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Abstract

We investigate the interaction of horse heart cytochrome ¢ (cyt ¢) with hematite nanowire array
electrodes by cyclic voltammetry to study the electron transfer between redox active proteins and
mineral surfaces. Using this model system, we quantify electron transfer rates between cyt ¢ and
hematite under varying electric potential and pH conditions. The results are consistent with two
distinct cyt ¢ conformations adsorbed at the hematite surface: the native and a partially unfolded
form. The partially unfolded protein maintained redox activity, but at a lower redox potential
than the native protein. Adsorption of cyt ¢ allowed direct electron transfer between cyt ¢ and
hematite, with an interfacial electron transfer rate, k%t, of 0.4 s’! for the native form and 0.55 s’!
for the partially unfolded protein at pH 7.07. In pH 4.66 solutions, cyt ¢ adsorption decreased
compared with the neutral solution and the fraction of partially unfolded protein increased.
Additionally, the diffusion controlled electron transfer rate between hematite and the electron
shuttling compound anthraquinone-2,6-disulfonate (AQDS) was determined to be k%t = 8.0-10-3
cm-s! at pH 7.07. Modulation of electron transfer rates as a result of conformational changes of
redox active proteins has broad implications for describing molecular scale chemical
transformations at biological-mineral interfaces.
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1. Introduction

The demand for energy-efficient processes for wastewater treatment can be met by
simultaneously recovering the chemical energy in wastewater by microbial fuel cells (MFC) [1].
Yet, their relatively low output voltage and power density compared to other energy conversion
devices limit the practical application of MFCs as power generators. In order to overcome the
thermodynamic constraints without increasing operational cost, researchers have attempted to
couple solar energy devices with MFC technologies to enable efficient utilization of multiple
energy sources [2, 3]. A single solar-MFC device that employs a photoanode interfaced with a
microbial biofilm has been reported to enable efficient electrical conduction between the
photoanode-cell interface [4]. The greatly increased photocurrent generation was evidently

1



affected by interaction between a hematite electrode and electrogenic bacterial strains among
Shewanella species. These results highlight the central importance of the microbe-mineral
interface. However, knowledge regarding molecular-level processes at the complex biological-
semiconductor interface remains limited. It is essential to unravel the mechanisms governing
direct electron transfer between proteins and minerals, particularly the influence of chemical
gradients, protein sorption and the role of protein conformation at interfaces. Such insights will
advance molecular-level understanding of the complex microbial-semiconductor interface.

Extracellular electron transfer by dissimilatory metal-reducing bacteria (DMRB), such as
Geobacter sulfurreducens PCA and Shewanella oneidensis MR-1, involves a series of multiheme
cytochromes [5-7]. These mostly membrane-associated redox proteins shuttle electrons from the
inner membrane across the periplasmatic space and through the outer membrane to a terminal
electron acceptor [e.g. Fe(III)] [8]. One of several possible pathways by which dissimilatory
iron-reducing bacteria transfer electrons to solid mineral electron acceptors is through direct
contact between redox-active cytochromes and mineral surfaces [9]. The c-type cytochromes
involved in interactions with mineral surfaces and electron transfer processes are of particular
interest, including outer membrane cytochromes of DMRB, such as OmcA and MtrC [10, 11], as
well as mitochondrial cytochrome ¢ (cyt ¢) [12, 13]. A key difference between bacterial outer
membrane cytochromes and mitochondrial cyt ¢ is the number of hemes and the coordination of
Fe in the heme moieties. Outer membrane cytochromes contain 10-11 hemes with axial bis-
histidine-coordinated Fe, whereas cyt ¢ contains only a single heme with axial histidine-
methionine Fe coordination (Figure 1) [6]. Cyt ¢ has been a focus of research for many years, as
it is functionally involved in the electron transport chain of mitochondria and plays essential
roles in key cellular processes, such as apoptosis [14]. Furthermore, cyt ¢ can be used as a model
system to study the interactions of redox-active proteins with minerals and electron transfer
processes between heme moieties and external electron acceptors, analogous to the interaction of
outer membrane proteins from DMRB with minerals [15, 16].

The interfacial electrochemistry of horse heart cyt ¢ at different types of electrodes, including
metal electrodes and metal oxide electrodes, has been investigated previously [17]. The results
show that cyt ¢ is capable of transferring electrons rapidly with unmodified gold, platinum, tin
oxide, and indium oxide electrodes. The reaction rates were strongly dependent on solution
conditions, electrode pretreatment procedures, experimental protocol, and the surface conditions
of the electrodes. Self-assembled monolayers (SAMs) prepared with COOH-terminated
alkanethiols (HS(CH,),-COOH) can serve as excellent modifiers of gold surfaces for the
immobilization of cyt ¢ in a stable electroactive state [18]. However, for SAMs assembled using
alkanethiols with an alkyl chain length n > 8, the standard electron-transfer rate decreases
exponentially with n. When n = 15, the rate constant at zero overpotential is 0.1 s’!, and this
value is 10-100 times smaller than that for the cyt ¢ and tin oxide system.



