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Abstract

In small medical devices, a battery occupies the major portion of the device
in terms of weight and volume. Attempt to replace the conventional battery
with a biofuel cell employing enzymes, extracted from organisms, have been
undertaken in last few decades. By modifying the electron transfer from the
reaction site to the electrode, miniaturization of the device and enhancement of
overall performance have been demonstrated. When implanted, however, the
operational period is limited due to host defense reactions from the human body.

During the inflammatory response, macrophages are recruited to sites of
pathogens and activated to synthesize radicals, primarily superoxide anion
through nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxi-
dase). NADPH oxidase is a transmembrane protein transporting electrons across
the plasma membrane. To capture electrons for power generation, we focused on
this electron transfer through the plasma membrane and examined its utility for
running a biofuel cell.

THP-1 human monocytic cells were chemically stimulated to differentiate into
macrophages. Further they were activated to induce a phagocytic response.
Western blot analysis confirmed the presence of NADPH oxidase complex
proteins in activated macrophages, and the activity of NADPH oxidase was
validated by measuring the superoxide anion production using a colorimetric
method. During differentiation, cells became adherent to a plain gold electrode
which served as the anode in a two-compartment fuel cell system. The fuel cell
produced a current of 1.5-2 µA per 106 cells seeded. The current production in
the fuel cell always corresponded to the NADPH oxidase activity. Moreover, our
results of different inhibitory tests and the estimate of the amount of superoxide
anion production during the current generation let us conclude that (i) the
current observed in the fuel cell originates from NADPH oxidase in activated
macrophages and (ii) there are more than one electron transport pathways
from the cells to the electrode. One pathway involves superoxide anions
produced upon stimulation, additional not yet identified electron transport
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occurs independently of superoxide anions.



Kurzfassung

In medizinischen Kleinstgeräten nimmt die Batterie in der Regel den meisten
Platz ein und beeinflusst das Gerät auch hinsichtlich des Gewichts massgeblich.
In den vergangenen Jahren gab es Versuche, die herkömmlichen Batterien durch
biologische Brennstoffzellen zu ersetzen, welche aus Organismen gewonnene
Enzyme zur Energiegewinnung nutzen. Durch die Verbesserung der Elektronen-
Übertragung zwischen der Reaktionsstelle und der Elektrode konnten diese
Brennstoffzellen verkleinert und die Gesamtleistung der Geräte verbessert wer-
den. Bei implantierten Geräten bleibt die Lebensdauer jedoch wegen der
Abwehrreaktion des Körpers beschränkt.

Doch könnte gerade die Abwehrreaktion des Körpers eine wichtige Quelle
für die Energiegewinnung sein. Während der Entzündungsreaktion werden
Makrophagen rekrutiert und aktiviert, um Radikale – zuerst Superoxidanionen –
durch Nicotinsäureamid-Adenin-Dinukleotid-Phosphat Oxidase (NADPH Oxi-
dase) zu synthetisieren. NADPH Oxidasen sind Transmembran-Proteine, welche
Elektronen durch die Plasmamembran transportieren. Die vorliegende Arbeit
befasst sich mit diesem Elektronentransfer durch die Plasmamembran, da dieser
für den Betrieb von Brennstoffzellen genutzt werden kann.

Konkret wurden menschliche monozytären THP-1 Zellen chemisch stim-
uliert, um sie zu Makrophagen zu differenzieren. Weiter wurden die Zellen
aktiviert, um phagozytäre Reaktionen zu induzieren. Mit der Western Blot
Analyse wurden NADPH Oxidase-Proteine des Multi-Protein-Komplexes in
aktivierten Makrophagen nachgewiesen und die Aktivität der NADPH Oxi-
dase wurde durch die Messung der Superoxidanion-Produktion mittels einer
kolorimetrischen Methode bestätigt. Während der Differenzierung hafteten die
untersuchten Zellen auf einer unbehandelten Gold-Elektrode, welche als Anode
in einem Zweikammer-Brennstoffzellen-System diente. Diese Brennstoffzelle
erzeugte Strom von 1.5-2 µA pro 106 gesäten Zellen. Die Stromproduktion
der Brennstoffzelle entsprach immer der NADPH Oxidase-Aktivität. Zudem
kann man aus den Ergebnissen der verschiedenen inhibitorischen Tests und der



vi

geschätzten Menge der Superoxidanion-Produktion während der Stromproduk-
tion folgern, dass (i) der gemessene Strom aus der NADPH Oxidase aktivierter
Makrophagen stammt und (ii) dass es mehr als nur einen Transportweg für die
Elektronen aus der Zelle zur Elektrode gibt. Zum Transport der Elektronen di-
enen einerseits die durch Stimulation der Zelle entstehenden Superoxidanionen
und zum andern werden die Elektronen auf einem noch nicht identifizierten Weg
unabhängig von Superoxidanionen transportiert.



