface-grafted catechol moieties as pH-
responsive electrophores and cytochrome c as the model
membrane-associated redox protein. Cytochrome c is immobi-
lized into the supported lipid deposit at the catechol-modified
glassy carbon electrode surface. We focus on the detection of

both the pH-dependent electrophore and the redox protein
reversible redox systems at glassy carbon successively modified
by covalent catechol grafting, then by an optimized lipid deposit,
and finally by immobilization of cytochrome c. First, the grafting
of catechol onto the glassy carbon electrode is performed by a
one-pot/three-step electrochemical procedure that consists of
the cathodic reduction of 4-nitrocatechol in acidic conditions in
the presence of sodium nitrite. The electrode functionalization
and the properties of the grafted catechol moieties are evaluated
by cyclic voltammetry in phosphate buffer aqueous solution at
different pH. Then, optimization of the lipid deposit promoting
cytochrome c electrochemical activity at glassy carbon leads to a
75% 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and
25% cardiolipin (CL) ratio. Cytochrome c immobilization is
achieved by cyclic voltammetry of either a lipid-modified glassy
carbon electrode or a catechol/lipid-modified glassy carbon
electrode, and the electrochemical properties of the modified
electrodes are studied by cyclic voltammetry in phosphate buffer
aqueous electrolyte at various pH values.

Figure 1. Conceptual scheme of the target electrochemical platform: pH-responsive electrophores (here quinones) grafted on electrodes supporting
lipid deposits allow the study of the charge transfer properties of membrane-associated proteins (electron or proton transfer or both). Note that the
selected proteins in this scheme are for an illustrative purpose only.

Figure 2.Catechol electrografting by one-pot/three-step electrochemical reduction of 3,4-dihydroxybenzenediazonium salts in situ generated from 4-
nitrocatechol. Top: Schematic of the reaction. Bottom: Cyclic voltammograms (2 cycles) recorded at 50 mV s−1 at a bare glassy carbon electrode in 1
mM 4-nitrocatechol + 3 mM NaNO2 with 0.1 M HCl as aqueous electrolyte under inert atmosphere (Ar).
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■ RESULTS AND DISCUSSION

Catechol Grafted onto Glassy Carbon Electrode. In this
section, the grafting of pH-responsive catechol moieties and the
electrochemical properties of the modified carbon electrodes are
discussed. First, a bare glassy carbon electrode was modified by
electrochemical reduction of aryldiazonium salts in situ
generated from reduction of the nitro precursor to the arylamine
(Figure 2). Then, the catechol-modified glassy carbon electrode
was studied by cyclic voltammetry in phosphate buffer aqueous
solution at different pH values (Figure 3).

The covalent electrografting is a powerful method to
functionalize a wide range of electrode materials’ surfaces for
many applications.16 Especially, the reductive electrografting of
aryldiazonium cations is very efficient for surface modification
because of its simplicity, versatility, and robustness.16−18 Here,
catechol species were grafted on glassy carbon electrode
following a surface derivatization strategy initially reported by

Cougnon et al. and based on the one-pot/three-step electro-
chemical reduction of aryldiazonium cations in situ generated
from the nitro precursor (Figure 2).19,20 For our work, the main
advantage to use this one-pot/three-step procedure is to limit
the surface coverage (to less than a monolayer equivalent)20 to
retain fast electron transfer kinetics between the redox protein
and the modified electrode. Indeed, this procedure allows to
produce a source of arylamine “on demand” and only in the
vicinity of the working electrode surface.19,20 This grafting
method is based on the cathodic reduction of 4-nitrocatechol to
the corresponding amino derivative in the presence of sodium
nitrite in acidic aqueous solution (0.1MHCl). On the first cyclic
voltammogram (Figure 2), the broad reduction wave is divided
into two peaks located at −0.5 and −0.7 V. The first reduction
process at Epc = −0.5 V is assigned to the reduction of the 4-
nitrocatechol to 4-aminocatechol, whereas the reduction at Epc =
−0.7 V is tentatively assigned to species originating from the
reaction of grafted catechol moieties with nucleophilic species
such as amine (Figures S1 and 2).20,21 In addition, the presence
of only one reduction peak in the second cyclic voltammogram
at Epc = −0.6 V is consistent with the presence of a first grafted
catechol “layer” (Figure 2). The current intensity of the
reduction peak is also lower on the second cycle, suggesting a
partial passivation of the electrode surface consistent with glassy
carbon functionalization.20 The aryldiazonium reduction peak is
expected at ca. +0.2 V.20 However, since the diazotization of the
arylamine is fast,22 the aryldiazonium is generated at an
electrode potential where it is immediately reduced. Hence,
the electrochemical response associated to the reduction of the
in situ generated aryldiazonium cannot be detected on the cyclic
voltammogram. In this electrochemical reaction mechanism, 4-
aminocatechol is electrogenerated at the electrode from 4-
nitrocatechol and immediately converted into 3,4-dihydrox-
ybenzenediazonium, which is then reduced at the electrode in a
subsequent step, leading to the surface covalent derivatization
(Figure 2).
Catechol grafting onto glassy carbon was confirmed by