Figure 1: Molecular structure of mitochondrial horse heart cytochrome c¢. The heme moiety and
methionine (Met) and histidine (His) residues coordinated to the Fe center are shown in a stick
representation (Protein Data Bank identification code: 1HRC).

The spatial arrangement of proteins on electrodes has also been widely studied to take advantage
of three-dimensional (3D) conduction pathways, as well as scaffolds for protein immobilization.
3D gold nanoparticle-modified electrodes have been fabricated to obtain densely immobilized
cyt ¢ on its surface with direct, reversible electron transfer [19]. Previous studies found that
electron transfer to mineral surfaces is controlled by the mode of interaction between cyt ¢ with
electron acceptors or donors. Experimental evidence suggests that cyt ¢ can adopt various
conformations upon interaction with binding partners and adsorption to surfaces [16].
Electrochemical data indicate that cyt ¢ undergoes a conformational change upon adsorption to
indium-tin oxide electrodes [12]. This adsorption-induced conformational change was
corroborated in another study with hematite and indium-tin oxide electrodes [20]. Although
interactions between c-type cytochromes and hematite surfaces have been characterized [15, 20],
the electron transfer rate of cyt ¢ at the hematite electrode surface has not been determined.

Self-secreted and exogenous electron accepting/donating compounds, such as quinones,
represent an alternative mechanism of extracellular electron transfer, which can support and
complement direct electron transfer processes and significantly increase effective electron
transfer rates [21]. Small molecule electron shuttles include riboflavin (RF), flavin
mononucleotide (FMN), and anthraquinone-2,6-disulfonate (AQDS). Laboratory studies have
demonstrated the role of flavins as electron shuttle compounds, enhancing the ability of S.
oneidensis to respire insoluble substrates [22]. RF and FMN were shown to increase electron
transfer by interacting with specific binding sites in outer membrane c-type cytochromes [23, 24].
Among the electron shuttling compounds, AQDS was shown to be a particularly effective
mediator due to its low half-cell potential and fast redox kinetics in both forward and reverse
directions [25]. The proposed mechanism for electron transfer enhancement by AQDS involves
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reduction of oxidized AQDS by dissimilatory iron-reducing bacteria (DIRB) with H, as electron
donor. Subsequently, the reduced form AH,DS shuttles electrons to Fe(IIl) oxide, where it is
oxidized back to AQDS through heterogeneous surface electron transfer. The addition of AQDS
to DIRB cells stimulated Fe(IIl) reduction by removing the need for microbes to directly contact
minerals [26, 27]. While AQDS is known to enhance the reduction of Fe(III) oxides in whole cell
studies with DIRB, its redox kinetics at the Fe(IIl) oxide interface is not well characterized.

In this study, we selected horse heart cyt ¢ as a model protein to study the direct electrochemistry
at the protein-mineral interface. The structure and heme moiety of cyt ¢ are well defined and the
protein can be studied within a wide range of conditions, such as solution pH, protein
concentrations and applied potentials. The structure and folding states of cyt ¢ have been linked
to electrochemical characteristics that allow us to correlate electrochemical observations with the
conformational states of the protein while adsorbed to a solid surface. Hematite, an abundant,
poorly soluble, and stable form of iron oxide, is investigated in this study due to its significant
role in biogeochemical redox processes such as dissimilatory metal reduction by iron-reducing
bacteria [28-30], and its favorable band gap for solar light absorption, chemical stability and,
more importantly, biocompatibility with cytochromes [4, 31]. We present electrochemical
evidence that cyt ¢ assumes at least two conformations upon interaction with hematite. We
evaluated sorption characteristics of cyt ¢ as a function of concentration and pH, and determined
the rate constants of electron transfer at the interface of cyt ¢ and hematite. Additionally, we
studied the electron transfer of the small redox mediator AQDS with the hematite electrode to
evaluate hematite as a semiconductor electrode material. The intrinsic band gap of hematite
limits conductivity making it a challenging electrode material. Determining electron transfer
rates between AQDS and hematite electrodes in relation to more common electrode materials
enables us to assess the impact of the natural mineral characteristics on electron transfer rates.
AQDS is widely used as a redox mediator in studies to investigate electron shuttling between
microbes and iron oxides.

2. Materials and methods

All experiments, except the hydrothermal synthesis of iron oxyhydroxide (goethite, f-FeOOH)
nanowires, were conducted in a glovebox under a high-purity nitrogen atmosphere (<1 ppm O,).
All glassware for wet chemical experiments was rinsed with milli-Q water (~18 MQ-cm) several
times before use. To remove oxygen in the water, milli-Q water was boiled and purged with
nitrogen gas for 30 min while stirring with a stir bar. It was then transferred to an ice bath with
continued stirring and purging. Deoxygenated milli-Q water was stored in the glovebox and
filtered through a 0.22 pm sterile filter for the preparation of all solutions. Cytochrome ¢ from
equine heart (>95%) purchased from Sigma-Aldrich Co. was used without further purification.
All other chemicals used were reagent grade. All chemicals, plastic syringes, syringe filters,
glass tubes, vials and pipette tips were deoxygenated inside the glovebox for at least 24 hrs
before use.