Contents

Abstract iii

Kurzfassung v

1 Introduction 1
1.1 Microbial fuel cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Enzymatic fuel cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Long-term target of our project . . . . . . . . . . . . . . . . . . . . . 7
1.4 Transmembrane proteins . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 NADPH oxidase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5.1 Structure of NADPH oxidase . . . . . . . . . . . . . . . . . . 10
1.5.2 Regulation of NADPH oxidase activity . . . . . . . . . . . . 13
1.5.3 Phagocytic and non-phagocytic NADPH oxidase . . . . . . 14

1.6 "Professional" phagocytes . . . . . . . . . . . . . . . . . . . . . . . . 15
1.7 Objective of this thesis . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2 Assay Development 20
2.1 Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.2 Cell stimulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.2.1 Chemicals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2.2 Method of stimulation . . . . . . . . . . . . . . . . . . . . . . 24

2.3 Detection of superoxide anion . . . . . . . . . . . . . . . . . . . . . . 32
2.4 Biofuel cell setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.4.1 Architecture of biofuel cell setup . . . . . . . . . . . . . . . . 37
2.4.2 Selection of electrode material . . . . . . . . . . . . . . . . . 39

2.5 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.5.1 Cell culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2.5.2 Analysis of the expression of NADPH oxidase subunits . . . 43
2.5.3 Detection of superoxide anion production from cells . . . . 43



viii

2.5.4 Current measurement in biofuel cell setup . . . . . . . . . . 44
2.5.5 Potential measurement of the electrodes in biofuel cell . . . 45

3 Current Generation in Fuel Cell and NADPH Oxidase Activity 46
3.1 Cell stimulation and NADPH oxidase activity . . . . . . . . . . . . 46
3.2 Current Generation on Cell Stimulation . . . . . . . . . . . . . . . . 48

3.2.1 Background current from the system . . . . . . . . . . . . . . 48
3.2.2 Current generation correlates to superoxide anion produc-

tion by NADPH oxidase . . . . . . . . . . . . . . . . . . . . . 50
3.3 Validity of the measurement using THP-1 cells . . . . . . . . . . . . 51

3.3.1 Superoxide anion production of mouse macrophages . . . . 51
3.3.2 Current generation measured with primary mononuclear

leukocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4 Analysis of the source of current generation 55
4.1 Electrode potentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.2 Effect of Inhibition of NADPH oxidase on current generation . . . . 56

4.2.1 Assay development with different inhibitors . . . . . . . . . 56
4.2.2 Inhibition studies on current measurement in fuel cell . . . . 71

4.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

5 Analysis of Electron Transfer between Cells and Electrode 77

6 Optimization of Current Measurement 82
6.1 Stabilization of performance of biofuel cell . . . . . . . . . . . . . . 82

6.1.1 Controlled cell adherence . . . . . . . . . . . . . . . . . . . . 83
6.1.2 Controlled protein adsorption on the electrode surface . . . 85

6.2 Improving performance of biofuel cell . . . . . . . . . . . . . . . . . 86
6.2.1 Enhancement of cell activity . . . . . . . . . . . . . . . . . . . 86
6.2.2 Improvement of electron transfer to/from electrodes . . . . 89
6.2.3 Improvement of electron transfer through electrical circuit . 89

6.3 Lifetime of biofuel cell . . . . . . . . . . . . . . . . . . . . . . . . . . 90

Summary 92

References 93



CONTENTS ix

This thesis includes material published in Biosensors and Bioelectronics, Volume 25,
Issue 1, Pages 68-75.



x



Chapter 1

Introduction

After the development over the years, batteries nowadays have attained good
size reduction and longevity. As power source for implantable medical devices,
conventional batteries still form the biggest and heaviest part of the device, and
require regular replacement, which entails surgical operation. Moreover, these
batteries may contain toxic substances to acquire high performance.

Due to the constant increase of the energy demand and the consequential
environmental problems, the exploration of clean, sustainable energy sources
have been receiving considerable attention. One of the promising fields for
substitutional energy is fuel cells.

Conventional fuel cells work by catalysis. For instance, in a proton exchange
fuel cell, hydrogen molecules are oxidized on the anode catalyst and dissociate
into proton and electron, and on the cathode-catalyst oxygen molecules are
reduced to water reacting with the electrons. These catalysts are often expensive
materials such as platinum.

In living nature, microorganisms catalyze the oxidation of substrates using
enzymes. Since microorganisms produce these enzymes and replace them
continuously as a part of their metabolism, utilizing microorganisms in fuel cells
may allow a substitutional energy source for a battery which is less expensive
and does not require to be recharged or replaced. This is realized in microbial
fuel cells.

1.1 Microbial fuel cells

In a microbial fuel cell, inactive substrate is transformed via microbial catabolism
into a form accessible for electrochemical oxidation [1], and so chemical energy
contained in the substrate is converted to electrical energy.
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Attempts in microbial fuel cell have already been reported since the beginning
of the last century. In 1911 Potter demonstrated the time response of the potential
difference between the electrodes, one of which was immersed in an E.coli
culture, and proposed the adaptation of this technique to a galvanic cell [2].
20 years later Cohen presented a bacterial half cell using diverse bacteria [3].
When conventional fuel cells started to be investigated for practical use in 1960s,
first preliminary experiments of microbial fuel cell were undertaken employing
glucose as a fuel source for bacterial metabolism [4, 5]. Though, most practical
advances and developments have been accomplished after 1980 [6].