sonicating the modified electrode for 2 min in ultrapure water to
desorb any material not covalently attached to its surface,
followed by the electrochemical detection of the grafted catechol
at different pH values (Figure 3). All apparent normal potentials
of redox species immobilized onto glassy carbon electrodes and
discussed in the manuscript are reported in Table 1. In Figure 3,
a pH-dependent reversible redox system is detected (Table 1)
and ascribed to the grafted quinone/hydroquinone redox
couple. Figure S2 shows the cyclic voltammograms recorded
at the glassy carbon electrode before and after surface

Figure 3. Grafted catechol redox probe. Top: Schematic of the grafted
quinone/hydroquinone redox couple. Bottom: Cyclic voltammograms
(third cycle shown) recorded at 20 mV s−1 on catechol-modified glassy
carbon electrode in 10 mM phosphate buffer aqueous electrolyte
successively at pH 7.2 (black line), pH 8.7 (blue line), pH 5.9 (green
line), and pH 4.9 (orange line) under inert atmosphere (Ar). Inset: pH
dependence of the apparent normal potential of the grafted catechol
with the corresponding linear regression analysis: y = −59.8x + 605, R2

= 0.9994.

Table 1. Apparent Normal Potentials of the Grafted Catechol and Immobilized Cytochrome cDetected by Cyclic Voltammetry at
the Modified Glassy Carbon Electrodes in 10 mM Phosphate Buffer Aqueous Electrolyte

glassy carbon electrode modified by
apparent normal potential of the grafted

catechol (V vs Ag/AgCl)
apparent normal potential of the immobilized

cytochrome c (V vs Ag/AgCl)

catechol +0.314 V at pH 4.9
+0.251 V at pH 5.9
+0.172 V at pH 7.2
+0.087 V at pH 8.7

75% DOPC/25% CL lipid deposit/cytochrome c +0.005 V (at pH range 5−9)
catechol/75% DOPC/25% CL lipid deposit/cytochrome c +0.293 V at pH 5.5 +0.012 V (at pH range 5−9)

+0.267 V at pH 6.0
+0.232 V at pH 7.0
+0.181 V at pH 8.2
+0.137 V at pH 9.1
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modification, which confirms the effectiveness of the grafting
procedure. In addition, the linear relationship between the
oxidative peak currents and the scan rate (Figure S3) indicates
that the catechol groups are confined to the electrode
surface.19,20,23 The surface coverage of the grafted catechol
species onto the modified glassy carbon calculated from
integration of the faradaic current on the cyclic voltammograms
and based on the geometrical area of the electrode (0.0707 cm2)
is (1.5 ± 0.5) × 10−10 mol cm−2. This corresponds to a
submonolayer modification and is consistent with the results
reported previously.20 Indeed, the grafting of catechol units
through the one-pot/three-step electrochemical reduction
procedure from the nitro precursor allows a fine control of the
grafting yield. In addition, and as expected for this pH-
responsive electrophore, the apparent normal potential of the
grafted catechol is linearly proportional to the pHwith a slope of
60 mV per pH unit over a pH range from 5 to 9 in the phosphate
buffer electrolyte used here (Figure 3, inset). These results show
that the glassy carbon electrode is electrochemically modified by
grafted catechol species from a 4-nitrocatechol precursor and the
resulting modified electrode is an efficient electrochemical pH
sensor.
Cytochrome c Electroactivity in Solution and Immo-

bilized onto Lipid-Modified Glassy Carbon Electrode. In
this section, we discuss the electrochemical study and
immobilization of cytochrome c at a glassy carbon electrode
modified by an optimized supported lipid mixture deposit. The
optimum lipid deposit ratio of 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) and cardiolipin (CL) was first
determined by cyclic voltammetry recorded at the different
lipid-modified glassy carbon electrodes in a cytochrome c
solution (Figure 4). In a second step, the immobilization of
cytochrome c onto the glassy carbon electrode modified by the
optimized lipid film was performed by recurrent cyclic
voltammetry (10 cycles) and then the resulting modified
electrode was transferred to a protein-free phosphate buffer
aqueous electrolyte for studying the immobilized protein
electroactivity (Figure 5).