2.1 Synthesis of hematite nanowire-arrays



Dense and vertically aligned hematite nanowire arrays were grown on a fluorine-doped tin oxide
(FTO)-coated glass substrate, using a hydrothermal method as previously reported, with slight
modification [4]. Briefly, 20 ml aqueous solution containing 0.15 M of ferric chloride and 1 M
sodium nitrate at pH 1 (adjusted by HCI) was added into a 30-mL stainless steel autoclave with a
Teflon liner. A cleaned FTO glass substrate was placed in the solution of the autoclave, and then
heated at 95 °C for 4 hrs. The autoclave was cooled to room temperature. The substrate was
covered with a uniform layer of goethite (B-FeOOH) nanowire film (yellow color). The B-
FeOOH coated substrate was washed with deionized water, and then air dried. To obtain
crystalline hematite (a-Fe,O5), the B-FeOOH nanowire arrays were calcined at 550 °C for 2 hrs
in a horizontal quartz-tube furnace, which was filled with ultrahigh purity N; (99.998%, Praxair)
at a pressure of 740 Torr. The B-FeOOH nanowires were converted into a-Fe,O3 nanowires, and
the color of the film changed from yellow to red. The morphology and identity of the synthesized
mineral on the FTO substrate were characterized by SEM imagining and XRD pattern (Figure
S1). The hematite nanowires have an average diameter of 30 nm and an average length of 1000
nm.

2.2 Electrochemical Measurements

A three-electrode system was constructed to carry out the electrochemical measurements, using a
working electrode consisting of hematite nanowires on an FTO-coated glass substrate, Ag/AgCl
(sat. KCI) as the reference electrode, and a platinum wire as the counter electrode. All reported
potentials are relative to the Ag/AgCl reference potential. A deoxygenated buffer containing 20
mM Tris-HCI (pH 7, unless stated otherwise) was used, with 150 mM NacCl as the electrolyte.
The electrodes were immersed in the buffer solution containing cyt ¢ for about 30 min before
each measurement, to allow the cytochromes to reach sorption equilibrium with the hematite
surface. Cyclic voltammograms (CV) were taken at a scan rate of 10 mV-s! (unless otherwise
specified) using a BioLogic SP-300 electrochemical potentiostat (BioLogic Science Instruments,
Grenoble, France). All hematite electrodes were fabricated by attaching a copper wire to the bare
edge of the FTO glass substrate by soldering a small piece of indium metal, followed by sealing
the FTO glass substrate and metal contact region with insulating epoxy resin. The surface area of
the hematite nanowire array working electrode was projected to be 5-10 cm? All
electrochemical measurements were carried out at room temperature in a glovebox under a N,
atmosphere (< 1 ppm O,). The experiments were run in triplicate and with blank and control
experiments.

2.3 Analysis of CV data

The amount of cyt ¢ (mol) adsorbed on the hematite electrode was calculated by using the total
charge derived from the redox peaks in the cyclic voltammograms, on the basis that cyt ¢ has one
heme. The charge was calculated by integrating the area under the cathodic curve after
subtracting the cathodic curve of the control, which was the CV trace of the hematite electrode in
the absence of cyt c. The molarity of the cyt ¢ sorption on hematite was then calculated based on
the projected surface area of the hematite electrode.

To derive the electron transfer rates, multiple CV traces were taken at increasing scan rates. With
these CV measurements over a large range of scan rates, the results can be displayed by plotting
E,, (anodic peak potential) and £, (cathodic peak potential) as a function of scan rate (a ‘trumpet
plot’). Data in the trumpet plot were analyzed using the program Jellyfit [32]. Jellyfit offers
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several electron-transfer models to fit experimental data, including a Butler-Volmer description
of a single adsorbed redox center, based on the method described by Laviron [33], which was
used to fit the trumpet plots over the entire range of scan rates to determine rate constants.

3. Results and Discussion
3.1 Interaction of AQDS with a hematite electrode

Cyclic voltammetry (CV) measurements were carried out under anoxic conditions to evaluate
electron transfer at the electrode interface. We used a hematite nanowire array working electrode
and focused on a potential window between -0.6 and 0.5 V versus Ag/AgCl, in which the
hematite is electrochemically stable [4]. To evaluate the performance of the hematite electrode
and to characterize the interaction of AQDS with hematite, we conducted CV measurements in
Tris-HCI buffer solutions (pH 7.07) containing 20 uM AQDS (red line, Figure 2a). The CV trace
of the hematite electrode in Tris-HCI buffer as a background control is also shown in Figure 2a
(black dashed line). Compared to the control, the CV trace of AQDS shows a cathodic peak
potential (E,.) of -464 mV and an anodic peak potential (E,,) of -398 mV against Ag/AgCl
(Figure 2b). The midpoint potential (E°) of -431 mV can be calculated according to E* = (E, +
Ep) /2.
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Figure 2. (a) Cyclic voltammetry data collected from a hematite nanowire electrode, using a
background solution of Tris-HCI buffer at pH 7.07 (black dashed line) and 20 uM AQDS in Tris-
HCI buffer (red solid line). The scan rate is 10 mV-s*! and Ag/AgCl (sat. KCl) is the reference
electrode. (b) The same reduction curves from CV data in (a) after background subtraction and
peak deconvolution. Each line represents: raw peak (black), background (dashed black), AQDS
(red). A pair of redox peaks of AQDS is obtained: cathodic peak at -464 mV, and anodic peak at
-398 mV.