The anode compartment in a microbial fuel cell is typically anoxic, preventing
that oxygen works as the electron acceptor and blocks the electron transfer to the
anode. Therefore, microbes living in an anaerobic environment are preferably
used, for instance, Klebsiella pneumoniae [7], Escherichia coli [8, 9], Pseudomonas
aeruginosa strain KRP1 [10], Proteus vulgaris [11–13] or Actinobacillus succinogenes
[9]. The cathode is either suspended in aerobic solution or exposed to air, for the
use of oxygen as an electron acceptor.

The product of microbial catabolism used as a fuel can be either in the interme-
diate state such as oxidized glucose, or the end product of the fermentation such
as hydrogen (H2). In the latter case H2 is further applied as a fuel for conventional
proton exchange fuel cell [14].

To improve the electrical yield of microbial fuel cells, bacteria have also been
immobilized onto the anode. The immobilization of Proteus vulgaris resulted
in faster and more efficient response to substrate addition [15]. A common
method to gain higher yield of electron transfer is the addition of mediators.
Mediators facilitate the electron transfer from the catalytic active site to outside
of the biological cell. Mediators generate reduced products that are more
electrochemically active than most fermentation products. The mediators can
be applied as diffusive or as immobilized components. For electron shuttling
through the plasma membrane, the mediators are often membrane-permeable
substances with low molecular weight. Such redox-species have to be able to
penetrate easily in the oxidized state and be chemically stable, and posses suitable
redox potential. Furthermore the mediators should not interfere with other
metabolic processes of the cells. Commonly used mediators for microbial fuel
cells are methylene blue [4,16], thionine [9,16,17], 2-hydroxy-1,4-naphthoquinone
[15, 18], or neutral red [19].

The immobilization of mediators allows the enhancement of electrical yield as
well. Although stable binding of the mediator to the electrode surface is rather
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difficult to achieve [20], 2,6-dimethyl-1,4-benzoquinone (DMBQ) [21], 2-hydroxy-
1,4-naphthoquinone (HNQ) [22], or neutral red [9] have been successfully immo-
bilized to facilitate electron transfer to the anode.

The drawback of utilizing a mediator is toxicity and sustainability of the
system. Most mediators are not easily reoxidized in the anodic compartment.
Therefore continuous replacement of mediators is required [23].

Some microorganisms have the ability to produce their own mediators to
promote extracellular electron transfer. Iron (Fe(III)) reducing Shewanella putre-
faciens [16], Geobacter sulfurreducens [24], or Rhodoferax ferrireducens [25] have been
reported to have an electron transport chain in their outer membrane. Fe(III) is
often an abundant electron acceptor for microbial respiration in subsurface envi-
ronments and aquatic sediments [25]. The electrons transferred to extracellular
space can be utilized to generate anodic current instead of reducing circumjacent
Fe(III) [26].

Economic application of microbial fuel cells has been tested for practical use.
Accomplishing waste water treatment, mixture of bacteria present in waste water
are inoculated for the use in microbial fuel cells [27, 28]. Anaerobic sludge from
a methanogenic reactor at a potato processing plant served as mixed culture of
bacteria for microbial fuel cells [10]. The attempt to obtain electrical energy from
marine sediment achieved a complete natural biofuel cell system, in which the
sediment itself served as a natural proton permeable membrane and oxygen in
seawater was reduced at the cathode [29].

Another complete biofuel cell system is realized in a photo-electrochemical
biofuel cell. In the anodic compartment, the oxidation of water in the photosys-
tem of cyanobacteria Synechococcus produces electrons that are transferred to the
electrode, whereas in the cathodic compartment the water is produced through
the reduction of oxygen [21].

In microbial fuel cells, mostly procaryotic cells are employed as catalysis
organ due to the simplicity of biological structure. Procaryotic cells possess single
or double layered lipid bilayer as outer membrane and lack a membrane-bound
cell nucleus, or any other membrane-bound organelles, so that all biochemical
processes are accessible through the outer membrane. Though eukaryotic cells
also possess lipid bilayer as outer membrane, these cells contain organells
organized into complex structures enclosed within membranes. Biochemical
processes occur in many organelles in cytosol engulfed in another layer of
membranes, therefore the energetic site is hardly accessible.
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Nevertheless yeast Saccharomyces cerevisae has also been examined to run a
biofuel cell similarly as a bacterial biofuel cell. Already Potter provided the proof
of principle of the use of yeast for galvanic study [2], and then this idea was
realized much later in biofuel cells utilizing methylene blue as mediator [30] or
even without artificial mediators [31]. Yeast grow rapidly under both aerobic and
anaerobic conditions and have simple nutritional requirements [30], therefore
should be ideal biocatalyst for microbial fuel cells.

