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Abstract

We report on the design and performance of a thin-layer electrochemical cell optimized for use
with optically transparent film electrodes in combination with UV/Vis and IR transmission
spectroscopic measurements. The cell allows for measurements under both aerobic and anaerobic
conditions. The direct, unmediated electron transfer, as assessed by the current transient, and the
corresponding optical response observed for the Fe(CN)g3~/4~ couple were in good agreement
with theoretical predictions for voltammetry and optical absorption by an analyte confined in a
thin layer. Chronoamperometric and spectroscopic measurements of Fe(CN)g3~/4~ on gold mesh
electrode revealed fast kinetics strongly influenced by the electrolyte concentration. Maximal
apparent rates exceeding 2 s"* in 1 M KCI were observed optically. The direct kinetic and
thermodynamic behavior of cytochrome ¢ was compared with several electrode materials using the
cell. The results showed heme ligand-dependent changes in the protein-electrode interactions.
Mid-UV/Visible spectral changes upon redox transitions in native cytochrome ¢ and its cyanide
derivative, as well as dissociation of the ferrous cytochrome ¢ - CN complex are reported.

INTRODUCTION

Spectroelectrochemistry is a powerful hybrid technique that provides quantitative and
qualitative information about an analyte by combining spectroscopy (e.g., UV to far-IR
transmission) with electrochemical methods. A thin-layer electrochemical (TLE) cell, and its
optically transparent variant, has become an essential tool in the study of complex redox
reaction mechanisms, especially in biological systems.1™® Development and utilization of
optically transparent electrodes (OTE) opens particularly intriguing possibilities in the
rapidly developing area of interfacial assemblies by allowing one to manipulate and monitor
the sample directly on the solid surface. Examples of such assemblies include partially
dehydrated protein films,10-13 supported lipid bilayers,1# 15 protein/lipid films,14: 16-19 and
surface-immobilized protein assemblies.20-22 This approach holds great promise for other
bioanalytical applications and sensors.22-24 However, there are significant practical
limitations on physical properties of the electrode and the geometry of sample in current
implementations of TLE cells. This is especially true for transmission studies, as
electrochemical performance is often sacrificed for optical transmission.
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The configuration and performance of a TLE cell depends strongly on the selection of
electrode material (film electrode vs. minigrid, for example), which determines minimal
ohmic resistance/maximal geometry of the cell, available potential and spectral window.
These factors, in turn, determine attainable electron-transfer rates, sample type, stability, etc.
A gold minigrid (Au-MG) is a commonly used OTE due to its availability, transmission
from the far-UV to the far-IR spectral region, and high conductivity.l: /-2 While the opaque
nature of metals has been overcome by use of reflectance measurements, other limitations
(narrow potential window, background current, protein fouling) remain.®

A thin conductive film supported on an optically transparent substrate represents another
type of OTE with a broad analytical potential. Depending on the spectral region of interest,
conductive thin films, such as metals,26: 27 carbon materials,> 28-32 and metal oxides,33-35
are used. Usually, a compromise between the electrical conductivity and optical
transparency has to be made as these two parameters are inversely related to one another,
and both of which are controlled by film thickness.3®

An ideal TLE cell should satisfy several criteria: a) rapid and complete electrolysis of the
redox analyte, and b) quantitative agreement between the experimental and theoretical
optical and electrochemical parameters. From practical standpoint the cell also needs to c)
accept a flexible range of electrode materials, including film electrodes, d) require small
operational sample volume, including anaerobic conditions, and €) provide reproducible,
quantitative portability between optical and infrared domains (physically and spectrally) for
direct spectral correlations.

We sought to achieve these key benchmarks with particular emphasis on (i) faster electron-
transfer kinetics (exceeding the typical 20-120 sec time frame)32: 37 and (i) compatibility
with optically transparent diamond electrodes for interfacial protein spectroelectrochemistry.
We have previously reported application of this cell in IR transmission measurements of
ferricyanide and ferrocene using boron-doped diamond (BDD) on silica.38 Herein, we report
on the extensive characterization of the spectral and electrochemical response of
ferricyanide, cytochrome c (Cc) and its cyanide derivative (Cc-CN) in aqueous media using
the new cell design along with several electrode materials. Using a potential step/
spectrophotometric approach, we report redox- and ligand-dependent changes in the rates of
electrochemical reactions and assess anaerobic performance.

