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Abstract
Mitochondria are one of the major sources of reactive oxygen species (ROS) in mammalian cells. The generation of ROS
underlies many physiological and pathophysiological processes that occur within cellular systems. Superoxide (O2

�) is the
proximal ROS generated during electron ‘leakage’ from the mitochondrial electron transport chain (mETC) and is known to
be released at mitochondrial complex I and complex III. Monitoring mitochondrial O2

� production directly and in real-time
offers the potential to improve understanding of the complex mechanisms involved during mitochondrial O2

� generation.
This study reports the novel application of a cytochrome c functionalized amperometric sensor for monitoring O2

�

generation in isolated mitochondrial fractions. The non-invasive sensor system described allowed a comparison of O2
�

production following specific inhibition of complex I and complex III of the mETC to be made directly and in real-time.
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Abbreviations: ROS, reactive oxygen species; mETC, mitochondrial electron transport chain; SOD, superoxide dismutase;

XOD, xanthine oxidase; DTSSP, 3,3?-dithiobis(sulphosuccinimidylpropionate); EPR, electron paramagnetic resonance

Introduction

The primary function of mitochondria is to carry out

oxidative phosphorylation. Complexes I�IV of the

mitochondrial electron transport chain (mETC)

transfer electrons from reduced substrates to oxygen,

coupled to the creation of a proton gradient across

the inner mitochondrial membrane [1�3]. It is well

established that the mETC is the major cellular

generator of superoxide (O2
�) as a result of leakage

of single electrons which reduce O2 to form O2
� [4].

Superoxide is the proximal reactive oxygen species

(ROS) generated in mitochondria [5] and it can be

readily converted into other ROS, as summarized in

Figure 1. Reactive oxygen species are involved in a

number of cellular processes under normal physiolo-

gical conditions, such as cell signalling [6]. However,

when cellular production of ROS is greater than the

antioxidant capacity, O2
� and other ROS become a

major cause of cellular oxidative damage. This

‘oxidative stress’ causes damage to macromolecules

such as lipids, proteins and DNA [7] and it is a

mechanism that has significance in many degenera-

tive diseases as well as ageing [8]. ROS within

cells are known to act as secondary messengers in

intracellular signalling cascades, which induce and

maintain the oncogenic phenotype of cancer cells.

Redox imbalances have been found to be present in

many cancer cells compared with normal cells [9].

Thus, redox imbalance may be related to oncogenic

stimulation.

There is evidence that most of the O2
� generated by

the mETC originates from complexes I and III [10],
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although the relative contribution of these complexes

to O2
� production and the possible involvement of

other complexes remains to be fully elucidated [4].

Since O2
� is involved in many cellular processes,

both physiological and pathophysiological, direct,

real-time monitoring of its production offers greater

insight into the temporal and spatial aspects of O2
�

generation in biological systems. A number of meth-

ods have been employed to monitor O2
� production

in vitro including fluorescence [11,12] and electro-

chemical [13�15] techniques. Mitochondria are the

predominant source of O2
� generated in mammalian

cells and, as such, monitoring the organelles directly

offers the potential to enhance our understanding of

cellular damage following increased O2
� production.

The application of both fluorescence and electropar-

amagnetic resonance (EPR) methods have been used

to monitor O2
� production in isolated mitochondria

[16�19]. However, as yet, amperometric sensors have

not been used for the direct, real-time monitoring of

O2
� generation in isolated mitochondrial fractions.

The covalent attachment of the redox protein

cytochrome c to the surface of gold electrodes has

been reported extensively for qualitatively monitoring

O2
� dynamics in vitro [11,13�15,20�24]. Such an

approach offers a number of significant advantages

over spectrophotometric or chemiluminescent meth-

ods. The principle advantage of this technique is the

ability to measure O2
� production from whole cells

or isolated organelles directly and in real-time.