Glucose
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CO2

H+

e
H2 O2

H2O
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Anode Cathode

Membrane
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H2O
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oxidase

Gluconic acid

(A) Microbial Fuel Cell (B) Enzymatic Fuel Cell
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Figure 1.1: Schematic examples of biofuel cells. (A) A microbial fuel cell. Glucose is
catabolized to CO2 and proton by bacteria producing electrons. The electrons are either
transferred to the anode via mediators, or utilized for fermentation to produce hydrogen
used as a fuel. (B) An enzymatic fuel cell. Electrons released during the conversion of
glucose to gluconic acid by glucose oxidase are transferred to the anode via mediators.

1.2 Enzymatic fuel cells

Past research of microbial fuel cells illustrates the difficulties and complexities of
the electron transfer from the redox site to the electrode in the extracellular space.
Additionally, such a biofuel cell cannot be applied as a power source for devices
to be implanted, since microbes are often pathogenic. Therefore, catalytic sites
(enzymes) have been extracted from bacteria and examined as biocatalyst for fuel
cells [14, 32]. First enzymatic fuel cell with glucose as a fuel was demonstrated
by Kimble et. al. in 1963 [33] in a two compartment fuel cell setup using glucose
oxidase or D-amino acid oxidase for the glucose oxidation in the anode.
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In contrast to microbes in microbial fuel cells that grow on the substrate,
enzymes were not strongly adhered but rather suspended. To shorten the
distance from catalytic active site to the electrode, it was reasonable that the
tendency of research went towards immobilizing enzymes closer to the electrode.
The immobilization of enzymes even provided a benefit for the lifetime of
enzymes. Enzymes in solution are only stable for days, whereas immobilized
enzymes can be stable for months [34].

To further increase of the power of enzymatic devices, as in microbial fuel
cells, mediators are employed for shuttling electrons from catalytic site to the
electrode. In 1980s Torstensson immobilized enzyme (D-glucose dehydrogenase)
and mediator (meldola blue) onto carbon electrodes [35, 36]. The electron shut-
tling is most effective, if mediators are placed between enzymes and the electrode
to form direct electron paths. Consequently enzymes and their cofactors or/and
mediators have been "wired" on the electrode for electron-relay. Since carbon
electrodes in the form of glassy carbon or carbon fibers can easily be modified
chemically, various polymers are used to coat the carbon electrode enveloping
anodic biocatalysts such as glucose oxidase or dehydrogenase and/or cofactor,
e.g. NADP. Mediators have been also entrapped within the polymer at the anode
[37, 38]. Instead of mediators, metal-polymer complex can be built to increase
the conductivity. [32, 39] When redox polymer such as osmium-based redox
polymer is used, it also serves as mediating system [40, 41]. Another approach
for electrode modification employs covalent coupling of redox mediators to self-
assembled monolayers on gold electrode surfaces. Pyrroloquinoline quinone
(PQQ) is a redox coenzyme for enzymes such as glucose oxidase/dehydrogenase,
diaphorase, or lactate dehydrogenase. Apo-glucose oxidase has been wired to
PQQ-FAD (flavin adenine dinucleotide) monolayer on a gold electrode, resulting
in enzyme-reconstitution by fitting FAD in apo-glucose oxidase and electron
shuttling through PQQ-FAD to the electrode [14, 42].

Utilizing biological molecules in the cathodic compartment to catalyze the
reduction of oxygen is an alternative to the classical use of platinum. The
use of laccase in the cathodic suspension enabled oxygen reduction at a much
lower overpotential than that required at a platinum electrode [43]. Laccase or
bilirubin oxidase (BOD) have been immobilized to carbon electrode [37,38,44] by
entrapping with redox polymer on carbon electrodes. In such cases, 2, 2’-azino-
bis (3-ethylbenzo-) thiazoline-6- sulfonic acid) (ABTS) can be supplemented
as a mediator [39, 43]. Gold electrodes have also been functionalized with
microperoxidase via thiol monolayer [42, 45], or with cytochrome oxidase via
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cytochrome c covalently bound to thiol monolayer [14, 46]. Some enzymes
used for enzymatic fuel cells such as BOD have the maximum activity at lower
pH. Running such a setup in phosphate buffer at physiological pH down-
regulates the activity of enzymes and so the power of the fuel cells. Heller and
colleagues encapsulate the redox center of these enzymes within redox polymers
or hydrogels to raise the capability of oxygen reduction at the cathode [32, 44].

Giving selectivity to each electrode by wiring molecules allows one to omit the
membrane in biofuel cells. By embedding BOD or laccase within osmium-based
redox polymer [37, 38], non-compartmentalized complete biofuel cells have been
realized promoting the miniaturization of the whole setup.