In a previous work, we have investigated the effect of pure
cardiolipin (CL) deposit to promote the electrochemical activity
of cytochrome c at a glassy carbon electrode since it is known
that this lipid is crucial for the physiological function of this
redox protein.24 Here, the dilution of cardiolipin within a 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) matrix has been
optimized. DOPC is a phospholipid commonly used in
supported lipid bilayers but inefficient to promote the
cytochrome c electroactivity (vide infra). To optimize the lipids
mixture deposited on glassy carbon electrode surface, the best
ratio of DOPC/CL for promoting the cytochrome c electro-
activity was determined by cyclic voltammetry with different
lipid deposits supported on glassy carbon electrode in a
cytochrome c aqueous solution (Figure 4). Each lipid deposit
was carried out by dipping for a few seconds the electrode in a
3.4 mM lipid solution in ethanol with different molar ratios of
DOPC and CL and by subsequently letting the electrode dry
upside down under air. As expected, the cyclic voltammogram
recorded at the bare glassy carbon electrode in the cytochrome c
solution does not display the protein redox signal because of
denaturation or unfavorable orientation.25,26 The same result is
also observed in the cyclic voltammogram recorded at the 100%
DOPC lipid deposit-modified glassy carbon electrode although
with a lower capacitive current in comparison to the unmodified
electrode. This observation confirms that cardiolipin and its
specific interaction with cytochrome c is an essential parameter
for promoting the protein electrochemical activity.24 Indeed, a
reversible redox system at +0.010 V (ΔEp = 47± 8mV at 20 mV
s−1) corresponding to the typical electrochemical response of
cytochrome c in solution is observed in the cyclic voltammo-
grams recorded at glassy carbon electrodes modified by a lipid
deposit containing cardiolipin.25,27−29 One can also note a slight
variation of the apparent normal potential of cytochrome c
(from −0.002 to +0.013 V, Table S1) depending on the
cardiolipin fraction in the lipid deposit on the electrodes. In fact,
cardiolipin interaction with cytochrome c in systems that do not
mimic the native negative curvature and length scale of the inner
mitochondrial membrane relies on electrostatic interactions
involving lysines and histidines in the so called A- and L-sites.30

This is likely the case at the present modified electrodes. A-site
lysines are also involved in the alkaline transition and play an
important role in the stabilization of the native heme axial
coordination in the physiological pH range.31 Changes in the
population fraction of cytochrome c destabilized upon
cardiolipin binding for the different lipid ratios may be at the
core of the slight variation of the cytochrome c voltammetric
signal with lipid composition. Furthermore, the highest current
intensity of the protein redox signal is reached for the glassy
carbon electrode modified by a 75% DOPC 25% CL lipid
deposit. Hence, for promoting cytochrome c electroactivity by a
supported lipid deposit, the optimized lipid molar ratio of 75%
DOPC/25% CL is used for all further experiments.
A simple and efficient strategy to immobilize cytochrome c on

the lipid-modified electrode consists in performing consecutive
cyclic voltammetry (here 10 cycles were performed) in a
cytochrome c solution until a steady-state current is reached
(Figures 5A and S4) and then to transfer the modified electrode
into a protein-free phosphate buffer where the electroactivity of
the immobilized protein can be studied (Figure 5B).24,25,27

Figure 5A shows the increase of the cytochrome c redox peak
current intensity during continuous cyclic voltammetry in a
cytochrome c solution at a glassy carbon electrode modified by a
75% DOPC/25% CL lipid deposit. The redox peak current

