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Assﬁxjuxc'r

\'Microelectrochemical methods are shown to be useful in
determining the diffusivity of biological redox molecules.
The electrochemistry of both ferri- and ferrocytochrome c has
been examined at a microelectrode array using bis(4-
pyridyl)ethylene as an electrocatalyst. Sigmoidal current-
voltage scans are observed in the cyclic voltammometry typical
of the cylindrical diffusion-limited response found for
reversible redox‘pouples at microelectrodes. The arrays used
consist of eightfﬁé;electrodessqf dimensions 2.7 um wide, ~70
pum long, and separated from each other by 1.4 um. ’Steady-
state and transient microelectrochemical techniques have been
used to measure the diffusivity of horse heart ferri- and

terrocytochrome ¢ in solution. Lg‘ne transient technique
. oo o W .' . . o

Y e

involves electrochemical generation of the/diffﬁsing species
at one microelectrode and collecting (detecting) it
eleczrochemically at a second microelectrcde, a fixed distance
away. The time dependence of the collector current after tns
generation allows determination of the diffusivity. The
interelectrcde spacing is such that the peak collection
current following a generation pulse occurs between ~20 and
~920 ms for collection 1.4 and 26 um away from the generatcr.
From limiting steady-state microelectrode currents and direct
microelectrode transit time measurements, the diffision
coefficients have been determined to be 1.10 + 0.04 x 10°
cm?/s and 1.00 + 0.04 x 107% cm?/s for horse heart

ferrocytochrome ¢ and ferricytochrome ¢, respectively.
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ABSTRACT

Microelectrochemical methods are shown to be useful in
determining the diffusivity of biological redox molecules.
The electrochemistry of both ferri- and ferrocytochrome ¢ has
been examined at a microelectrode array using bis(4-
py:idyl)ethylene as an electrocatalyst. Sigmoidal current-
voltage scans are observed in the cyclic voltammometry typical
of the cylindrical diffusion-limited response found fcr
reversible redox couples at microelectrodes. The arrays used
consist of eight Au electrodes of dimensions 2.7 um wide, ~70
Mum long, and separated from each other by 1.4 um. Steady-
state and transient microelectrochemical techniques have been
used to measure the diffusivity of horse heart ferri- and
ferrocytochrome ¢ in solution. The transient technique
involves electrochemical generation of the diffusing species
at one microelectrode and collecting (detecting) it
electrochemically at a second microelectrode, a fixed distance
away. The time dependence of the collector current after the
generation allows determination of the diffusivity. The
interelectrode spacing is such that the peak collection
current following a generation pulse occurs between ~20 and
~920 ms for collection 1.4 and 26 um away from the generator.
From limiting steady-state microelectrode currents and direct
microelectrode transit time measurements, the diffusion
coefficients have been determined to be 1.10 + 0.04 x 1076
cm?/s and 1.00 + 0.04 x 107°% cm?/s for horse heart

ferrocytochrome ¢ and ferricytochrome c, respectively.




INTRODUCTION

In this article we wish to demonstrate the applicability
of microelectrochemical techniques to the measurement of the
diffusivity of horse heart ferri- and ferrocytochrome ¢ in
aqueous solution. Determination of diffusion cocefficients in
solution is of importance to a number of fields. 1In bioclogy,
sedimentation measurements are used to determine molecular
weights of proteins and the key measurements are critically
dependent on the diffusion coefficient, D, of the protein.l
Typically, D is measured by the boundary layer spreading of a

ultracentifuged sample.2

The mobility of a molecule, u, in an.
electrophoretic experiment is also related to D through th

Einstein relation, equation (l),3 where Z is the charge on

u = ZeD/kT (1)

the ion, e is the unit of elementary charge, k is the
Boltzmann constant and T is the temperature.

The mechanism by which cytochrome ¢ mediates the charge
transport between its physiological redox partners, cytochrome
¢ oxidase and reductase is still not well defined.