MATERIALS AND METHODS

Thin-Layer Spectroelectrochemical Cell

The transmission TLE cell design (Figure 1) builds upon an original design by Mantelle et.
al.” but with significant modifications which greatly increased the responsiveness,
predictability and reliability of the cell. The optically transparent working electrode (20%20
mm overall, 10 mm dia. active area) is pressed against the front surface of the cell body
(PEEK) though a circular Kapton® polyimide film spacer (Fig. 1). The inner diameter of the
spacer (10 mm) is larger than that of the central through bore of the cell (9 mm) except for
three small tabs that extended into the bore by ~1 mm. A transparent back window (9 mm
dia. x 5 mm) - CaF, (used here), BaF,, Si, fused silica etc. - was pressed against the
electrode through the spacer tabs by a hollow nut on the back surface of the window. Thus,
the electrochemical volume of the cell is defined by the narrow space between two flat
surfaces separated by the spacer of the desired thickness (7.5 to 75 um) and the 1.D. of the
spacer. This volume is sealed with one o-ring encircling the spacer (Fig. 1, bottom) and
another between the perimeter of the non-electrochemical surface of the back window and
the hollow nut (not shown). A circular contact of smallest possible diameter (17 mm) is
pressed against the working electrode outside of the front o-ring (WE lead in Fig. 1).
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Approximately ~10 cm of fine Pt wire serves as the counter electrode. It is either located in a
1x1 mm groove in cell body encircling the back window (shown in Fig. 1, top) or coiled in a
separate compartment that is connected to that groove through a PEEK frit (1.5 mm dia.).
The latter configuration provides better separation between the sample and the counter
electrode medium at the expense of small increase in ohmic resistance. Continuity in the
electric circuit between the electrochemical cavity and the counter electrode is established
via a cylindrical capillary volume (EC in Fig. 1; ~50 pm wide) filled with supporting
electrolyte. Capillary is formed by the outer cylindrical surface of the back window and the
inner surface of central bore. For aqueous measurements, the cell is equipped with a
miniature standard Ag/AgCl reference electrode. The reference electrode is connected to the
side of the cylindrical capillary between the working and counter electrodes via a cracked
glass junction.

Utilization of the capillary electrolyte space surrounding the optical transmission window
for circuit continuity allowed to minimize the dimensions of the thin layer in the plane of the
electrode. At the same time this configuration a) made the cell fully compatible with a wide
range of electrode materials and geometries, particularly with film electrodes on non-
conductive substrates, and b) allowed to use a film spacers with desired thickness (7.5 to 75
um used here) to predictably define the thickness of electrochemical layer. An integral
miniature reference Ag/AgCl electrode was used in this highly compact configuration (25 x
35 x 50 mm). For further details of cell design and methods of preparation of optically
transparent boron-doped diamond thin film, glassy carbon, and gold minigrid electrodes see
SI.

All chemicals were reagent grade quality, or better, and were used without additional
purification. A solution of K3Fe(CN)g (Aldrich) was prepared fresh daily using ultrapure
water (~18 MQ cm) from a commercial water purification system (Barnstead E-pure). Horse
heart cytochrome c (Sigma Aldrich Chemical Co.) was re-purified chromatographically and
concentrated following a published procedure3? in 10 mM Tris-HCI buffer, pH 7. Cc
concentrations were determined using Aessg = 21 cm™ mM-1 in the ferro- vs. ferri-Cc
difference spectrum. For CN™-modified Cc, a small aliquot of stock KCN solution was
added to the final concentration of 0.1 M and pre-incubated for 30 min prior to the
experiment.

Electrochemistry and UV-Vis Measurements

The electrochemical measurements were performed at room temperature using a computer-
controlled potentiostat (Model 760B, CH Instruments, Inc., Austin, TX). All potentials are
reported vs. a Ag/AgCl reference electrode. Background voltammetric scans obtained using
a blank sample immediately before or after the measurements were subtracted from those of
the sample. For chronoamperometric measurements, no background correction was
performed. UV-Vis spectra were recorded continuously at 0.3 s intervals using Hewlett
Packard 8453 diode array spectrophotometer (Agilent Technologies, Santa Clara, CA).
Optical spectra were probed in the central area of the electrode (~6 mm dia.) as shown in
Fig. 1B. The start of the optical and amperometric measurements was electronically
synchronized. The apparent electron-transfer rates upon application of the potential step
were determined by a non-linear regression analysis of optical transient at characteristic
wavelengths, fitting with a mono- or bi-exponential functions using lgor Pro software
(Wavemetrics, Inc., Lake Oswego, OR).