Figure 4. Cyclic voltammograms (10th cycle shown) recorded at 20
mV s−1 on glassy carbon electrode before (black) and after modification
with a lipid deposit comprising 100% DOPC (blue), 100% CL (pink),
75% DOPC/25% CL (orange), 50% DOPC/50% CL (gray), and 25%
DOPC/75%CL (green) in a 0.05 mM cytochrome c solution in 10mM
phosphate buffer aqueous electrolyte at pH 7.2 under inert atmosphere
(Ar).
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intensity increases gradually until a steady-state current is
reached at the 10th cycle (Figure S4). This result suggests that
the lipid-modified glassy carbon electrode is saturated with
electroactive surface-confined cytochrome c captured from
solution thanks to the specific interaction between this redox
protein and cardiolipin contained in the supported lipid
deposit.24,25,27

In Figure 5B, the cyclic voltammogram recorded in a protein-
free aqueous electrolyte on 75% DOPC/25% CL lipid deposit-
modified glassy carbon electrode and previously cycled in
cytochrome c solution displays a redox system at +0.005 V and is
assigned to immobilized cytochrome c. The protein apparent
potential (+0.005 V) is only slighty shifted compared to that in
solution (+0.013 V), indicating that cytochrome c immobilized
in the lipid film is not denaturated.24,27,32 The electrochemical
signal of the immobilized protein corresponds to an electro-
chemically quasi-reversible electron transfer reaction since the
peak-to-peak potential separation isΔEp = 90 ± 5 mV at 20 mV

s−1.33−35 The surface coverage of the immobilized electroactive
cytochrome c estimated from faradaic charge integration of the
cyclic voltammogram is ca. (1.7 ± 0.5) × 10−10 mol cm−2. This
value is at least 10 times higher than that expected for
cytochrome c immobilization onto a supported lipid depos-
it,24,25,27 because here the modified electrode is directly
transferred from the cytochrome c solution to the protein-free
buffer aqueous electrolyte after a simple gentle wash in
phosphate buffer.35 Indeed, the fraction of the immobilized
protein that is only loosely adsorbed at the modified electrode
quickly desorbs during consecutive cyclic voltammograms
(Figure S5). The redox potential of immobilized cytochrome c
is not dependent on the pH of the solution in the range of 5−9
(Figure S5).36,37 These results show that cytochrome c
immobilization is easily and efficiently carried out by cyclic
voltammetry at an optimized DOPC/CL lipid deposit-modified
glassy carbon electrode in a cytochrome c solution and the

Figure 5. (A) Cyclic voltammograms (10 cycles) recorded at 20 mV s−1 on glassy carbon electrode modified by a 75%DOPC/25%CL lipid deposit in
0.15mM cytochrome c solution 10mMphosphate buffer aqueous electrolyte at pH 7.2 under inert atmosphere (Ar). (B) Cyclic voltammogram (third
cycle shown) recorded at 20 mV s−1 in 10 mM protein-free phosphate buffer aqueous electrolyte at pH 7.2 under Ar with a glassy carbon electrode
modified by a 75% DOPC/25% CL lipid deposit and previously cycled in a cytochrome c solution for protein immobilization.

Figure 6. (A) Cyclic voltammograms (third cycle shown) at 20mV s−1 at a glassy carbon electrodemodified by catechol/lipid deposit/cytochrome c in
10 mM phosphate buffer aqueous electrolyte successively recorded at pH 7 (solid line), pH 6 (dotted line), pH 8.2 (dashed line), pH 9.1 (not shown),
and pH 5.5 (not shown) under inert atmosphere (Ar) (see Figure S7 for a plot of catechol redox potential vs all five pH values). (B) Faradaic signal of
interest obtained by subtracting the capacitive current from the raw cyclic voltammograms.
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electrochemical properties of the redox protein are kept intact in
these conditions.
Grafted Catechol, Optimized Lipid Deposit, and

Immobilized Cytochrome c onto Glassy Carbon Elec-
trode. In this section, we report the electrochemical properties
of a glassy carbon electrode successively modified by catechol
following the one-pot/three-step electrochemical reduction
grafting procedure, then by the optimized 75% DOPC/25%
CL lipid deposit (solvent evaporation), and finally by the
immobilization of cytochrome c through cyclic voltammetry in a
solution of the redox protein (Figure S6). The catechol/lipid
deposit/cytochrome c-modified glassy carbon electrode was
transferred and studied by cyclic voltammetry in a phosphate
buffer aqueous electrolyte at different pH values (Figure 6).
The cyclic voltammograms successively recorded at the