Homogeneous electron-transfer kinetics between cuter-sphere
redox components and cytochrome ¢ have been studied
extensively.4 However, cytochrome ¢ is a solution protein
where cytochrome ¢ oxidase and reductase are found in the
membrane fraction of isolates. Cytochrome ¢ is believed to

provide a charge transport mechanism in oxidative




phosphorylation as depicted in Figure la. The
electrochemistry of cytochrome ¢, both modified and native,
has been studied at a variety of electrodes to investigate the

heterogeneous electron-transfer chemistry.5

Varying degrees
of reversibility are observed in electrochemical measurements.
Modifications to amino acids in the region of the heme pocket
have significant effects on the heterogeneous rate of electron
transfer.® This suggests that interaction between this area
and the surface of the electrode must be favorable for fast
kinetics. Consequently, irreversible binding at the surface
of the electrode would be deleterious to the electrochemistry
as at a Hg electrode.’ Although the diffusion coefficient of
cytochrome ¢ is generally accepted to be 1.1 x 10°° cmz/s, the
values in the literature range from 1.4 x 1077 to 1.1 x 1079
cm2/s depending on the technique and electrode surface.?

In 1984, our group introduced microelectrode arrays
consisting of eight, individually addressable, closely-spaced

8

microelectrodes. The small gaps allow the measurement of

diffusion of species generated at one electrode and collected
at a second electrode a distance, d, away on a convenient time
scale. The microelectrode arrays have been shown to be useful

to carry out experimentation analogous to rotating ring-disk

9

electrodes. Recently, we extended a "time of flight" method

used to study diffusion of carriers in a redox polymerlo to

studies of physical diffusion of electrogenerated species.ll
Figqure 1b and Scheme I summarize the essential features

of our methodology. The key measurement is the determination




N

of the time dependence of the collector current resulting frecm
oxidation or reduction of the electrochemically generated
diffusing species. The generation can be accomplished either
in a short pulse or in a potential step always holding the
cnhllector at a fixed potential where the electrochemical
generation step 1s reversed. Thus, for studying diffusion of
ferrocytochrome ¢, the solution contains initially only
ferricytochrome c. The generation pulse or step results in

production of ferrocytochrome ¢, equation (2), and the

Ferrocytochrome ¢ Diffusion

. . p— (o 3
(Generation) Ferricytochrome ¢ + e Pulse or Step Potential

Ferrocytochrome ¢ (2)

(Collection) Ferrocytcochrome ¢ Eixed Potential

Ferricytochrome ¢ + e~ (3)

collecticn regenerates ferricytochrome ¢, equation (3). For
studying the diffusion of ferricytochrome ¢, the sclution
initially contains only ferrocytochrome ¢ and the generation

and collection processes are given by equations (4) and (5),
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Ferricytochrome ¢ Diffusion

(Generaticn) Ferrocytochrome ¢ Pulse or Step Potential

Ferricytochrome c + e~ (4)

(Collection) Ferricytochrome ¢ + e~ Fixed Potential

Ferrocytochrome ¢ (5)

respectively.
For the short pulse generation method a key measurement

is the time to obtain the peak collector current, t

(ct.

mt’

Scheme I) given by equation (6) for the geometry of

- 2
tme = 0.22d%/D (

[oY

generator and collector used in this work. Thus, measurement

T o~
- s d

of t, for known distance, d allows determination of D.
the stepped potential generation method the key measurement 1is
the time to achieve a given fraction, say 1/3 or 2/3, of the
ultimate steady-state collection current, Scheme I, for the

microelectrode arrays used. Equations (7) and (8) give the

time to achieve 1/3 and 2/3 of the ultimate steady-state

0.37d2/D (6)

t1/3

1.344d%2/D (7)

1]

t2/3




curre:;’, resgectively. From measurements of Tt s
t,,3 values of D can be established accurately and relative
values of D can be determined with smaller errors, since zhe
constants of proportionality 1s equations (6)-(8) are
empirically determined and have an estimated error of -10%.
The values of D reported here reveal a small, but
experimentally significant, difference in D for ferri- and
ferrocytochrome c.