The pronounced pair of redox peaks can be attributed to AQDS resulting from electron transfer
between AQDS and the hematite nanowire array electrode [34, 35]. The difference between the
reduction and oxidation peak potentials is close to 60 mV, which signifies the existence of a fully
electrochemically reversible redox couple, implying that the semiquinone redox state (AQDSH,
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AQDS") is present in the redox system [36]. Furthermore, we expect that the diffusion-controlled
reaction occurs at the aqueous interface of the hematite electrode because sorption of AQDS to
hematite is negligible at neutral pH (See Figure S2) [25]. Through use of the Randles-Sevcik
equation which describes the effect of scan rate on the peak current i, [37], the diffusion
coefficient for AQDS was estimated as 6.15-10° cm?-s”!. The observed Nernstian behavior of
AQDS and its reduction potentials indicate that the hematite working electrode performs as
expected. Furthermore, the nanowire array electrode used in this study is much more robust than
monolithic hematite electrodes used previously [20], as we observed smaller variability (within
15 mV) in the redox peaks between experiments.

3.2 Interaction between cyt ¢ and hematite by CV measurements

To investigate the electrochemical interaction of cyt ¢ with hematite, we conducted CV
measurements of cyt ¢ in Tris-HCI buffer solutions using the hematite nanowire array electrode.
In Figure 3a, the CV trace of the hematite electrode is compared with that of cyt ¢, both in Tris-
HCI bufter (pH 7.07). Compared with the buffer control, cyt ¢ shows obvious redox peaks in the
potential range between -400 mV and 200 mV. After linear background subtraction and
deconvolution of the CV curves, two pairs of redox peaks can be identified (Figure 3b). An
anodic peak (£,,) at 120 mV and a cathodic peak (E,.) at -150 mV were attributed to the native
form of cyt ¢ (magenta line). The other pair, with an E,, at -195 mV and an E,, at -360 mV, can
be attributed to the partially unfolded form of cyt ¢ (blue line) [20]. The midpoint potential
values at the neutral pH (E?) are -15 mV and -278 mV for the native and the partially unfolded
form of cyt ¢, respectively. These redox peaks represent the electron transfer between the
cytochrome and hematite; and the values are similar to the reported potentials of -120 mV and -
400 mV (cathodic scan for native and partially unfolded cyt ¢) using a natural hematite electrode
in a neutral medium [20].
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Figure 3. (a) Cyclic voltammetry data collected from a hematite nanowire array electrode, using
a background solution of Tris-HCI at pH 7.07 (black dashed line) and 40 uM cyt ¢ in Tris-HCl
buffer (red solid line). The scan rate is 10 mV-s! and Ag/AgCl (sat. KCI) is the reference
electrode. (b) The same reduction curves from the CV data in (a) after background subtraction
and peak deconvolution. Each line represents: raw data (black), background (dashed black), peak
sum (red), native form of cyt ¢ (magenta) and partially unfolded form of cyt ¢ (blue). Two pairs
of redox peaks are obtained, which are attributed to the native form (E,. = -150 mV and E,, =
120 mV), and the partially unfolded form (£, =-360 mV and E,, = -195 mV) of cyt c.

Unlike the diffusion-controlled reaction at the hematite electrode interface for the small redox
molecule AQDS, cyt ¢ readily adsorbs on hematite surfaces and interacts with hematite
electrodes as the adsorbed protein species (Khare et al., 2006). Indeed, the reduction and
oxidation peaks are separated by more than 60 mV. Thus, on hematite surfaces, cyt ¢ redox
processes are not completely electrochemically reversible (Chen et al., 2002; Khare et al., 2006).
Using SAMs with methyl-terminated alkanes on gold electrodes Chen et al. [38] also reported
changes in the orientation and conformation of the cyt ¢ proteins adsorbed on the electrode. The
authors observed a large shift in the reduction potential to -320 mV and suggested that cyt ¢ was
denatured upon adsorption on the SAM surface. Since this low potential is close to that of aqua-

heme, which is the form obtained after displacing the methionine axially coordinated to the heme
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Fe with a water molecule, [20, 39], it has been interpreted as unfolding of the protein, exposing
the heme group [15].

In our case, sorption did not cause cyt ¢ to lose redox activity, or an irreversible shift in the redox
potential that has been observed for fully denatured cyt ¢ [38]. Instead, interaction between cyt ¢
and the mineral surface triggered a conformational change, rather than yielding fully denatured
protein that results in altered redox properties [40]. Therefore, we attribute the lower potential
shift to a partially unfolded conformation of cyt ¢, which was caused by its adsorption on the
hematite electrodes. The resulting protein conformation may partially expose its heme group
likely by breaking the weak Fe-S coordination displacing the axially coordinated methionine
with a water molecule or a hydroxyl ion. This new environment surrounding the heme group
may account for the lower reduction potential than its native conformation, where the heme is
screened by the protein scaffold. These results therefore suggest that cyt ¢ interacts with hematite
in two electrochemically distinct forms.