One of the most active areas in the research of enzymatic fuel cells is focused
towards developing power sources for implantable devices within human body.
Ideally one would use a biological metabolite fuel source such as glucose or
lactate, available in physiological fluids [47]. Miniaturizing such a biofuel cell as a
power source for drug delivery system has been proposed and is in development
[37]. However, if implanted in human body, the fluctuation of anodic signal and
the shortened lifetime of the device become serious problems. In case of glucose
sensors, the sensitivity in vivo is only 50% of that in vitro [48].

For biosensors diverse reasons of such failure have been discussed [49] and
these arguments can be extended to implanted enzymatic fuel cells as well. Main
reasons for the sensitivity decrease in vivo include: (1) adsorption of proteins
contained in the subcutaneous fluid; (2) the release of enzymes and radicals
by macrophages and other cells involved in the foreign body response; (3)
encapsulation of the sensor in a matrix of collagen laid down by fibroblasts; and
(4) natural and phagocytotic degradation of enzymes or electrodes [48, 50] .

The acute inflammatory response starts immediately after the sensor is
implanted. During the initial response, fluid carries plasma proteins and
inflammatory cells migrate to the site of the foreign body such as biosensor [51].
Protein adsorption occurs within the first minutes of contact between the surface
and the protein solution [52]. Adsorption of biomolecules smaller than 15kDa
contribute to the greatest decrease in sensitivity for glucose sensors [53].

After the protein adsorption, phagocytic cells (neutrophils, monocytes, and
macrophages) attempt to phagocytose the device and release enzymes and
reactive oxygen species to destroy it. Due to the high amount of radicals released
upon the foreign body response, depletion of oxygen in the tissue may occur and
cause fluctuations in sensor response [48]. Since devices are relatively large, only
"frustrated phagocytosis" occurs, seen as the release of reactive oxygen species
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and enzymes degrading the device [51].
After a few days of the acute response, a chronic inflammatory response may

set in or a modified version of the healing process begins which is the start of the
fibrotic encapsulation process. To minimize these problems, different methods to
prevent the adhesion of biomolecules have been attempted, e.g., flow system-
based device architecture, biomimicry of surface by coating with humic acid,
hyaluronic acid or phosphorylcholine, surface modification to form hydrogels.
Moreover microdialysis was used as the sampling method, or radicals around
the device were reduced by addition of superoxide dismutase (SOD) to promote
the dismutation of superoxide to hydrogen peroxide [48]. Although natural
degradation of enzymes causes the device failure as well, for most biosensor
designs an excess of enzyme is used, therefore lost enzyme activity is very seldom
a problem [54].

1.3 Long-term target of our project

For small portable medical devices, such as an glucose sensor, an apparatus
is desired to be as small and light as possible. The usage of the conventional
batteries in such has disadvantages in weights/ dimensions, requirement of the
recharging and the replacement, and bio-incompatibility. Therefore this project
has set the goal to develop a small energy source for a small medical device.
Conventional fuel cells operated in ambient condition are still rare and require
artificial supplement of substrates. Microbial fuel cells may reduce the frequency
of the replacement, but suffer from bio-incompatibility. Enzymatic fuel cells,
though pathogens are eliminated, suffer from limited lifetime. In most cases,
implanted devices are exposed to the danger of being attacked by immune
reaction of host body and losing their functionality rapidly.

To overcome the shortcomings of these energy sources, utilizing natural
functions of human body as an energy source for a fuel cell would be an attractive
option. Thus, this project addresses the feasibility of harvesting electrical energy
using human living cells.

1.4 Transmembrane proteins

Human cells are encapsulated by the so-called plasma membrane separating the
interior of the cell from the outside environment. Thinking about the biofuel
cell operated by human cells, the electron transfer from the active reaction
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site to extracellular space is an issue, as in microbial fuel cells. Employing
permeable mediators may help, however, they are often toxic and may interfere
with cellular functions. A transmembrane protein can play an important role
since it is present at the interface between cytosol, where substantial cellular
metabolisms happen, and the extracellular space, where the electrode is placed.
The transmembrane protein is a protein embedded in the biological membrane
and spans the entire membrane. As other membrane binding proteins, the
function of transmembrane proteins is strongly connected to the regulation of
various cellular vital functions. To maintain their cellular functions, electrical
energy can be transferred over the plasma membrane using intra/extracellular
reactions. For such a conversion between chemical energy and electrical energy,
transmembrane proteins undertake an active or passive role. Deep investigation
of the correlation between biological function and electrical energy has been
started after the existence of a membrane potential in cells was ascertained in the
middle of the last century [55, 56]. Mitchell then revealed the coupling between
electron transport across membrane proteins and the production of biological
energy [57]. This finding led to the discovery of different transmembrane electron
transport mechanisms involving membrane proteins.

One of the major roles of transmembrane proteins is serving as a receptor for
extracellular signaling molecules. When hormones, neurotransmitter, cytokines,
or growth factors attach to the receptor, the cells become activated and generate
a cascade of intracellular signals that alter the behavior of the cell [58].

Some transmembrane proteins are cell adhesion molecules. Cadherin, one
such protein, maintains the cell-cell junction by connecting intracellular anchor
proteins that bind to cytoskeleton and an extracellular matrix. Integrin is a
famous cell adhesion molecule also responsible for signaling from extracellular
matrix [59].