For aerobic measurements, the analyte solution is loaded by placing a small volume of
sample (5-10 pL) in the center of working electrode immediately prior to the assembly of
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the cell otherwise filled with the supporting electrolyte. Anaerobic performance of the cell
was evaluated using ferro-myoglobin as a sensitive probe the presence of traces of oxygen.40
There were no indications of O, binding to Mb2* sample in the cell upon incubation in the
dark over 12 h. Details of anaerobic sample handling and representative
spectroelectrochemical optical spectra are shown in Sl.

Equilibrium electrochemical performance of the cell

Symmetric oxidation and reduction peaks are observed in the background-corrected cyclic
voltammetric i-E curves for Fe(CN)g* in 1 M KCI at a glassy carbon electrode with no
evidence of any diffusional tailing (Fig. 2A). The i,°%/ iprEd and Qp°*/ Qpred ratios of
0.99+0.04 and 1.01+0.06 (n > 200), respectively, are indicative of exhaustive electrolysis.
The Ey, values for Fe(CN)g374" were stable under all conditions (Ey, = 286+3 mV).

Average quantitative parameters obtained from the i-E curves illustrated in Fig. 2A are
summarized in Fig. 2B for a range of conditions. To facilitate comparison of current and
charge obtained under a wide range of conditions, the corresponding average values (h > 3)
were normalized to the amount of analyte per thin layer area, i.e., concentration x thickness.
Such normalization emphasizes deviation from ideal values and allows to directly compare
amplitudes occurring at the low and high ends of concentration and layer thickness ranges.
This approach simplifies determination of the limitations in electrochemical behavior as
compared to direct analysis of raw values, which are provided in Sl.

The normalized peak current (iy) in thin layer voltammetry is expected to rise with scan rate
and remain constant with concentration. Such ideal behavior was observed for the 25 and 75
um spacers, while iy for the 7.5 um spacer was significantly higher (Fig. 2B, left).
Disproportionally high iy with the 7.5 um spacer was particularly noticeable at lower scan
rates and the relative difference diminished at higher scan rates. For the 25 and 75 um
spacers, iy remained constant with Fe(CN)g* concentration. Some decrease in iy was
observed for the 7.5 um spacer at low analyte concentrations. This apparent decrease is
likely to be due to an increase in experimental error when peak current decreases
significantly below background current under these conditions.

The normalized charge (Qu) was similar for the 25 and 75 um spacers and remained
constant with analyte concentration (Fig. 2B, center). No significant change was observed in
Qy at scan rates =5 mV/s but some increase was observed at lower scan rates, particularly
with the 25 um spacer. Similar to iy, Qyn was significantly higher for the 7.5 um spacer than
for 25 and 75 pum spacers and it was further increased at low scan rates. The apparent
thickness of the electroactive sample layer calculated from Qp was in good agreement with
the theoretical values obtained from thickness of 75 and 25 um spacers and corresponding
optical absorption measurements. Actual layer thickness obtained optically for 7.5 pm
spacer correlated with the theoretical value as well, however corresponding Qn was
significantly larger than expected for this spacer (see Sl for details).

The peak potential separation (AEp) increased with increasing scan rate for all spacer
thicknesses used here (Fig. 2B, right). Higher sample concentrations had little effect on AE,
with 25 pm and 75 pm spacers at low scan rates (1-2 mV/s), indicative of near-equilibrium
conditions. The increase in AEp with a 1 mM sample concentration at scan rates (10-20 mV/
s) can be attributed to the increasing effect of ohmic resistance with the rise in peak current.
The AEp was the lowest with the 25 um spacer and remained below the 59 mV predicted for
an n=1 diffusion-controlled redox reaction under all conditions. No clear concentration
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dependence was observed for 7.5 um spacer, but at low scan rates the AE, was significantly
higher than with the other spacers .