3.3 Effect of pH on cyt ¢ and its interaction with hematite

The effect of buffer pH on the midpoint potential and conformation of cyt ¢ was evaluated, as the
molecular conformation of horse heart cyt ¢ is dependent on solution conditions, especially pH
[41]. Figure 4 shows the cyclic voltammetry data of cyt ¢ on hematite nanowire array electrodes
at pH 4.66 as compared to that at pH 7.07 shown in Figure 3. At near neutral pH, we observed a
pair of redox peaks with midpoint potentials E* of -15 mV and -278 mV for the native and the
partially unfolded forms of cyt c as discussed above. In comparison, the cyclic voltammogram of
cyt ¢ appears to be relatively flat at acidic pH (Figure 4a). After linear background subtraction
and deconvolution of the CV curves, we identified two pairs of redox peaks (Figure 4b): a
cathodic peak at -130 mV and anodic peak at 60 mV, yielding E° of -35 mV for native form of
cyt ¢; and a cathodic peak at -350 mV and anodic peak at -205 mV, with E* of -278 mV for the
partially unfolded form of cyt c. It has been reported that the molten globule-like (partially
unfolded) state of cyt ¢ can be induced by moderately lowering the pH [42]. Therefore, we infer
that lowering pH induces a cooperative conformational change in cyt ¢, consistent with previous
reports [43].
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Figure 4. (a) Cyclic voltammetry data collected from a hematite nanowire array electrode, using
a background solution of Tris-HCI at pH 4.66 (black dashed line) and 40 uM cyt ¢ in Tris-HCl
buffer (red solid line). The scan rate is 10 mV-s! and Ag/AgCl (sat. KCl) is the reference
electrode. (b) The CV data from (a) after background subtraction and peak deconvolution. Each
line represents raw data (black), background (dashed black), peak sum (red), native form of cyt ¢
(magenta) and partially unfolded form of cyt ¢ (blue). At pH 4.66, the two pairs of redox peaks
are attributed to the native conformation (E,. = -130 mV and E,, = 60 mV), and the partially
unfolded conformation (E,. = -350 mV and E,, = -205 mV) of cyt c.

The peak current of native cyt ¢ at a modified gold surface showed a similar dependence on pH
[44]. As the pH was lowered from 7.5 to 3, the peaks in the CV curve became broader with a
concomitant decrease in peak current, reaching zero close to pH 4. The observed changes in the
peak current within the investigated potential window suggest that cyt ¢ immobilized on the
hematite surface is more susceptible to unfolding at acidic pH. This unfolding, in particular,
alters the heme binding pocket and its exposure to solvent [15, 40]. Apart from affecting the
conformation of cyt ¢, pH also affects the surface properties of the hematite electrode. Similar to
Shimizu et al. (2012), we observed a high cathodic current density, 0.07 mA-cm? as pH
decreased to 4.66 (Figure 4a) compared to 0.035 mA-cm? at pH 7.07 (Figure 3a), which was
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attributed to reductive dissolution of hematite [45]. The main effect of pH relevant to our study,
however, is on the conformational change of cyt c. The resulting structural rearrangement can
modulate the electrochemical properties and electron transfer kinetics, which is explored in
section 3.5 below.

In addition, we performed CV measurements of cyt ¢ at an alkaline pH of 9.8. The CV trace
showed significantly decreased current density across the entire investigated potential window
(Figure S3), compared to neutral or acidic conditions. A similar effect due to elevated pH was
reported previously [46]. The data suggest that the reduced current density may be caused by
partial oxidation of Fe(IIl) sites on the surface of hematite, resulting in the formation of an
insulating Fe(IV) layer under alkaline conditions [45]. Due to the substantial reduction (60%) in
current density caused by surface chemistry change of the hematite electrode, we focused on the
electrochemistry of cyt ¢ at neutral and acidic pH values.

3.4 Sorption of cyt c and its interaction with hematite

Sorption and surface density of cyt ¢ are important factors to consider because they can affect the
electron transfer between the protein and hematite surfaces. We investigated the influence of the
solution pH on the amount of cyt ¢ adsorbed on the surface of the hematite electrode. We carried
out experiments to obtain CV data as a function of cyt ¢ concentration. For each experiment, the
electrodes were allowed to equilibrate with the cyt ¢ solution for 30 min before taking the CV
measurements. The maximal currents for cathodic waves increased as the concentration of cyt ¢
increased from 20 uM to 880 uM in a potential range of -400 mV to 0 mV versus Ag/AgCl (see
Supporting Information, Figures S4-S6). At the highest cyt ¢ concentration of 880 uM the
current plateaued in both neutral and acidic media, indicating that sorption of cyt ¢ on the
hematite electrode reached saturation. The amount of cyt ¢ adsorbed on the hematite surface
(umol-m-?) was determined by integrating the area under the cathodic curve after subtracting the
cathodic curve of the control, which was the CV trace of the hematite electrode in the absence of
cyt c¢. The sorption isotherm of cyt ¢ on the hematite nanowire-array electrode is shown in Figure
5. The monolayer adsorption capacity was extrapolated from the Langmuir fit to the
experimental data.

b-C
Y= —Q’” = (1)
1+b-C,
Where Oy, (umol-m2) is the monolayer adsorption capacity, Ceq is the concentration of cyt ¢ in
solution with unit (uM), b is the Langmuir constant, and Y (umol-m2) is the amount of cyt ¢
adsorbed on the sorbent surface.