This overcomes the limitations of more traditional

‘end-point’ analysis which relies on the measure-

ments of reaction products or adducts. In addition

the high degree of selectivity that the amperometric

electrode shows for O2
� in the presence of non-

specific reducing agents such as ascorbic acid

has been extensively reported [11,13�15,20�24].

This selectivity has been primarily attributed to a

low operating potential of �100 mV (vs Ag/AgCl

reference electrode) [11,13�15,20�24]. Additionally,

measurements made with the electrode do not

involve the addition of dyes or substrates to the

cellular environment which could adversely influence

cellular observations.

Reported here is the novel use of chronoampero-

metry to specifically detect, directly and in real-time

O2
� production from the mitochondrial electron

transport chain. A greater understanding of the role

of mitochondrial O2
� production may ultimately

lead to a fuller understanding of many important

disease pathways and the identification of novel

targets for drug therapy. The data presented here

clearly demonstrates the potential of a cytochrome

c functionalized sensor to delineate these pathways.

Materials and methods

Reagents

Antimycin A, cytochrome c, rotenone, superoxide

dismutase (SOD), xanthine and xanthine oxidase

(XOD) were purchased from Sigma-Aldrich (Poole,

UK). 3,3?-Dithiobis(sulphosuccinimidylpropionate)

(DTSSP) was supplied by Pierce (Chester, UK).

Cell culture

The melanoma cell line FM55 (a kind gift from

Professor Des Tobin, Bradford University, UK) was

cultured in Dulbecco’s modified Eagle’s medium

(Lonza, UK) supplemented with 10% foetal calf

serum, 100 U/mL streptomycin (Invitrogen, UK),

and 0.1 mg/mL penicillin (Invitrogen, UK), in a

humidified atmosphere with 5% (v/v) CO2 at 378C.

The medium was changed every 2�3 days. Cells were

grown to near confluence in 150 cm2 flasks to six

passages prior to isolation of mitochondria.

Mitochondrial fraction preparation

An enriched mitochondrial fraction was isolated from

cultured cells by physical homogenization, differential

centrifugation and treatment with hypotonic buffer.

Cultured cells were harvested and washed with

phosphate buffered saline (PBS). All subsequent

procedures were carried out on ice or at 48C. The

washed pellet was resuspended in 1 mL of a

sucrose rich mitoprep buffer (pH7.4) containing

250 mM sucrose (Sigma-Aldrich, UK), 2 mM

HEPES (Sigma-Aldrich, UK) and 0.1 mM EGTA

(Sigma-Aldrich, UK) and disrupted by 20 passes in a

power-driven Teflon-glass homogenizer. The homo-

genate was centrifuged for 10 min at 2200 rpm at 48C
and the supernatant collected. The supernatant was

then centrifuged at 11 000 rpm for 10 min at 48C.

The resulting pellet containing the mitochondrial

fraction was resuspended in mitoprep buffer and

stored in aliquots at �808C until use [25]. Protein

concentration was determined using the Bradford

assay (Bio-Rad, UK) as per the manufacturer’s

instructions. The isolated mitochondria were

maintained in the sucrose rich buffer during all

electrochemical measurements.

Figure 1. Generation of O2
� and other reactive oxygen species in

the mitochondrial electron transport chain.
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Superoxide responsive electrode preparation

The cytochrome c based O2
� electrode was prepared

as previously described [15]. In brief, a 2 mm O.D.