Spectroelectrochemical Assessment of the Reaction Rates

The time dependence of the faradaic current, i, and UV optical absorption, A, for the
oxidation of Fe(CN)g*" at a Au-MG electrode is shown in Figure 3A. The faradaic current is
a direct measure of the reaction rate while the optical absorption is proportional to the
amount of reactant that absorbs light. Thus, the A-t curves were converted into derivative
form for direct comparison with simultaneously acquired amperometric data. In the 0.1 M
supporting electrolyte, the maximal apparent rate of electrolysis Fe(CN)g3-4- was observed
at 1 and 4 s in the 4A/4t curves for the 1 and 5 mM concentrations, respectively. With 1 M
supporting electrolyte most of the electrolysis occurred within instrument sampling time (0.3
sec). In both cases, the maximal rate of optical changes probed in the central part of the
electrode (as shown in Fig. 1) correlated with the slowest amperometric phase. The initial,
optically silent amperometric phase is attributed to the charging of the double layer and
electrolysis in the peripheral, dark areas of the cavity.

Optical changes associated with the reduction of Cc during the double potential step are
shown in Figure 4A. Since the cell configuration and conditions for the protein measurement
were the same as in Figure 3, the ohmic resistance was similar in both cases. The apparent
rate of reduction and oxidation of Cc was determined from the temporal changes between
peak and trough in the difference absorption spectrum. The observed rate constant (k=0.14
s, Fig. 4A, solid markers) was lower than that for 1 mM Fe(CN)g374" (Fig. 3A) in spite of a
10x lower concentration in the case of Cc, although the rate constant could be somewhat
underestimated due to a 3x larger layer thickness for Cc. Significantly slower kinetics
(k=0.02 s™1) was observed for the reduction and oxidation of the protein on BDD (Fig. 4A,
open markers). Considering that the experimental conditions were otherwise identical for the
BDD and Au-MG electrodes, the difference in the observed kinetics is attributed entirely to
the ohmic resistance of the electrode and/or its interactions with Cc (see discussion).

Stable and fully reversible spectral changes for Cc were observed upon repetitive potential
steps between on BDD over tens of minutes with no degradation of the electrochemical
response (Fig. 4B). While electrochemical kinetics for Cc on Au-MG was relatively fast at
the beginning, both the rates and amplitudes of spectral changes diminished noticeably with
time (Fig. 4B). Approximately a 50% decrease in the rate of each successive cycle was
observed for Au-MG comparing to 10% decrease for BDD in spite of >5x longer cycles in
the latter case. As the results, kinetics on Au-MG became slower than on BDD after 10-15
min of redox cycling. Changes in electrochemical kinetics involved a semi-permanent
modification of the electrode surface since the reaction rates were not recovered upon
loading of a fresh Cc sample until the electrode was regenerated by acid washing and
cysteamine modification.

Redox difference spectra of Cytochrome c

Stable, reproducible, and fully reversible spectra were observed for Cc with BDD electrode
(Fig. 5) while the amplitude of spectral changes gradually decreased in the case of Au-MG
electrode. Characteristic absorption maxima and clear isosbestic points associated with the
reduction of Cc were observed throughout visible region. An absorption maximum was
observed at 315 nm with isosbestic points at 288 and 338 nm. Optical stability and the
absence of mediators allowed us to record well-defined, reversible redox-difference
transitions below 260 nm. Two maxima were observed at 204 and 236 nm with Au-MG
electrode and the trough at ~220 nm. The 236 nm transition was also clearly seen with BDD,
although light absorption below ~225 nm due to the band gap transition of the electrode
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partially obscures the high-energy transition in Cc. These features are consistent with the
circular dichroic spectra of Cc in the 200-260 nm region.*! The spectral region around the
280 nm protein absorption maximum showed no evidence of redox-sensitive electronic
transitions originating from the heme in agreement with the reported spectra of Cc in
vacuum.

Taking advantage of the chemical resistance BDD affords, we examined redox-difference
optical absorption spectra of the Cc-CN complex (Fig. 5B) where exogenous cyanide is
bound to heme iron displacing the Metgg residue as a ligand. The E®’ of Cc-CN2*/3* was
reported to be -0.44 V vs. Ag/AgCl electrode.*2 To monitor only the reduction of Cc-CN
complex sample was pre-incubated at -0.3 V until optical changes were complete. Reduction
of native Cc (cyanide-free, E®= +0.06V vs. Ag/AgCl) during pre-incubation yielded
difference spectra nearly identical to those in Fig. 5A with the amplitude of approximately
15% of that for native Cc. Although somewhat larger than predicted for simple binding of

cyanide to Fe3*-Cc under conditions used in this study (K°*=5 mM)*3 and applied
potential of -0.3 V is expected to shift this equilibrium toward ligand-free protein (see
below).