From Figure 5, it can be clearly seen that adsorption of cyt c is affected by the pH of the solution.
The sorption capacities of cyt ¢ on the hematite were determined from Langmuir fits to the
experimental data and amount to 23.38 pmol-m2 at pH 7.07 and 8.17 pmol-m at pH 4.3.
Assuming cyt ¢ arrangement in a single monolayer, the surface coverage corresponds to 14 and 5
protein molecules per nm? of surface area at pH 7.07 and pH 4.3, respectively, which are quite
high values considering the molecular dimensions of the globular cytochrome of 30x34x34 A3
[47]. This is because the projected surface area of the electrode was used in the calculation,
rather than the much larger textured surface area of the hematite nanowires. Accounting for the
average length (1000 nm) and width (30 nm) of individual hematite nanowires covering the 1-
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cm? substrate surface, the accessible surface area of the electrode can reach a value of up to 135
cm?, Using this more realistic estimate of the hematite nanowire surface area, we obtained a
corrected surface coverage of 0.103 molecules/nm? and 0.037 molecules/nm?, respectively, for
pH 7.07 and 4.3. Considering that one cyt ¢ occupies an average surface area of 9.07 nm?2, we
calculated the monolayer coverages of cyt ¢ on effective surface area of hematite nanowires to be
about 93% at pH 7.07 and 33% at pH 4.3, respectively.

The isoelectric point (pI) of horse heart cyt ¢ is 10.2, whereas the pH of zero-point charge, pH,p.,
of hematite is ~8.5 [48]. Between pH 7-10, the protein is positively charged and the charge of the
mineral surface transitions from weakly positive, to neutral, and then negative. Thus, sorption at
pH 4 and 7 is mostly unfavorable due to electrostatic repulsion, which is as a result of an excess
of positively charged lysine and arginine residues resulting in a net positive charge of +8 for
horse heart cytochrome c. However, the electrostatic interactions of the protein are determined
by the spatial distribution of basic and acidic amino acid residues, some of which may be
screened by oppositely charged ions in our system. As the protein molecules diffuse close the
surface, they may reorient and localized favorable electrostatic interactions may facilitate
sorption to the hematite surface, as suggested in molecular dynamics (MD) simulations
investigating the interactions of charged proteins with surfaces of identical charge [49, 50].

—
o
N

cytochrome ¢ adsorbed/umol - m2
(4]
>

0 250 500 750
Ceg/uM

Figure 5. Adsorption isotherms of cyt ¢ on hematite nanowire-array electrodes and fits to the
Langmuir isotherm at 293 K for pH 4.3 (gray triangles, red line) and pH 7.07 (gray circles, blue
lines). Langmuir fit parameters, pH 4.3: Oy, = 8.17 £ 0.54 pmol-m?2, b = 2.02-103 + 2.89-10%;
pH 7.07: 0y, =23.38 £3.11 pmol'm=2, b= 1.47-103 + 3.59-10*.

As the pH decreases from 7 to 4, the mineral surface becomes increasingly positively charged,
leading to repulsive Coulombic forces between protein molecules and the surface. As a
consequence, the cyt ¢ sorption capacity decreases. The adsorbed amounts of native and partially
unfolded cyt ¢ in different pH buffers derived from isotherm fits are listed in Table 1 (Figure S7).
In neutral pH buffer, the amount of native cyt ¢ adsorbed was substantially higher than that of the
partially unfolded form; however, in the acidic buffer of pH 4.3, more of the partially unfolded
form than the native cyt ¢ was adsorbed (Table 1). These data are consistent with the discussion
above that decreasing pH induced a conformational change of cyt ¢ upon sorption.
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Table 1. The monolayer adsorption capacity of native, partially unfolded and total cyt ¢ in
different pH buffers. The values are derived from Langmuir isotherm fits, based on the estimated
surface area for the textured surface of hematite nanowires.