Our transient microelectrochemical methodology is
analecgous to the use of transients at rotating ring-disk
electrodes with a few important exceptions. No rotaticnal
perturbations to the system are required. This fact 's
important because the microelectrochemical methodology can z=e
applied to media such as solid polymer elect:olytes12 where
rotating electrodes cannot be used. The microelectrode array
can have many collector electrodes as opposed to only one ring
electrode and the distance between the generator and collecmcr
electrodes can be varied. Collection efficiencies can exceed

90% and transit times (for 33% of steady-state collection

current) can be less than 5 ms as opposed to rotating rinrg-

(e}

disk electrodes where for a thin ge»m (rp/rq = 1.07) at 10C0

rpm only 2% of the steady-state value occurs in 30 ms. 13
In this report the focus of the effort involves the
applicability of the methodology represented by Scheme I and

Figure 1 and the associated equations (6)-(8) to large

biological molecules. In some cases simple linear sweep




voltammetry 1is adequate to measure D (as we will show for

cytcchrome ¢), but the use of the transient technigues all

devtermination of D when the concentration is not knowable

where zhe species of interest is not as durable.

(& &)
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Experimental Section

Microcelectrode Arrays. Arrays of eight Au microelectrodes

each ~70 pum long, 2.74 um wide, and 0.1 um thick and spaced
1.37 um apart were used in this work. Fabrication of the
microelectrode arrays on p-Si/Si0,/Si3N, substrates has been

described previously.8'14

The device surface, except for the
electrochemically active area was encapsulated using Hyscl
Corporation clear and white epoxies.

Prior to use, arrays, mounted on electrically accessicl=s
transistor headers, were sonicated for several minutes in
acetcone to remove residual photoresist. This was followed by
a chemical etch in a fresh 3:1 solution of concentrated H,;S0y4
and 30% H,0,. The cycle of chemical etch/rinse was repeated
for 10, 3, and 3 second etches.

Clean, dry arrays were tested for electrical isolatiocn.
When the intermicroelectrode resistance 1s greater than 108 Q
the microelectrodes are considered to be isolated from each
other. Arrays were then immersed in an aqueous 0.1 M K,HPO,
solution for an electrochemical cleaning by potentiostatic
cycling of each electrode between -1.5 and -2.0 V vs,
saturated calomel electrode (SCE) at 100 mV/s for 5 seconds,
£o evolve Hy. A final characterization for electrode
isolation and electrochemical activity of the array was
carried out in a 5 mM solution of Ru(NH3)gCly in pH 7
phosphate buffered 0.1 M KCl. 1Individual and adjacent pairs

of microelectrodes were cycled between 0.3 and -0.6 V vs. SCE.

Such a test reveals, for an "active" microelectrode, a




sigmoidal current-voltage curve with a plateau current cf 20-

ra

S nA, and an increased plateau for isolated adjacent

lectrode pairs. The 2Au microelectrodes were then scanned

o

ty
te
O
=3
<

.0 2 2.0 Vvs. SCE in a 0.1 M NaClOy4, pHE 6.5 phosphate
cuifer saturated with bis-1,2-(4-pyridyl)ethylene tc enhance
surface activity toward cytochrome 95 as demonstrated Lty
attainment of a staple voltammogram and electrochemically

reversible surface. All measurements were made at 23 + 1 ©C

Cremicals. Herse heart ferricytochrome ¢ was obtained Irom
Sigma and used as recelved. Cytochrome C concentrations were
derermined by reducing the sample with a minimum amount of

sodlum dithiconite and measuring the absorbance at 570 and 529

rm.-° Ferrocytochrome Cc was obtained by bulk electrolysis of
ferricytcochrome ¢ soluticns using a Au electrode
2

surface) and the concentration was

cctained as above. Bis-1l,2-(4-pyridyl)ethylene was obtained

th

rem Aldrich and used as received. Electronic grade solvents

were used for chemical etching. Omnisolv H,0 was used as

N

sc_vent in all cases. All other chemicals were analytical

>
-~

de and were used as received. All solutions were gent.y

W]
oy

ecxygenated with welding grade Argon for at least 10 mi

(93

i

>

12r to measurements.

el
ty

Egulpment. Cyclic voltammetry measurements and bulk
electrolyses were carried out using a 100 nA scale modified
Pine Instruments RDE-4 bipotentiostat and a Kipp and Zonen BD
91 X-Y-Y' recorder. In addition the potential step and

potential pulse measurements used a Princeton Applied Research




175 Universal Programmer as two electrode setup for =he
generator electrode and a BAS Low Current module using a
Nicolet 4904 Digital Collection Oscilloscope to record the
signals at the collector electrode.