solid gold electrode (BioAnalytical Systems,

Cambridgeshire, UK) was polished using 0.02 mm

aluminium oxide slurry on a ‘micro-cloth’ cleaning

platform (BioAnalytical Systems, Cambridgeshire,

UK) and sonicated for 5 min. The electrode was

then incubated in a 50 mM solution of DTSSP for

5 min at room temperature before being gently rinsed

in distilled water. Finally, the electrode was incubated

in a 2 mM cytochrome c solution (in PBS, pH 7.4) at

48C overnight. The modified electrode was rinsed

immediately before use and calibrated using the

reaction between xanthine and XOD to generate

O2
� as described previously [14,15]. For all ampero-

metric measurements the electrode was coupled with

a Ag/AgCl electrode that acted as both reference and

counter electrode (Harvard Apparatus, Edenbridge,

UK). The electrodes were connected to an in-house

potentiostat interfaced with a PC coupled with data

acquisition software. All measurements were carried

out at �100 mV operating potential (vs Ag/AgCl

electrode). For calibration the functionalized

electrode was placed in 990 mL of 10 mM xanthine

solution (in 100 mM KOH) and a steady baseline

current was observed. To this 10 mL of varying

concentrations of XOD (0.5, 1, 2, 3, 4 or 5 mM)

were added and any change in current was recorded.

Monitoring superoxide generation from isolated

mitochondria

The same electrode set-up was used for monitoring

O2
� generation from isolated mitochondria as that

described for calibrating the electrode. A 100 mL

suspension of isolated mitochondria (0.162 mg/mL

protein concentration) was placed into a sterile

conical well and the electrode lowered directly into

the suspension, completely immersing the functiona-

lized surface of the electrode. A steady baseline

current was observed before adding 15 mL of either

100 mM antimycin A or 100 mM rotenone to inhibit

mitochondrial complex III or complex I, respectively.

Any subsequent current change was recorded.

To demonstrate specificity of the electrode for O2
�,

the electrode was placed into 100 mL of isolated

mitochondria (0.487 mg/mL protein concentration)

and 15 mL of antimycin was added. Approximately 30

s after the addition of antimycin A was made, 15 mL

of 7500 U/mL SOD was added to scavenge any O2
�

generated by the sample. As a further demonstration

of specificity, the electrode was lowered into a 100 mL

suspension of isolated mitochondria that contained

7500 U/mL SOD. As before, a steady baseline

current response was observed before 15 mL of

100 mM antimycin A was added.

Results

Superoxide electrode calibration

The electrode response was examined using the

enzymatic reaction between XOD with its substrate,

xanthine, under conditions of substrate saturation to

generate O2
�. The change in current observed was

calculated as current density (nA mM�1 cm�2). The

electrode response was shown to be linearly

dependent upon XOD concentration (Figure 2) and

therefore proportional to the amount of O2
�

generated. Calibration data presented in Figure 2

are in keeping with those reported previously [14,15].

Monitoring superoxide generation from isolated

mitochondria

The production of O2
� by isolated mitochondria was

monitored successfully using the cytochrome c func-

tionalized electrode. Any change in current observed

was directly proportional to the amount of O2
�

present. Figure 3 represents two typical responses

following inhibition of mitochondrial complexes I

and III. The inhibition of complex III through the

addition of antimycin A brought about an immediate

increase in O2
� generation leading to a rapid increase

in current which peaked at 30.53 nA above the

pre-addition baseline (Figure 3A). The current

response stabilized within 120 s and a continuous

current of�4 nA was observed for the remainder of

each experiment. In contrast, inhibition of complex I

through the addition of rotenone induced a compara-

tively small increase in current, reaching a maximum

of 10.99 nA above the pre-addition baseline, indicat-

ing much lower peak O2
� generation (Figure 3B).

Additionally the response returned to pre-stimulus

baseline levels within 90 s.

To demonstrate the specificity of the electrode for

O2
�, isolated mitochondria were stimulated with

antimycin A, as this consistently elicited the largest

Figure 2. Calibration of a cytochrome c functionalized electrode

through the enzymatic generation of O2
� (n�39SD).

798 J. R. Henderson et al.

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
N

ew
ca

st
le

 U
ni

ve
rs

ity
 o

n 
12

/0
4/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



O2
� response. As in Figure 3A, the addition of

antimycin A to the isolated mitochondria sample

induced a rapid increase in O2
� generation leading to

a current peak 44.70 nA above the pre-addition

baseline. Approximately 30 s after the addition of

antimycin A, 7500 U/mL SOD was added to the

sample. The presence of the O2
� scavenger brought

about an immediate decrease in current as the O2
�

generated through the inhibition of complex III

was scavenged (Figure 4A). The current response

re-stabilized below the original baseline value. The

addition of antimycin A to mitochondrial samples

already containing SOD did not induce an increase

in O2
� generation detectable by the electrode

(Figure 4B). A slight change in current was observed

as the antimycin A was added to the sample, but the

current returned to the baseline level within 5 s.