O (umol-m™2), cyt ¢ pH 7.07 pH 4.3
Native form (umol-m2) 21.10+4.30 3.69 £0.48
Partially unfolded form (umol-m2) 4.48 £0.58 4.51+£0.21
Protein total (umol-m2) 23.38+3.11 8.17+0.54

3.5 Electron transfer rate between cyt ¢ and hematite

Dynamic electrochemical techniques are used extensively to measure and analyze electron
transfer rates of redox-active species adsorbed to electrodes [51]. If the interfacial electron
transfer is not limited by mass transport, the current response to applied potentials shows the
direct electron transfer between the redox centers of adsorbed protein and the electrode. In the
case of cyt ¢ we have established above that it readily adsorbs on the surface of hematite with
about 93% coverage at pH 7.07. Thus cyclic voltammetry is an appropriate means to determine
the rate constant of direct electron transfer between cyt ¢ and hematite minerals, where variations
of peak positions as a function of the scan rate [33] are analyzed (Figure S8). The cathodic peak
potential E,. and anodic peak potential E,, of the native (Figure 6a) and partially unfolded
(Figure 6b) cyt ¢ are plotted as a function of scan rate on a log scale. The CV measurements were
carried out in 120 uM cyt ¢ buffer solution (pH 7.07) with varying scan rates. At low scan rates
(from 5 mV-s! to 250 mV-s!), the cathodic and anodic peak potentials exhibit a linear
dependence on the scan rate, demonstrating a surface-controlled electrochemical behavior of the
adsorbed cyt c. At higher scan rates (from 400 mV-s! to 1 V-s!), the separation between
reductive and oxidative peaks is more pronounced, as shown in the so-called trumpet plot.

These current-potential response results are consistent with previous reports [51]: as the applied
voltage is slowly increased (i.e., low scan rate), the system of an uncoupled one-electron redox
reaction is maintained at equilibrium. Under these conditions the time required for electron
transfer between the electrode and redox centers is being met. As the scan rate is increased, the
time required for electron transfer remains the same, but the current response lags behind the
applied potential, resulting in the maximal current observed at a greater separation of cathodic
and anodic peaks. Fitting the scan rate dependence of the peak potential using a Butler-Volmer
description of a single adsorbed redox center, based on the method described by Laviron [33],
yields a first order rate constant for interfacial electron transfer of k%t = 0.4 s’! for the native
form and k%t = 0.55 s°! for the partially unfolded form (Figure 6).
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Figure 6. Scan rate dependence of cathodic and anodic peak potentials determined from CV
measurements of cyt ¢ at a hematite nanowire array electrode with Ag/AgCl (sat. KCI) as the
reference electrode in Tris-HCI buffer (pH 7.07) with 120 uM cyt ¢ (black dots). (a) native form
(b) partially unfolded form. Fits to the Butler-Volmer equation (red lines) were obtained using
Jellyfit (see text).

These values are smaller than those obtained for cyt ¢ interacting with other electrode materials,
such as gold nanoparticle electrode [19, 52, 53]. For example, the k%1 for cyt ¢ on a gold
electrode with a self-assembled monolayer of 11-mercaptoundecanoic acid was 13 s, which is
about 20-fold higher than the rate for the hematite electrode used in our study. This difference
appears reasonable because hematite, as a semiconductor, is less conductive than a gold
electrode, it therefore transfers electrons from cyt ¢ less efficiently than gold.

To evaluate AQDS as a shuttle molecule facilitating electron transfer at the hematite surface, fast
scan voltammetry was used to measure the current-potential response curve in the presence of 20
uM AQDS at near neutral pH. For the small redox molecule, diffusion-controlled treatment was
used to analyze the relationship of peak potentials and scan rates [54](see their Eq. 26). With the
transfer coefficient  of 0.35, the electron transfer rate was derived from data in Figure S9 as:
k%1 =18.0-103+0.2-103 cm's"!. To compare this diffusion controlled electron transfer rate with
the first order rate constant for interfacial electron transfer of adsorbed proteins, we use 10 um as
a distance of diffusion in a biofilm. The rate of electron transfer across this distance is calculated
to be 8.0-10 cm's*!/ 10 um = 8.0 s°!, which is much greater than the rates (k% = 0.4 s™! for the
native form and k%t = 0.55 s°! for the partially unfolded) between hematite and cyt c.

In vivo experiments have demonstrated that addition of AQDS to DIRB cells stimulated Fe(III)
reduction by removing the need for microbes to directly contact minerals [26, 27]. Compared
with direct electron transfer between surface adsorbed protein redox centers, AQDS transfers
electrons to hematite surface at a faster rate than cyt ¢, thus our data support the in vivo
experimental results. While the electron transfer between hematite and AQDS in solution is
diffusion-controlled, we do not know if electron transfer between AQDS and the redox centers of
microbial proteins (i.e., outer membrane cytochromes) is rate limiting. This is beyond the current

scope of the study and future research is needed.
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4 Conclusion

We investigated the interaction of a hematite nanowire array electrode with horse heart
cytochrome ¢ as a model system for redox-active proteins. Cyclic voltammetry demonstrated
direct electron transfer between the cyt ¢ and the electrode surface. Two pairs of distinct redox
peaks are consistent with the existence of two conformations of cyt ¢ upon adsorption, the native
form and a partially unfolded form. The mid-point potentials at pH 7.07 are -15 mV and -278
mV for the native and partially unfolded conformations, respectively. The solution pH has a
substantial influence on the conformation of the protein, its sorption, and electron transfer: at
near neutral pH, the majority of protein maintains its native state (84%), and readily adsorbs on
the surface of hematite (total coverage of 93% of which 21.1 pmol-m= is in the native form).
This direct contact between cyt ¢ and hematite enables the exchange of electrons with the
hematite mineral electrode. Shifting the pH to more acidic values (~pH 4), the majority of the
protein assumes a partially unfolded conformation (55%). This partially unfolded form of cyt ¢
maintained redox reactivity, although at a lower midpoint potential (-278 mV) compared to that
of the native form (-35 mV) at pH 4.66. At alkaline pH, the mineral surface is chemically
unstable and electron transfer rates cannot be determined by electrochemical methods.