Microsccpy. Microelectrode dimensions were determined using a
Cambridge Mark 2A 3Stereoscan electron microscope and a Bausch

& Lomb MicroZoom microscope.




Results and Discussion

Steady-State Voltammetry.

Figure 2 shows the cyclic voltammetry at a macroscopic
(approximately 0.04 cm2) Au electrode of 2.5 mM
ferricytochrome ¢ in a 0.1 M NaClO4 solution buffered to pH
6.5 with phosphate and saturated with bis-1,2-(4-pyridyl) -
ethylene. The anodic peak to cathodic peak separation cf ~6°0
mV is consistent with a one-electron reversible process. The
peak current corresponds to that expected for a species at 2.3
mM having a diffusion coefficient of ~1.1 x 1079 cmz/s. These
results indicace that the system exhibits essentially
electrochemically reversible kinetics, as reported
previously.5

Figure 3 shows cyclic voltammograms for cytochrome ¢ at a
microelectrode array. Voltammogram (a) of Figure 3 shiws the
cyclic voltammetry at a microelectrode in an array consisting
of eight separate, individually addrz=ssable, microelectrodes.
The microelectrodes give a reversible steady-state
voltammogram expected for a band microelectrode where the
current is governed by cylindrical diffusion.l® The
cylindrical diffusion profile at a band microelectrode gives
nearly steady-state currents which can be directly compared to
Ru(NH3) ¢°* or Fe(CN) %™ currents at the same electrode. The
value of the nearly steady-state current is proportional to D
and the concentration of the diffusing species and since D is
known for Ru(NH3)63+ and Fe(CN)64_, comparison of the data

allow determination of D for cytochrome ¢. The double-layer




charging currents are smaller relative to the faraaaic
currents due to enhanced diffusion to the electrode. This
effect is most advantageous for cytochrome ¢ since
electrochemistry at macroscopic electrodes shows large
capacitive currents limiting the resolution of many
techniques.5

Figure 3 also shows the generation-collection
voltammograms associated with the reduction of ferricytochreme
c at one microelectrode and the reoxidation at either a single
adjacent microelectrode ((b) and (e)) or symmetric adjacent
microelectrodes ((c) and (d)). The collection efficiencies of
58% at a single adjacent and 72% at dual symmetric adjacent
microelectrodes are similar to those observed for outer-sphere
electrochemically reversible inorganic species such as
Ru(NH3)62+/3+ and Fe(CN)64'/3'. The fact that the collection
efficiencies do not change regardless of redox active species
implies that geometry is not important to the mode of
transport. Similar results have been noted on rotating ring-
disk electrodes.!3

Figure 4 shows the steady-state voltammogram of six of
the eight microelectrodes at an array after the solution has

teen electrolyzed in a two compartment cell then transferred

to a cell for microelectrode transit time measurements. The
currents are consistent from electrode to electrode indicating
that all have equivalent surface areas. Also shown are the

generation-collection voltammograms for symmetric adjacent




(1.4 um gap) ((b) and (d)) and symmetric electrodes spaced 6.3
pm away ((a) and (e)).

Zince the steady-state voltammogram at a microelectrode
is only dependent on the <concentration and D of the species,
using the limiting current to determine D is a valid method. '
In Table I is shown the limiting currents for a 2.5 mM
ferricytochrome ¢ solution as compared to a 1 mM Ru(NH3)63+
solution. The ratio of the limiting currents is 2.59 sc¢ that
the diffusion ceoefficient (using the literature value of 7.1 x
1078 cm?/s for Ru(NH3) ¢3")? for ferrocytochrome ¢ is 1.10 +
0.05 x 107% cm?/s and 0.99 + 0.05 x 107% cm?/s for

ferricytochrome c.