catechol/lipid deposit/cytochrome c-modified glassy carbon
electrode in phosphate buffer aqueous electrolyte at various pH
values (pH 7, 6, and 8.2 in the chronological order of
measurements) are presented in Figure 6A. Figure 6B shows
the faradaic contribution38 in the cyclic voltammograms of
Figure 6A obtained by capacitive current subtraction using the
QSoas software.39 The cyclic voltammograms clearly show two
reversible redox systems located at +0.232 V (ΔEp = 50 ± 3 mV
at 20 mV s−1) and at +0.012 V (ΔEp = 43± 2 mV at 20 mV s−1)
in phosphate buffer aqueous electrolyte at pH 7, corresponding
to the grafted catechol and immobilized cytochrome c
electrochemical signals, respectively. In addition, the presence
of the redox protein in the methanol/ethanol/water washing
solution of modified electrodes has been confirmed by UV−
visible spectroscopy measurements (Figure S8). Electro-
chemical impedance spectroscopy measurements at each
modification step of the glassy carbon electrode (Figure S9)
do not evidence any significant changes after the initial catechol
grafting, indicating that the subsequent lipid/protein deposit
still contains defects and remains permeable. As previously
observed for the immobilized redox protein onto the lipid-
modified glassy carbon electrode (Figure S5), the electro-
chemical response of cytochrome c presented in Figure 6 is
independent of the pH in the range studied (pH 5−9). A
decreasing of the redox peaks’ current intensity is also observed
upon consecutive cyclic voltammograms at different pH values,
indicating a partial desorption of the protein during cyclic
voltammetry. In contrast, the redox signal of grafted catechol
shows a better stability because of the robustness of the covalent
bond with the electrode surface. Importantly, after the lipid/
protein adduct onto the electrode, the grafted catechol kept its
dependence of pH-responsive properties with a redox potential
linearly proportional to the pH (Table 1 and Figure S7) and a
slope of 42 mV per pH unit in the phosphate buffer electrolyte
used here. This work demonstrates that grafted catechol as pH-
responsive electrophore and immobilized cytochrome c as
model redox protein can be detected by cyclic voltammetry at a
catechol/lipid deposit/redox protein-modified glassy carbon
electrode, while keeping intact their electrochemical properties
without alteration of their native structure.

■ CONCLUSIONS
In summary, the electrochemical detection of both grafted
catechol and immobilized cytochrome c onto lipid deposit-
modified glassy carbon electrode has been achieved at the same
electrode. First, a glassy carbon electrode has been function-
alized by a catechol covalent grafting procedure following the
one-pot/three-step electrochemical reduction of 3,4-dihydrox-

ybenzenediazonium salts in situ generated from 4-nitrocatechol.
Then, an optimized lipid film composed of 75% 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 25% cardiolipin (CL)
has been deposited by solvent evaporation on the catechol-
modified glassy carbon electrode surface for promoting the
cytochrome c electrochemical activity. The cytochrome c
immobilization onto the catechol/lipid deposit-modified
electrode has been achieved following a simple and efficient
strategy consisting of recurrent cyclic voltammetry in a
cytochrome c solution until a steady-state current is reached.
The resulting catechol/lipid deposit/cytochrome c-modified
glassy carbon electrode has been finally transferred into a
protein-free phosphate buffer where its electrochemical
behavior has been studied by cyclic voltammetry. The
electrochemical detection of both grafted catechol and
immobilized cytochrome c reversible redox systems has been
achieved while maintaining intact their native electrochemical
properties, namely, the pH-dependent reversible system of the
grafted quinone/catechol redox couple and the pH-independent
electroactivity of the redox protein (in the pH range studied).
This work is a first proof of concept for an electrochemical
platform aimed at probing charge transfer properties of
membrane-associated proteins. The pH range (ca. pH 5−9)
studied here is physiologically relevant for a wide range of
proteins, and the associated potential shift of the grafted
catechol (namely, 293−137 mV vs Ag/AgCl at pH 5.5 and 9.1,
respectively) does not overlap with any of the known outer-
membrane c-type cytochromes of electroactive bacteria.40

Current work in our laboratory is devoted to the application
of this platform to membrane and periplasmic proteins from
electroactive bacteria.