The electron transfer rates of cyt ¢ adsorbed to hematite were 0.4 s! (native form) and 0.55 s’!
(partially unfolded form), respectively. These rates were slower than electron transfer between
hematite and the electron shuttling compound AQDS if the the diffusional distance is less than
100 pum, because the rate constant for AQDS is 8.0-10 cm-s™! at neutral pH. The modes of
electron transfers are distinct: AQDS interacts with hematite through a diffusion-controlled
mechanism, while cyt ¢ strongly adsorbs to the surface of hematite. Although AQDS is capable
of transferring electrons to hematite, rates of electron exchange between proteins and AQDS
remain unknown requiring further research. This study contributes to our understanding of the
complex interactions between metal oxides, redox-active biological macromolecules and
ultimately cells, enabling insights into more complex chemical transformations at cell-mineral
interfaces.
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Figure S1. Left: SEM image of hematite nanowires on the FTO substrate. Scale bar is 200 nm.
Right: XRD pattern collected from hematite nanowires on the FTO substrate (top). XRD pattern
(bottom) of FTO substrate are provided as reference. The five diffraction peaks marked by
asterisks are identified in the XRD pattern, which can be indexed as hematite, alpha-phase Fe,O3
(JCPDS, No. 33-0664). The absence of B-FeOOH diffraction peaks indicates the complete
conversion of B-FeOOH to a-Fe,Os.
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Figure S2. Current vs. square root of scan rate for AQDS (20 uM) with a hematite nanowire

array working electrode in Tris-HCI buffer (pH 7.07) demonstrating the diffusion-controlled
behavior. The Ag/AgCl (sat. KCl) was used as the reference electrode.

16



0.010 1

0.005

0.000 -

I/mA

-0.005 +

-0.010 1

-0.0151

-0.020 T T T T T T
-06 -04 -02 00 02 04 06

E/V(vs Ag/AgCl)

Figure S3. Cyclic voltammogram data collected from a hematite nanowire electrode, using a
background solution of Tris-HCI medium at pH 9.84 (black dashed line) and 40 uM cyt ¢ in
Tris-HCI buffer (red solid line). The scan rate is 10 mV-s'! with Ag/AgCl (sat. KCl) as the
reference electrode.
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Figure S4. Cyclic voltammetry data collected from a hematite nanowire array electrode in Tris-
HCI buffer at different concentrations of cyt ¢ and at (a) pH 7.07 and (b) pH 4.3. The scan rate is
10 mV-s! with Ag/AgCl (sat. KCl) as the reference electrode. Examples of reduction curves
with selected concentrations are given in Figure S5 for pH 7.07, and in Figure S6 for pH 4.3.
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Figure S5. The reduction curves with different concentrations of cyt ¢ (a: 80 uM; b: 120 uM; c:
880 uM) from the CV data in (Figure S4 a, pH 7.07) after background subtraction and peak
deconvolution. Each line represents: raw data (black), background (dashed black), peak sum
(red), native form of cyt ¢ (magenta) and partially unfolded form of cyt ¢ (blue).
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Figure S6. The reduction curves with different concentrations of cyt ¢ (a: 80 uM; b: 160 uM; c:
880 uM) from the CV data in (Figure S4 b, pH 4.3) after background subtraction and peak
deconvolution. Each line represents: raw data (black), background (dashed black), peak sum
(red), native form of cyt ¢ (magenta) and partially unfolded form of cyt ¢ (blue).
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Figure S7. Adsorption isotherms of cyt ¢ (a: partially unfolded form; b: native form) on a
hematite nanowire array electrode as a function of cyt ¢ equilibrium concentrations (Ceq). Solid
lines represent fits to the Langmuir isotherm at 293 K derived from charge transferred for each at
pH 4.3 (red) and pH 7.07 (blue). Langmuir fit parameters of partially unfolded form of cyt c: pH
43: 0n=4.51+021 pmol'm?2, b=2.24-103+2.37-104 pH 7.0: O, = 4.58 = 0.58 umol'm™2, b
=2.75-103+£7.82-104
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Figure S8. Cyclic voltammetry data collected from a hematite nanowire-array electrode, using a
(a) background of Tris-HCl medium at pH 7.07 and (b) 120 uM cyt ¢ in the same Tris-HCI at
various scan rates. The Ag/AgCl (sat. KCl) was used as the reference electrode.
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Figure S9. Variation of the CV peak separation (E,=Ep,-E,,c) with the value of kgt evaluated from
the approach by Klingler and Kochi [54] for 20 uM AQDS in Tris-HCI buffer (pH 7.07). The
values of kgt for AQDS become independent of the peak separation and scan rate beyond ~150
mV, and this limiting value is reported as of k%t =8.0-10+£0.2-103 cm-s™!.
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