Microelectrochemical Transient Measurements.

of solutiors

3=

The microelectrochemical transit times, Cme s

of 2.5 mM ferricytochrome ¢ , ferrocytochrome ¢, and Fe (CN) ¢
are shown in Figqure 5. The pulse duration determines the
total amount of generated species which is proportional to the

current obtained upon collection. For Fe(CN)63' t = 42 ms

mt
as opposed to ferrocytochrome ¢, where t . = 290 ms and

ferricytochrome ¢, where tme = 320 ms. Ru(NH3)62+ (not shown)
11

th

traverses this distance with Cmt = 41 ms. The ratios of the

transit times for Fe(CN)63' and cytochrome ¢ (using D 7.6 x
107% cm?/s for Fe(CN)63")18 correspond to diffusion
coefficients of 1.1 x 107% cm?/s and 1.0 x 107% cm?/s for
ferrocytochrome ¢ and ferricytochrome ¢, respectively. These
values correspond closely to values accepted in the

literature.19




[€)]

In vivo cytochrome ¢ need not travel very far to
accomplish the transport of charge. The slow self-exchange
rate?? and low concentration of cytochrome ¢ rule out charge
transport from the generator to the collector via a self-
exchange process. However, to show that the mechanism of
diffusion in our system is actual movement of redox active
material the distance dependence of the microelectrochemical
transit time is shown in Figure 6. The linearity of the pulse
time as a function of (d)2 implies that diffusion is occurring
in a random walk process according to the Einstein-Smolukowski
equation; Notice that ferrocytochrome ¢ transit times are
faster for a given interelectrode spacing than the
corresponding ferricytochrome c. The ratio of the two slopes
is 1.1 implying the diffusion coefficient of the ferro- is

faster than the ferricytochrome ¢, i.e. 1.1 x 107% cm?/s.

Microelectrochemical Potential Step Measurement.

The diffusion coefficient can also be measured by a step
in the potential as opposed to a pulse. The time dependence cf
the collector current to a steady-state value is related to d
and D uéing equation (7) and (8). Digital simulations as well
as previous experimental results on Ru(NH3)62+ have confirmed
the direct relationship between the diffusion coefficient and
the time taken for the current to reach 1/3 and 2/3 its

11 Figure 7 shows the collector current at

steady-state value.
a microelectrode as a function of time when the generator
electrode is held at either a reducing potential for

ferricytochrome ¢ or at an oxidizing potential for
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ferrocytochrone ¢. For the data shown t,,3 and t;,3 for
ferrocytochrome ¢ and ferricytochrome ¢ are 205, 545 ms and
230, 954 ms, respectively. For similar measurements on

Fe(CN) g3~ and Ru(NH3) 22, t;,3 and ty,3 are 34, 138 ms and 3¢,
120 ms, respectively. The distance dependence of t,,3 and
tr,3 in the step experiment are shown in Figure 8 for the
transit of ferricytochrome c¢c. The ratio of the t;,3 to ty/3
slopes is =zimilar to that of Ru(NH3)62+ and Fe(CN)63' and is
qualitatively predicted by previous simulations.!l This is
consistent with simple diffusion. The diffusion coefficient
measured by this method as compared to a similar measurement
made on Ru(NH3)62+ corresponds well to those determined by the
pulse method. For ferricytochrome ¢ D is 1.00 x 107% cm?/s

and for ferrocytochrome ¢ D is 1.10 x 107% cn?/s in good

agreement with values of D from the pulse method.




Conclusions

There is a significant difference in the diffusion
coefficients of ferri- and ferrocytochrome ¢, from all three
types of microelectrochemical measurements reported here:
steady-state, pulse, and potential step techniques all show a
~10% larger D for ferro- compared to ferricytochrome c¢. Our
best measures of D are 1.10 + 0.04 x 107% cm?/s and 1.00 +
0.04 x 107°% cm?/s for ferrocytochrome ¢ and ferricytochrome
Cc, respectively. Well documented differences occur in the
diffusion coefficients of the two halves of some inorganic

21 Most of the differences are rationalized in

redox couples.
terms of the size of the ion itself or the size of the ion and
solvation cage (i.e. the solvent molecules which are
associated with the ion on a significant time scale).