Significantly different optical changes were observed upon subsequent reduction. Transition
arising from ferric (negative) and ferrous (positive) forms in the visible spectrum were
shifted by 4-6 nm to lower energy. The near-UV transition at 316 nm was essentially
unchanged from the native Cc suggesting that it is sensitive to the oxidation state, but not to
the nature of the axial ligand. The 236-nm transition of the native Cc was either absent or
shifted to significantly higher energy in the Cc-CN complex suggesting that this transition
may involve Metgq ligand. The 220-290 nm spectral region was featureless in this complex.

At -0.7 V, the Cc-CN complex (E - E® =-0.26 V) was reduced with an apparent rate of
k=0.13 s"1. Reduction of the native Cc at -0.3 V was significantly slower (0.05 s'1) in spite
of a larger overpotential (E - E®” = -0.36 V). Rapid reduction of Cc-CN was followed by
additional slow optical changes with an apparent rate of k=0.014 s (Fig. 5B, inset). This
phase was associated with distinctly different optical changes than those observed upon
reduction Cc or Cc-CN (Fig. 5C). Three symmetrical shifts to a higher energy were
observed in the visible spectrum at 411/423, 518/519, and 549/557 nm. These spectral
features were fully consistent with the difference between Cc2* and Cc2*-CN expected from
the spectra shown in Figs. 4A and 4B and thus were assigned to the dissociation of CN-
ligand from the Cc2*-CN complex.*4 The rate of dissociation observed here is comparable to
the earlier study involving chemical reduction of Cc3*-CN-.45 Little changes were observed
around 315 nm upon CN- dissociation in agreement with spectral similarity between Cc3*/2+
and Cc3*/2*-CN- in this region. A new transition was observed at 230 nm, although its
reversibility could not be confirmed directly due to irreversible dissociation of CN- from

ferrous Cc (K,’;"" =213 M).*2 The presence of electronic transition at 230 nm can be
expected from comparison of redox-difference spectra of Cc and Cc-CN.

A ~3x faster reduction of the Cc-CN- complex shows that the rate of reduction of native Cc
is not limited by the ohmic resistance of BDD. Therefore the difference in the
electrochemical rates of Cc on BDD and Au-MG electrodes is attributed to Cc interactions
with positively charged amine groups of modified Au or relatively hydrophobic surface of
BDD.
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DISCUSSION

Responsiveness of the thin-layer transmission cell

The maximal apparent rate of a redox reaction can be limited by three factors: analyte
diffusion, the overall conductivity of the cell, and the intrinsic heterogeneous electron
transfer rate constant. The effective ohmic resistance at the optically active center of the
layer is determined by the geometry of the electrode and resistivities of both the electrode
film and the solution above. The relative contribution of the film electrode to the overall
ohmic resistance increases with increasing thickness of the sample layer (TL, Fig. 1) as the
amount of analyte increases and the resistance of thin layer decreases. On the other hand, the
thickness of the analyte layer determines the maximal diffusion-limited reaction rate and the
spectral pathlength (water absorption in IR, minimal detectable analyte concentration etc.).

Our results show that the rate of optical changes for Fe(CN)g* on Au-MG tracks the final
amperometric phase (Fig. 3) and scales with the electrolyte concentration. Since ohmic
resistance of Au-MG is negligible and the intrinsic rate of electron transfer on the electrode
is constant between experiments, changes in the apparent rates seen in Fig. 3 represent the
maximal attainable redox rates as limited by the ohmic resistance of the electrolyte.
Therefore, any apparent rates slower than those in Fig. 3 at corresponding electrolyte
concentration can only be determined by the intrinsic rate of reduction/oxidation, ohmic
resistance of the electrode, and, in some cases, analyte diffusion. Differentiation between
these factors has to be done on case-by-case basis as illustrated below. Yet faster response
can be easily achieved in smaller cells but further size reduction has spectroscopic
drawbacks: high power density of probe light increases photoreactions (Fig. 6),%6: 47 while a
small diameter IR beam decreases throughput and increases noise.