■ EXPERIMENTAL SECTION
Reagents.Milli-Q water (18.2 MΩ cm) was used to prepare

all solutions. Cardiolipin (CL) solution from bovine heart
(∼4.7−5.3 mg mL−1 in ethanol, ≥97%) and cytochrome c from
equine heart (≥95%) were obtained from Sigma-Aldrich and
stored in a freezer (−18 °C). 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC) powder was purchased from Avanti
Polar Lipids and stored in a freezer. The 10 mM phosphate
buffer aqueous solution at pH 7.2 was prepared by using sodium
hydrogen phosphate anhydrous ACS (99.0% min) and
potassium dihydrogen phosphate ACS (99.0% min) from Alfa
Aesar. Anhydrous absolute ethanol from Carlo Erba Reagents
was used to prepare DOPC/CL lipid mixture solutions.
Concentrated hydrochloric acid (12 M, 37%, ACS Reagent)
and pellets for making sodium hydroxide solution (ACS) were
obtained from VWR and were used to adjust the pH of the
phosphate buffer solution. Sodium nitrite (>99%) was obtained
from Sigma-Aldrich, and 4-nitrocatechol (>98%) was obtained
from Alfa Aesar.

Electrochemical Measurements. A three-electrode cell
with a glassy carbon disk electrode (3 mm diameter) obtained
from BASi as the working electrode, a platinum wire as the
counter electrode, and an Ag/AgCl, KCl 3M reference electrode
were used to perform all electrochemical measurements. The
working electrode was mirror-polished under a flux of ultrapure
water on a fine grid silicon carbide paper (4000-grid SiC paper,
Struers) mounted on a DAP-V Struers polishing equipment
rotating at 75 rpm, then rinsed and sonicated in ultrapure water
for 5 min before each experiment. Electrochemical experiments
were carried out at room temperature (21 ± 3 °C) with an
Autolab PGSTAT204 potentiostat/galvanostat (Eco Chemie
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B.V., The Netherlands) using Nova as the electrochemical
software (Metrohm). Before each measurement, all solutions
were deaerated by bubbling argon for at least 10 min.
Electrochemical impedance spectroscopy measurements were
carried out at open circuit potential in the frequency range from
100 kHz down to 50 mHz, with a signal amplitude of 10 mV in
10 mM phosphate buffer aqueous solution at pH 7.2.
Surface Modification Procedures. The catechol grafting

on glassy carbon surfaces was performed by cyclic voltammetry
in aqueous acidic solution (0.1 M HCl) containing 1 mM 4-
nitrocatechol and 3 mM NaNO2 by recording 2 cycles between
+0.1 and −0.9 V versus Ag/AgCl, KCl 3 M at a scan rate of 50
mV s−1. Then, the modified glassy carbon electrode was
sonicated in ultrapure water for 2 min. The supported lipid
deposit was obtained by dipping the glassy carbon electrodes in
DOPC/CL lipid mixture solutions (3.4 mM lipids dissolved in
ethanol) for 5 s and then let dry under air (less than 30 s for
complete evaporation of ethanol). After the complete
evaporation of ethanol, the dry electrode was immediately
dipped into the 10 mM aqueous phosphate buffer pH 7.2.
Cytochrome c immobilization on the deposited lipid film was
carried out by immersing the electrode in a 0.15 mM
cytochrome c solution and by recording cyclic voltammetry
(10 cycles) between 0.3 and−0.2 V versus Ag/AgCl, KCl 3M at
a scan rate of 20 mV s−1. Then, the protein-modified electrode
was gently washed with phosphate buffer solution and
transferred to a cytochrome-free phosphate buffer electrolyte
for electrochemical experiments.
Spectrophotometry Measurements.UV−visible absorp-