Another important function of transmembrane proteins is transport of mol-
ecules or ions. Since lipid bilayers are highly impermeable to most polar
molecules or ions, transmembrane proteins undertake the transport of molecules
or ions necessary for cell metabolism. Each of such transmembrane proteins
are responsible for transferring a particular solute across the membranes [58].
Passive transport with a concentration gradient or electrochemical gradient
occurs spontaneously, for example, through ion channels. The ion channels form
aqueous pores across the lipid bilayer and allow inorganic ions of appropriate
size and charge to cross the membrane along their electrochemical gradients.
The channels are gated and usually open transiently in response to a specific
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perturbation in the membrane, such as a change in membrane potential (voltage
gated channels) or the binding of a chemical messenger as neurotransmitter
(ligand-gated channels) [58]. An example of such a transport is seen in transmem-
brane ATPases. Mitchell has revealed the mechanism of transmembrane ATPase
involved in transport of substances [57]. This synthase transforms upon transit
of proton though membrane due to concentration gradient, creating ATP from
ADP in the cytosolic side. By ATP hydrolysis, ATP synthase becomes an active
transport system for pumping protons out across the membrane against the
concentration gradient. Through this bilateral function, transmembrane ATPases
import many of the metabolites necessary for cell metabolism and export toxins,
waste, and solutes that can hinder cellular processes. Similar systems can been
seen also for transport of ions (Na+/K+ATPase).

Transmembrane proteins that possess redox system can be utilized for elec-
tron transport through membrane. The electron transfer maintains the charge
balance over membrane and is necessary for bioenergetics and redox homeosta-
sis, proton extrusion and control of internal pH, and the generation of defensive
reactive oxygen species by nicotinamide adenine dinucleotide/nicotinamide ade-
nine dinucleotide phosphate (NADH/NADPH) oxidase [60]. NADPH oxidase
is a transmembrane protein complex that transports electrons across biological
membranes to reduce oxygen to superoxide and its function is activated during
phagocytosis.

1.5 NADPH oxidase

Nicotinamide adenine dinucleotide phosphate-oxidase (NADPH oxidase) is a
transmembrane enzyme that catalyzes the production of superoxide anion (O−2 ·)
from oxygen and NADPH with its electron transport mechanism. The overall
reaction is:

NADPH + 2 O2 −→ NADP+ + H+ + 2 O−2 ·
Since the superoxide anion is a precursor of different reactive oxygen species

used in the immune defense to degrade bacteria or invaders, NADPH oxidase
plays a crucial role in host defense. Genetic defects in the NADPH oxidase cause
several chronic granulomatous diseases (CGD). In these diseases, cells cannot
produce enough reactive oxygen species and persistent bacterial infections occur
[61, 62]. Inadequate superoxide anion production by NADPH oxidase is a major
source of atherosclerosis, the thickening of artery walls due to the accumulation
of cholesterol.
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NADPH oxidase is a multicomponent enzyme complex containing six es-
sential protein components, two membrane-bound elements and four cytosolic
elements. These components are disassembled and dormant in resting cells, and
upon activation, all components are assembled to become a functional NADPH
oxidase.

1.5.1 Structure of NADPH oxidase

p67phox

p22phox
gp91phox

p47phox

RacGDP

p40phox

p22phox
gp91phox

p47phox p40phox

p67phox

RacGTP

Non activated Activated

Plasma membrane

Figure 1.2: Schematic diagram of NADPH oxidase before and after activation. The
cytosolic subunits p47phox, p67phox, p40phox, and RacGDP translocate to plasma
membrane upon activation and form NADPH oxidase complex with the membrane
bound subunits, gp91phox and p22phox.

1. Membrane-bound NADPH oxidase subunits

Two of the NADPH oxidase components are integral membrane proteins that
attach to the biological membrane permanently. These components had been
considered as one transmembrane component flavocytochrome b558, until the
technique of protein purification became well-developed. This flavocytochrome
b558 was actually a heterodimer composed of one large and one small protein,
namely gp91phox and p22phox [63].
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gp91phox

gp91phox is the catalytic core of NADPH oxidase. This molecule contains all
redox centers of NADPH oxidase, two molecules of haem and one molecule of
flavin adenine dinucleotide (FAD). FAD has a NADPH- binding site, where the
chain redox reaction of NADPH oxidase starts [64]. Therefore the redox reaction
is selective for NADPH as a substrate [63]. gp91phox is dormant in resting cells
and activated by the assembly of NADPH oxidase.

p22phox

p22phox is a membrane protein which closely associates with gp91phox in a 1:1
ratio forming the floavocytochrome b558. The absence of p22phox in phagocytes
from CGD patients results in no detectable level of gp91phox [63]. Therefore
p22phox is thought to stabilize gp91phox by binding to it. p22phox is also known
to provide high affinity binding sites for cytosolic NADPH oxidase subunits [64]
promoting the stable interaction between p47phox, a cytosolic component, and
gp91phox for NADPH oxidase activation.