The key difference between the metal grid and film electrodes involves transparency of
electrode material. Light transmitted through the film electrode can probe analyte at the
electrode/electrolyte interface thus allowing for spectroscopic studies on direct electron
transfer. While significantly more demanding in terms of cell design, BDD electrodes offer
several major benefits in analytical applications: an outstanding chemical inertness, stability,
as illustrated in Fig. 5, and wide potential window.38: 48-52 Ohmic resistance of film OTE,
including BDD) has to be balanced against optical transmission determined by film
thickness and doping, but small surface charge and background current of BDD can offset
the effect of their ohmic resistance to some extent. The TLE cell described here exhibits
nearly-ideal behavior in most conditions with two notable exceptions related to the diffusion
limit as described in SI. Additional studies are currently under way to overcome these
limitations and to develop composite film electrodes with low ohmic resistance that will
allow yet faster spectroelectrochemical measurements.

Electrochemcial Spectroscopy and Kinetics of Cytochrome ¢

Potential step measurements on Fe(CN)g*" allowed us to evaluate the maximal observable
rate at given concentration of the supporting electrolyte as determined by cell geometry.
Under restrictive experimental conditions, required for most biological application (i.e., 100
mM KCI and <1 mM analyte), electrochemcial processes with rates of 1 s™1 can be well
resolved.

Apparent reaction rates of Cc were significantly slower than reactions of Fe(CN)g*" under
same conditions and thus represent the rate of absorption/desorption on the electrode and
intrinsic rate of electron transfer. The rates of reduction and oxidation of native Cc at
comparable overpotentials were similar. Since both rates were significantly slower on BDD
comparing to Au-MG, one could argue that kinetics was limited by the ohmic resistance of
BDD film. However, a 2.5-fold faster rate was observed for the reduction Cc-CN- complex
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in spite of a smaller overpotential than for Cc. This clearly indicates that the kinetics of
native Cc is not limited by the cell and must be attributed to the interactions between Cc and
BDD. Similarity in the rate of reduction and oxidation of native Cc is not unexpected
considering its structural rigidity and physiological role as an electron carrier. The origin of
facile electron transfer in the Cc-CN™ complex is not clear at present, but it is likely that
dissociation of the axial Metgg ligand upon binding of CN" increases structural flexibility of
the protein®3 and either allows for great exposure of hydrophobic residues, thus stabilizing
interaction with a generally hydrophobic BDD, or increases exposure of the heme
macrocycle and permits its closer approach to the electrode.

The B (~400 nm) and Q (~550 nm) =-7* transitions in the spectrum of a heme involve
dipole matrix elements of the entire macrocyle®* and thus substitution of nitrogen in Cc-CN
for sulfur in the native Cc is expected to cause optical shifts in this region (Fig. 5). Higher
energy transitions, such as N- and L- bands between 300 and 360 nm, involve primarily
individual pyrrole rings and are less sensitive to the axial ligation. This assignment is
supported by the spectral similarity in the 290-375 nm region between Cc2*/3* and Cc2*/3+-
CN redox differences, as well as featureless difference spectrum upon dissociation of Cc2*-
CN (Fig. 5C). The transition around 200 nm (Fig. 5A) likely originates from the M-band
reported at 200 nm for model iron porphyrins in vacuum®® and is not expected to be ligand-
sensitive. Interestingly, the 236-nm transition is either absent or shifted to higher energy in
the Cc-CN complex. The loss of absorption at this wavelength in d10 metal complex of
Mb2* and its sensitivity to CN" binding suggests that it is associated with the S-Fe3*
ligation, although it is too intense (Ae = 6 mM-1 cm™1) to be directly assigned to the charge
transfer transition.>® The 240-300 nm region where most amino-acid radical species®” and
all aromatic residues®? absorb light is relatively clear from porphyrin absorption providing
an important spectral window for studies on these species without spectral interference from
the heme.