However, if the charge on cytochrome ¢ should change with the
redox state of the heme, it is unlikely that the state of
solvation should change appreciably. As an alternative
explanation, the tertiary structure of cytochrome ¢ may change
dependiqg on redox state. Long range structural changes may
be responsible for differences in binding to substrates, for

example differential binding to ferri- and ferrocytochrome ¢

to cytochrome ¢ oxidase.
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This study profiles the diffusion of species over 1.4 um
to 26 um and the characteristic collection concentrations as a
function of time. The utility of the microelectrode transit
time measurement as applied to bioclogically relevant molecules
is demonstrated. The limiting current method of diffusion
coefficient determination at microelectrodes is applied to
ferri- and ferrocytochrome c¢. Our results show that the
better faradaic to capacitive current ratio of microelectrodes
can be exploited to characterize biomolecules.
Acknowledgement. We would like to acknowledge the Office of
Naval Research and the Defense Advanced Research Projects

Agency for partial financial support of this research.
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SCHEME AND FIGURE CAPTIONS

Scheme I. Schematic representation of the time dependence ¢

tt

generator potential and collector current during a

roelectrcde transit time experiment. (Upper curves) Wich

=3
}J_
(@]

reference to Figure lb, the generator 1i1s pulsed to a
relatively reducing gctential. Arrival of the diffusing
species at the collector 1s detected by anodic current. As
indicated, Cme is measured as the time from the midpcint of
the generator pulse to the point of maximum collector currenz.
(Lower curves) As above, but the generator 1s stepped t2 a
constant potential and the resultant time dependence cf the
collector current monitored. As indicated ti,3 or ty,3 are
measured from the origin of the generator step to the time 2
acheive 1/3 or 2/3 cf the steady-~state collector current,

rasgectively.

Figure 1. (a) Illustration of the role of cytochrcme c in
cxidative phosphorylation. Cytochrome ¢ is located between
—he inner and cuter mitochondrial membranes shuttling

~2ctrens from cytochrome ¢ reductase to cytochrome ¢ cxidase.
(c) Representation cf the experimental configuration fcor
microelectrochemical studies showing the reduction of the
cxidized form (generation) and diffusion of the reduced fornm

to the collector electrode where it is oxidized (cocllecticn).

Figure 2. Cyclic voltammetry of 2.5 mM ferricytcchrome ¢ in

0.1 M NaClOy4, pH 6.5 saturated with bis-1,2-(4-pyridyl)




ethylene at a macroscopic Au electrode of ~(C.04 cm? area at .0
nV/s.
Figure 3. (a) Cyclic voltammogram at a microelectrode ¢

length ~ 50um, 1.37um in width and 0.1 um height scanned frcm
-0.2 V to +0.25 V vs. Ag at 50 mV/s, (b) cyclic voltammogranm
at a microelectrode scanned as above with a single adjacent

(separated by 1.4 pm) microelectrode held at a fixed potential

D

of +0.25 V vs. Ag, (¢) cyclic voltammogram at a micrcelectrcc
scanned as above with two adjacent (separa:ted by 1.4 um)
microelectrodes symmetrically disposed each held at +0.25 V
vs. Ag, (d) current measured at each of the symmetrically
disposed "collector" microelectrodes (held at a fixed
potential) as a function of the potential of the intervening
"generator" microelectrode shown in (c), (e) current measurad
at a single adjacent "collector" microelectrode as 2 function

of the potential of the nearby "generator" microelectrode

shown 1n (b).