2. Cytosolic NADPH oxidase subunits

p47phox

p47phox is the organizer of the NADPH oxidase assembly.
p47phox is phosphorylated on multiple sites through the action of several ki-

nases, resulting in binding to p67phox (and possibly p40phox) through multiple
binding sites, and then translocation of the subunits-complex to the membrane
[65]. At the membrane, this protein interacts with p22phox through the SH3
domain which is first unmasked when phosphorylated, but also with cytoplasmic
region of gp91phox stabilizing the attachment of p67phox to flavocytochrome
b558 [64,66,67]. Loss of phosphates from p47phox attenuates the superoxide anion
production [68].

p67phox

p67phox contains an activation domain essential for electron transfer through
flavocytochrome b558 redox centers [69].

After binding with p47phox, this protein is translocated to the plasma mem-
brane and attaches directly to membrane-bound component flavocytochrome
b558 and then triggers the change in gp91phox in combination with RacGTP to
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initiate oxidizing of NADPH and induce electron transport [64, 70]. Myeloid-
related proteins in p67phox induce the switch between the partially and the fully
"open" cytochrome b558 conformation [71].

p67phox is associated with the cytoskeleton and is involved in structural
changes of the cells for movement and phagocytosis [66, 70].

The phosphorylation of p67phox is necessary for NADPH oxidase activity
[63], however, the contribution of this phosphorylation event to the formation of
activated NADPH oxidase is still not clear [72].

Furthermore, p67phox appears to be a bridging molecule that links p47phox
and p40phox [65].

p40phox

p40phox is a component which may not be necessary for NADPH oxidase.
Usually p40phox interacts with p47phox and p67phox with a 1:1:1 stoichiometry
[63]. The interaction between p67phox-p40phox has a higher affinity than
p47phox-p40phox interaction [73]. Since p40phox may be stable only when
bound to p67phox [63], it may be constitutively associated to p67phox in both
resting and activated cells [73].

Contradictory functions of p40phox have been discussed. On the one hand,
the presence of p40phox may promote NADPH oxidase activity [74]. On the other
hand, p40phox may induce down-regulation of NADPH oxidase activity because
some domains of this protein compete against the interaction with other NADPH
oxidase subunits [73] when not phosphorylated [75]. Even some reports have
suggested that p40phox is separated from the active NADPH oxidase during
activation [73].

Thus, p40phox is thought to be a modulatory unit of NADPH oxidase [63].

Rac-GDP/GTP

Rho-family small GTPase exists in two interconvertible forms: the GDP-bound
inactive and GTP-bound active form. Rac is one of Rho-family small GTPase and
its GTP-bound form is an essential element of the NADPH oxidase [76–78].

Rac in general exists in GDP-bound form in resting cells as cytosolic com-
plexes with Rho GDP-dissociation inhibitor (RhoGDI) [79]. Upon cell stimu-
lation, Rac becomes activated by exchanging GDP for GTP, dissociated from
RhoGDI, and is subsequently recruited to the membrane. This translocation of
Rac to the membrane occurs independent of the translocation of other cytosolic



1. Introduction 13

subunits of NADPH oxidase [80, 81].
Diverse evidences showed that Rac-GTP may interact with p67phox [77,

81] and/or with gp91phox directly [79, 82], with or without binding to the
phospholipid bilayer [82]. In any case, Rac stabilizes the NADPH oxidase
complex in an active conformation [77].

Rac supports NADPH oxidase activity only in its GTP-bound active form [79]
and hydrolysis of GTP bound to Rac, that occurs intrinsically and/or stimulated
by GTPase activating protein (GAP), leads to disassembly and inactivation of the
enzyme [75, 82].

Therefore Rac-GDP/GTP functions as molecular switch for turning on and off
NADPH oxidase [75, 79].

1.5.2 Regulation of NADPH oxidase activity

Since generated reactive oxygen species via inflammatory systems may be
injurious to adjacent cells, NADPH oxidase activity is regulated through various
steps during its activation. Generally, NADPH oxidase activity in a cell may
depend on a dynamic balance between the rate of assembly or activation and
the rate of deactivation [75].

The activation of NADPH oxidase is commonly triggered by agonist binding
to plasma membrane receptor. The expression of subunits of the enzyme complex
is associated with the maturity of the cell and is regulated by intrinsic and/or
extrinsic signaling molecules such as lipopolysaccharide, cytokines and growth
factors. Upon such stimuli, protein kinases including PKCs are activated and
phosphorylate NADPH oxidase subunits, and promote their translocation to
the membrane via production of intracellular messenger molecules, such as
phosphatidylinositol [66]. When phosphoinositide 3-kinases (PI3K) are acti-
vated by signaling from integrin or other receptors for hormones or growth
factors in plasma membrane, lipids produced upon the activation of PI3K, such
as phosphatidylinositol-3,4-bisphosphate (PI(3,4)P2) or phosphatidylinositol-3-
phosphate (PI(3)P), further activate protein kinases [83]. Activated protein ki-
nase, for instance protein kinase C (PKC), phosphorylates p47phox and p67phox
and the cytosolic subunit complex is built. The lipid products of PI3K may
also interact with cytosolic subunits p47phox, p40phox, and also Rac-GTP to
recruit them to the membrane [66, 68, 84]. Without phosphorylation, p47phox
anti-inhibitory region is surface-exposed to prevent the interaction with other
cytosolic subunits [63].