CONCLUSIONS

The configuration of the thin-layer transmission electrochemical cell reported here provides
an optimum balance between rapid spectroelectrochemical response, predictable and
reproducible quantitative parameters, and broad flexibility in selection of electrode
materials. The maximal rate of electrolysis is primarily determined by the concentration of
the supporting electrolyte and the ohmic resistance of the working electrode allowing one to
achieve optical response in sub-second timescales. Application of the cell to protein
measurements with boron-doped diamond film yielded a stable, reversible optical response
over several hours with little electrode fouling and tight control over gas atmosphere. We
report spectroscopic and kinetics characterization of the direct electrochemistry of native
and cyanide-modified cytochrome c.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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WINDOW

CELL BODY

WE LEAD

Figure 1.

Diagram of the film electrode transmission thin-layer spectroelectrochemical cell. The thin
layer (TL) is formed between the working electrode (WE) and the optical transmission
window. The thickness of TL is determined by the spacer (SP). BDD, metal minigrid, or
other thin film electrodes are supported by optically transparent substrate (Q). The thin layer
is connected to the auxiliary electrode (AE) via electrolyte capillary (EC) between the
optical window and outer cell body. Electric contact with WE is provided by a circular wire
or foil lead outside of the cell cavity. Reference measurement is provided by a miniature Ag/
AgCl electrode (RE) via cracked glass junction (GJ). Reference electrode capillary is also
used as a sample loading port (LP), which is exhausted via a similar discharge port (DP) on
the opposite side. Part of electrolyte capillary up to the diffusion limit (DL) from working
electrode can be electrochemically active. Bottom diagram shows schematic view from the
side of working electrode (cutout) along the probe beam path. The width of electrolyte
capillary (EC) is exaggerated for clarity.
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Figure 2.
Cyclic voltammetry of Fe(CN)g374 in the thin-layer cell. (A) Effect of layer thickness (left),
scan rate (middle), and Fe(CN)g3"4- concentration (right) on the representative background-
zZ corrected i-E curves under indicated conditions. (B) The average oxidation peak current
T (left; pA mM-1 um1) and faradaic charge (middle; pC mM1 um-1) normalized to the
U amount of analyte, and peak separations (right) obtained from multiple i-E curves for 0.25 -
> 1.0 mM Fe(CN)g374- at scan rates of 1-20 mV/s with 7.5 um (red), 25 um (green), and 75
,13 um (blue) spacers. Measurements were carried out on a glassy carbon working electrode in 1
= M KCI as a supporting electrolyte.
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Figure 3.

Simultaneous recording of the current and optical absorption changes over time during
electrochemical oxidation of Fe(CN)g* in the thin-layer cell. Reaction was initiated by a
potential step from -0.1 to 0.6 V for 0, 1, or 5mM Fe(CN)g™# in 0.1 M (A) or 1 M (B) KClI
on a Au-MG electrode with 25 um spacer. Simultaneously measured current and the rate of
absorption changes (-AA/At) are shown against left and right scales, respectively. Both types
of data represent the rate of electrochemical process and thus can be correlated directly.
Time is shown on the logarithmic scale.
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Chronospectrometry of cytochrome c on gold minigrid and boron-doped diamond. (A) The
kinetics of oxidation (triangles) and reduction (circles) of Cc on Au-MG (closed markers)

and BDD film on quartz (open markers) electrodes. (B) Reversibility of Cc reduction/

oxidation on gold minigrid (left) and boron-doped diamond film (right) upon potential steps
between 0.5 V and -0.3 V at indicated times. Dashed lines show maximum amplitude of
spectral changes. Sample: 0.1 mM cytochrome c in 10 mM phosphate buffer (pH 7), 100
mM KCI; 75 um spacer. Time is shown on the logarithmic scale for panel A and linear scale

for panel B.
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Figure 5.

UV-Vis optical spectroelectrochemical response of cytochrome c and its cyanide complex.
(A) Difference absorption spectra of reduction (red) and oxidation (blue) of native Cc on
gold minigrid (top) and BDD (bottom). (B) Rapid optical changes observed for Cc-CN-
complex over first 20 sec following a potential step to -0.7V on BDD after pre-incubation at
-0.3 V. (C) Slower optical changes observed after the reduction of Cc-CN- complex shown
in panel B; spectra are shown as a difference vs. fully reduced complex at 20 sec. Insert:
temporal changes in optical difference between isosbestic points of the native cytochrome ¢
at 433 nm and 408 nm; time periods representing spectra in panels B and C are shown.
Sample: 0.1 mM cytochrome ¢ in 0.1 M KCN, Tris buffer (pH 7), 100 mM KCI; 75 pm
spacer.
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