Figure 4. (Left half) Cyclic voltammograms of

icrcelectrodes #2, #4, #5, #6, #7, #5 in a 2.5 M

=3

1 1

rocytochrome ¢ solution obtained by bulk clectrolysis of a
= Y

()

a

t

ferricytochrome ¢ solution in pH 6.5 phosphate buffer. (Right
half) Generation-collection voltammmograms of electrodes in
the array at a scan rate of 10 mV/s, (a) generation current at
microelectrode #6 with microelectrodes #5 and #7 collecting at

-0.2 V vs SCE, (b) generation current at microelectrode #6




with microelectrode #4 and #8 collecting at -0.2 V vs SCE, (2)
jeneration current at microelectrode #6 scanned from -0.2 7/

to +0.2 V vs SCE with no collector, (d) collector current ac

p]

trcdes #4 and #8 held at -0.2 V vs. SCE with

ele:

=3
4
)
L
)
(

ode #6 scanned as in (b), (e) collector current at

ct
ty

eC

[

e

Fa-
O

3
3
ty

Laoln!
TR

r
O

electrodes #5 and #7 held at -0.2 V vs. SCE with

@]

microelectrode #6 scanned as in (a).

Figure 5. Microelectrode transit time experiments fcr
ferricytochrome ¢, ferrocytochrome ¢ and Fe(CN)63“. (a) The
time dependence of the collection current of micrcelectrcde #4.
with microelectrode #1 pulsed from -0.2 V to 0.2 V for 50 ms

in 2.5 mM ferrocytochrome ¢ in 0.1 M NaClO4, pH 6.5 phosphate
cuifer generated by bulk electrolysis of the oxidized form c=
cytochrome c¢. (b) Time dependence of the collection current at

microelectrode #5 initiated by a 0.5 ms pulse from 0.0 V t©o

0.4 V vs. SCE of 2.5 mM Fe(CN)¢3~ in 0.1 M NaClQy, pH 6.5

O
th

phosphate buffer at microelectrode #8. (c) Time dependence

ccllection current at microelectrode #4 initiated by a 20

1
ry
®

ms pulse from 0.2 V to -0.2 V vs. SCE in 2.5 mM
ferricytochrome ¢ in 0.1 M NaClO,4, pH 6.5 phosphate buffer at

microelectrode #1.

Figure 6. Distance dependence of the peak pulse time of
Microelectrode transit time experiments of both ferri- and
ferrocytochrome ¢ in 0.1 M NaClO4 pH 6.5 buffered solution.

Each point is an average of >8 individual measurements similar




Ut

~o

to Figure 5 and are plotted vs. the square of the center to

edge distance of the generator and collector

11

O
th

microelectrodes. The ratio of the slopes gives the ratio

the individual diffusion coefficients of 1.1.

Figure 7. Step measurements of the transit time of cytcchrcme
c. (a) Collector current at microelectrode #4 as a function
cf time. The generator, microelectrode #1, was stepped from

+0.2 to -0.2 V vs. SCE in a 2.5 mM ferricytochrome ¢, 0.1 M
NaClQ4, pH 6.5 phosphate buffer. (b} Collector current at
microcelectrode #6 as a function of time. The generatcr,
microelectrode #3, was stepped from -0.2 to +0.2 V vs. SCE in
a 2.5 mM ferrocytochrome ¢, 0.1 M NaClO4, pH 6.5 phusphate

buffer.

Figure 8. The distance dependence of the t;,3 and tjy,3 times
for the diffusion of ferricytochrome ¢ in 0.1 M NaClO4, pH 6.5
phosphate buffer. Each point is an average of >5 individual
measurements similar to Figure 7 and are plotted vs. the
square of the center to edge distance of the generator and

collector microelectrodes as in Figure 6.




Potential

Current

Potential

Current

Generator Pulse

Collector Response

Time >

Generator Step

ton Collector response

Time >




cytoplasm

o mitochondrial Y 5
oy aansnettih. .y

7, 7 '
JQ //éy}nltochondrtalg Cu

succinate  fymarate 1/2 0,
NADH NAD+

in vivo e-transport
by cytochrome ¢

generator { col lector
L— 13um I
Generator, Collector = Au microelectrodes sz = 12 bis(4=-pyridyl)
80um x 2.6um ethylene

Experimental |n vitro e-transport
by cytochrome ¢




(32S sA A)ioipuajod

20 00 2°0-

T T 1 _ T
9Pp04}23|d NY W $0°0

-

i

9 7
S/AW Q| !