tion spectra were recorded using a UV−visible spectropho-
tometer Shimadzu UV-1605 and 1 cm optical length cuvettes. A
0.15 mM cytochrome c solution in 10 mM phosphate buffer at
pH 7.2 was diluted in a methanol/ethanol/water mixture (1 mL
of each solvent) used as blank, to obtain a protein concentration
of 25 nmol L−1. Six modified glassy carbon electrodes were
washed with the same solvent mixture (1 mL methanol + 1 mL
ethanol + 1 mL ultrapure water), and the presence of
cytochrome c was checked by UV−visible spectroscopy in this
washing solution.
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Beĺanger, D. Carbon surface derivatization by electrochemical
reduction of a diazonium salt in situ produced from the nitro precursor.
J. Electroanal. Chem. 2011, 661, 13−19.
(21) Blurton, K. F. An electrochemical investigation of graphite
surfaces. Electrochim. Acta 1973, 18, 869−875.
(22) Baranton, S.; Belanger, D. In situ generation of diazonium cations
in organic electrolyte for electrochemical modification of electrode
surface. Electrochim. Acta 2008, 53, 6961−6967.
(23) Nguyen, N. H.; Esnault, C.; Gohier, F.; Belanger, D.; Cougnon,
C. Electrochemistry and Reactivity of Surface-Confined Catechol
Groups Derived from Diazonium Reduction. Bias-Assisted Michael
Addition at the Solid/Liquid Interface. Langmuir 2009, 25, 3504−
3508.
(24) Lebeg̀ue, E.; Smida, H.; Flinois, T.; Vie,́ V.; Lagrost, C.; Barrier̀e,
F. An optimal surface concentration of pure cardiolipin deposited onto
glassy carbon electrode promoting the direct electron transfer of
cytochrome-c. J. Electroanal. Chem. 2018, 808, 286−292.
(25) Park, H.; Park, J.-S.; Shim, Y.-B. Electrochemical and in situ UV−
visible spectroscopic behavior of cytochrome c at a cardiolipin-modified
electrode. J. Electroanal. Chem. 2001, 514, 67−74.
(26)Wang, J.; Li, M.; Shi, Z.; Li, N.; Gu, Z. Direct Electrochemistry of
Cytochrome c at a Glassy Carbon Electrode Modified with Single-Wall
Carbon Nanotubes. Anal. Chem. 2002, 74, 1993−1997.
(27) Perhirin, A.; Kraffe, E.; Marty, Y.; Quentel, F.; Elies, P.;
Gloaguen, F. Electrochemistry of cytochrome c immobilized on
cardiolipin-modified electrodes: A probe for protein−lipid interactions.
Biochim. Biophys. Acta, Gen. Subj. 2013, 1830, 2798−2803.
(28) Huang, Y.; Liu, L.; Shi, C.; Huang, J.; Li, G. Electrochemical
analysis of the effect of Ca2+ on cardiolipin−cytochrome c interaction.
Biochim. Biophys. Acta, Gen. Subj. 2006, 1760, 1827−1830.
(29) Salamon, Z.; Tollin, G. Interaction of Horse Heart Cytochrome c
with Lipid Bilayer Membranes: Effects on Redox Potentials. J. Bioenerg.
Biomembr. 1997, 29, 211−221.
(30)O’Brien, E. S.; Nucci, N. V.; Fuglestad, B.; Tommos, C.;Wand, A.
J. Defining the Apoptotic Trigger: The interaction of cytochrome c and
cardiolipin. J. Biol. Chem. 2015, 290, 30879−30887.
(31) Sinibaldi, F.; Howes, B. D.; Droghetti, E.; Polticelli, F.; Piro, M.
C.; Di Pierro, D.; Fiorucci, L.; Coletta, M.; Smulevich, G.; Santucci, R.
Role of Lysines in Cytochrome c−Cardiolipin Interaction. Biochemistry
2013, 52, 4578−4588.
(32) Tarlov, M. J.; Bowden, E. F. Electron-transfer reaction of
cytochrome c adsorbed on carboxylic acid terminated alkanethiol
monolayer electrodes. J. Am. Chem. Soc. 1991, 113, 1847−1849.
(33) Lee, K.-S.; Won, M.-S.; Noh, H.-B.; Shim, Y.-B. Triggering the
redox reaction of cytochrome c on a biomimetic layer and elimination of
interferences for NADH detection. Biomaterials 2010, 31, 7827−7835.
(34) Liu, L.; Zeng, L.; Wu, L.; Jiang, X. Label-Free Surface-Enhanced
Infrared Spectroelectrochemistry Studies the Interaction of Cyto-
chrome c with Cardiolipin-Containing Membranes. J. Phys. Chem. C
2015, 119, 3990−3999.
(35) Yue, H.; Waldeck, D. H.; Petrovic,́ J.; Clark, R. A. The Effect of
Ionic Strength on the Electron-Transfer Rate of Surface Immobilized
Cytochrome c. J. Phys. Chem. B 2006, 110, 5062−5072.
(36) Hagen, W. R. Direct electron transfer of redox proteins at the
bare glassy carbon electrode. Eur. J. Biochem. 1989, 182, 523−530.
(37) Battistuzzi, G.; Borsari, M.; Loschi, L.; Martinelli, A.; Sola, M.
Thermodynamics of the Alkaline Transition of Cytochrome c.
Biochemistry 1999, 38, 7900−7907.
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