Discussion

In this study the application of a cytochrome c

functionalized gold electrode to monitor O2
� produc-

tion in isolated mitochondria has been reported.

This method allowed the dynamics of mitochondrial

O2
� release following the specific inhibition of complex

I and complex III of the mETC to be examined

comparatively and in real-time.

Antimycin A is known to inhibit complex III by

binding to the complex at centre ‘I’ and blocking

the electron transfer from centre ‘o’ of the Q cycle,

forming semi-quinone that reduces oxygen to O2
�

[8,18,26]. The large and immediate increase in O2
�

production observed during the inhibition of complex

III with antimycin A (Figure 3A) is in keeping with

this previously reported work [8,18,26]. Complex III

is known to asymmetrically generate O2
� that passes

both into the matrix and into the inter-membrane

space of the mitochondrion. However O2
�, once in its

anionic form, is too strongly charged to readily cross

the mitochondrial inner membrane [26�29]. Thus,

superoxide production exhibits a distinct membrane

sidedness or ‘topology’. In addition, the electron

acceptor associated with complex III is cytochrome

c, which is located on the outer part of the

inner membrane and, therefore, explains the super-

oxide production into the inter-membrane space

(Figure 1). Furthermore, it has been known for

some time that partial turnover of the cyt bc1

components within complex III in the presence of

antimycin A, a Q(i) site inhibitor, results in accumu-

lation of a semiquinone at the Q(o) site, which can

result in superoxide production on the outer aspect of

the inner membrane adjacent to the inter-membrane

space [30,31]. As a result of these combined

features the O2
� detected by the electrode will be

that released outside the inner membrane (Figure 1).

This sidedness or topology of O2
� production is the

basis for the measurement of O2
� production at

complex III using the end point EPR spin trap,

5,5-dimethyl-1-pyrroline N-oxide (DMPO), which,

like the gold electrode employed in these studies, is

external to the mitochondria and which detects

increased O2
� production effluxed outward following

addition of antimycin A [32].

Superoxide generation at complex I can be

attributed to electron leakage at the quinone binding

site [33] and in the presence of a Q-site inhibitor

(such as rotenone) the rate of O2
� production can

increase 10�30-fold [33]. In detail, rotenone is

believed to block electron transfer from the N2

iron-sulphur cluster to ubiquinone [34]. However,

as O2
� generated at complex I is released exclusively

into the mitochondrial matrix [27,33,35], O2
� should

Figure 3. The time course of antimycin A (A) and rotenone (B) induced O2
� generation in isolated mitochondrial fractions. The increase

in current observed was proportional to the flux of O2
� generated during mitochondrial inhibition.
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not be detected by the electrochemical method.

Consistent with this, inhibition of complex I by

rotenone (Figure 3B) produced a much smaller

change in current than that observed during complex

III inhibition (Figure 3A). However, the low perme-

ability of the mitochondrial membrane to O2
� would

suggest that no O2
� would be detected by the

electrode following the addition of rotenone, yet the

change in current observed demonstrates that some

O2
� was produced (Figure 3B). The O2

� detected

following the addition of rotenone may have been

generated from upstream sites in complex I, as the

site of action for rotenone is thought to be in the

distal position of the complex [32]. In this respect

there is good evidence from inhibitor analysis studies

[36] showing efficient redox cycling at two sites

within complex I, one proximal and one distal to

the putative rotenone binding site. Alternatively, the

O2
� produced could be derived from semi-quinone

formation at complex III, as reported by O’Malley

et al. [32]. Further investigation into the mechanisms

of complex I associated O2
� production may clarify

the findings reported in these studies.