] -

O_ y

S'9HIY0I0ON W IO

2 awo04Yyd20}A211134 WW |

. 1 |

juaiind




(,BV/DbV sa A)jD1Ud}04

¢ 0

‘00

-

-

— ¥

r

AD1i1D 3p0.i}23]90101W
ny padods wt |

S/AW Q|

T
vd 00S
X

G'9HAd YOIDONW 10
3 3WwoaYd0}A011494 NW G2

| i l 0

juasind




(126y/by sA A ) jD1judj0(d

AD11D 3p04}23(90421W
ny padsods wr |

S/AWO|

vd002

| | I |

- 8
3p01}73|30

—

L

- 9

i S
) 3p01423)30

S 4
3p0.493]30

—4 4

| l | L1

N

.

3p01}23130421W

N

3p01}233)30101W

g

juaisin)

12w

5

101W

4

3p04}33)20101W

y

|

43




Current

¥
IpA
X1

SO ms pulse
2.5mM Ferrocytochrome ¢

O.5mspulse
2.5mM Ferrocyanide

20 ms pulse

2.5mM Ferricytochrome ¢ =
T

| I |
I 2 3 4

Time (s)




009

(uw7)
00S 0100 4

>92uDisiqg
00¢ 00¢ 001

L ﬂ L q L

D 3Ww01Yy20}Kk30113

0

2 3Wwo01yY203K211434

Sapoi}293)d Buoj wr gy
G'9Hd YOIDON W10
D awoiyd20jk) NWG?

i I

-

002¢

1010] 2

009

0oos8

0001

(Sw) awl] 3s|nd %D0ad




(s) awi]

sapo4}29|a buo; w1y
wT/g'g uo1ypindas do9

G'9Hd Y010oN W 10
D 9WO04Yy20}A201494 NW G2

G'9 Hd YOIoONW 10
3 awo04y204Ad1113d NW G2

(Yu) juaiin)




ANE:J N.muc DIsSIQ
009 01024 00¢

|

€/2)

sS3po1§23|3 Buojwr gy
_ G'9Hd YO10ON W IO
3 3wo0uYyd0}A201134 WW G2

| 1 | 1 _ 1

0001

000¢

000¢

0]0]0} -

0006

(sw) awl} §Isubi]




[ g » .
DL/1113/89/1
TECHNICAL REPORT DISTRIBUTION LIST, GENERAL
No. No.
Copies Copies
Office of Naval Research ' 3 Dr. Ronald L. Atkins 1
Chemistry Division, Code 1113 Chemistry Division (Code 385)
800 North Quincy Street Naval Weanons Center
Arlington, VA 22217-5000 China Lake, CA 93555-6001
Commanding Officer 1 Chief of Naval Research 1
Naval Weapons Support Center Special Assistant
Attn: Dr. Bernard E. Douda for Marine Corps Matters
Crane, IN 47522-5050 Code 00MC
800 North Quincy Street

Dr. Richard W, Drisko 1 Arlington, VA 22217-5000

Naval Civil Engineering Laboratory
Code LS2

Port Hueneme, California 93043

Defense Technical Information Center 2
Building 5, Cameron Station high

Alexandria, Virginia 22314 quality
David Taylor Research Center 1
Dr. Eugene C. Fischer

Annapolis, MD 21402-5067

Dr. James S. Murday 1

Chemistry Division, Code 6100
Naval Research Laboratory
Washington, D.C. 20375-~5000

Dr. Bernadette Eichinger

Naval Ship Systems
Engineering Station

Code 053

Philadelphia Naval Base

Philadelphia, PA 19112

Dr. Sachio Yamamoto

Naval Ocean Systems Center
Code 52

San Diego, CA 92152-5000

David ylor Research Center
Dr. Harold H. Singerman
Annapolis, MD 21402-5067
ATTN: Code 283

,
—
N