The in vitro specificity of the electrode for O2
� has

been reported previously [11,15,20] and this

was confirmed in this study through the addition of

SOD before and after induction of O2
� generation

(Figure 4A and B). The re-stabilization of the current

response at a level below the pre-inhibition baseline

observed in Figure 4A can be accounted for by the

presence of O2
� in the sample prior to antimycin

A addition. Electrons would have been ‘leaking’ from

the mETC at low levels, therefore generating

small amounts of O2
� in the mitochondrial sample

as the electrode was polarizing to a steady baseline

current response. As SOD has such a high affinity for

O2
�, scavenging of the radical would have been

comprehensive leading to a drop in current response

below the initial baseline value as most of the O2
�

present in the sample was completely scavenged.

The specificity of the electrode was further confirmed

by the presence of SOD prior to induction of O2
�

generation (Figure 4B). By including SOD in the

sample before inhibiting the mETC, any O2
� gener-

ated would be scavenged before reaching the cyto-

chrome c immobilized at the electrode surface, hence

no change in current was recorded. Importantly,

the addition of SOD also demonstrated that the

electrode was not responsive to H2O2, which is

spontaneously generated during dismutation of O2
�.

It is worth noting that the current response

observed following the addition of both rotenone

and antimycin A to isolated mitochondria was much

larger than would be expected in whole cell samples

[13,15,20]. This is not surprising considering that the

antioxidant mechanisms that exist in cellular systems

are not present in the mitochondrial fractions * O2
�

is rapidly converted to H2O2 by MnSOD in the

mitochondrial matrix [37] or by Cu/ZnSOD in the

intermembrane space and cytosol [38]. All cytosolic

SOD was removed when the mitochondria were

isolated from their normal cellular environment and

there is evidence to suggest that any residual Cu/

ZnSOD becomes inactive in isolated mitochondria

[39,40]. It is therefore important to stress that all O2
�

production observed in this study was representative

of the mitochondria as the O2
� released should not be

converted to H2O2 nor can it have been associated

with other cellular O2
� generating processes such as

NAD(P)H oxidase, cytochrome P-450 or xanthine

oxidase [35,41,42].

In conclusion, the application of amperometric

O2
� detection has been successfully applied to

isolated mitochondrial fractions. A comparison of

Figure 4. Scavenging of O2
� following the addition of 7500 U/mL SOD to antimycin A activated isolated mitochondria. The rapid drop in

current following SOD addition demonstrates the specificity of the electrode for O2
� (A). No increase in O2

� generation was observed in

response to antimycin A in isolated mitochondria samples that already contained SOD (B).
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O2
� generation following specific inhibition of mito-

chondrial complex I and complex III was performed

and the observations were in keeping with previous

studies [18,26,29,34,43]. A possible future applica-

tion of this detection method would be to examine

O2
� profiles of disease state cells vs wild type

cells both in vitro and through the use of isolated

mitochondrial fractions. However, it must be stressed

that the capacity of cells or tissues to generate O2
� will

vary and this is influenced by factors such as age and

localized concentrations of O2
� producing enzymes.

In addition, future studies must also consider the

degree of control strength which the activity of

the individual enzyme complex (i.e. complex I vs

complex III) exerts on the whole pathway of electron

transfer along the respiratory chain in the mitochon-

dria. Using inhibitor analysis studies, we have

previously shown that complex III exerts a different

degree of control even between different cell types

(muscle vs liver) [43]. It is, therefore, very difficult to

extrapolate O2
� generation data acquired from

isolated mitochondrial fractions into in vitro O2
�

production. However, the data presented in this

study has clearly demonstrated the analytical capabil-

ities of amperometric sensing for the direct, real-time

analysis of qualitative O2
� generation from isolated

mitochondria following the chemical modulation of

electron transport complexes. This sensing technol-

ogy has clear potential to greatly improve the current

understanding of O2
� flux in vitro.
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