Upon stimulation the expression of membrane-bound subunits is induced
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by the activation of transcription factors such as NFκB, and upon activation
p22phox-gp91phox in intercellular storage sites translocate to the membrane.

The localization of organizer p47phox to the membrane brings the activator
p67phox into contact with redox core gp91phox, and also brings the modulator
p40phox to the complex. Finally, the regulator Rac-GTP interacts with gp91phox
directly or indirectly and mediate to strengthen the interaction between p67phox
and gp91phox, simultaneously stabilizer p22phox also strengthens the mutual
interaction between subunits.

NADPH oxidase needs GTP-bound form of Rac (Rac-GTP) for its activity.
When hydrolyzed by GTPase, which is activated by GTPase-activating protein
(GAP) in membrane or cytosol, NADPH oxidase becomes down-regulated.

Various models have been discussed regarding the regulation NADPH oxi-
dase by Rac-GTP. Rac-GTP may (i) anchor to the plasma membrane, and have
no gp91phox-regulatory functions but promote the activation of gp91phox by
p67phox, (ii) bind to gp91phox directly and attribute to its activation, or (iii) bind
to gp91phox but only as a stabilizer of the complex [79].

1.5.3 Phagocytic and non-phagocytic NADPH oxidase

A phagocyte is a cell that ingests and destroys microorganisms or debris via a
process known as phagocytosis. The phagocyte utilizes its NADPH oxidase to
produce reactive oxygen species with the objective to kill such foreign matter. Re-
active oxygen species are important components of cellular signaling, regulation
of gene expression, and cell differentiation as well [63]. A cell which possesses
NADPH oxidase to produce reactive oxygen species not primarily for phagocytic
purpose is called a non-phagocytic cell.

The phagocytes are mainly leukocytes such as monocytes, macrophages,
neutrophils, tissue dendritic cells and mast cells. Homologs of phagocytic
NADPH oxidase are found in various cells such as fibroblasts, vascular smooth
muscle cells, endothelial cells, renal mesangial cells, and tubular cells, and
widespread through human body from inner ear, thyroid, colon, kidney blood
vessels, lymphoid tissue, to testis [63, 85]. While the nonphagocyte NADPH
oxidases are functionally distinct from the phagocyte NADPH oxidases, the
structural features of many nonphagocyte oxidase proteins are similar to those
of their phagocyte counterparts [86]. However, regulation of non-phagocytic
NADPH oxidase doesn’t follow the same paradigm established for the phago-
cytic NADPH oxidase [65], therefore activation mechanisms of non-phagocytic
NADPH oxidase are markedly different from that of phagocytic NADPH oxidase
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[63].
While phagocytic NADPH oxidase is activated upon stimulation, non-phagocytic

NADPH oxidase is constitutively active, but also responds to hormones, growth
factors, cytokines, and mechanical stress [85]. Although not involved in defense,
non-phagocytic NADPH oxidase shares with phagocytic NADPH oxidase the
capacity to transport electrons across the membrane, and produces low amount of
superoxide anion under physiological conditions to regulate the cellular function
by intracellular or intercellular signaling pathways [79, 85]. The inhibitory
responses of non-phagocytic cells to stimuli may differ from that of phagocytic
cells, and even enhance NADPH oxidase activity [87].

Abnormal acute and chronic upregulation of non-phagocytic NADPH oxidase
results in pathogenesis of diverse diseases such as cancer, cardiovascular disease,
atherosclerosis, diabetes, neurodegenerative diseases (Alzheimer’s disease and
Parkinson’s disease), and aging [88].

1.6 "Professional" phagocytes

Leukocytes (white blood cells) play a major role in host defense against both
infectious disease and foreign materials, producing high amounts of reactive
oxygen species using electron transfer through phagocytic NADPH oxidases.
These cells are categorized in three groups, granulocytes (neutrophils, basophils,
eosinophils), lymphocytes (B cells, T cells, NK cells), and monocytes/monocyte-
derived macrophages. Leukocytes are all produced and derived from a multi-
potent cell in the bone marrow known as a hematopoietic stem cell which can
be diversely differentiated according to the necessity of body regulation. For
example, some bacterial infections cause a selective increase in neutrophils, while
infections with some protozoa and other parasites cause a selective increase in
eosinophils [58].

Phagocytosis involves distinct steps including (i) attachment to receptors,
(ii) engulfment with the formation of phagocytic vacuoles, (iii) encapsulation of
foreign bodies, (iv) killing or degradation by reactive oxygen species. The main
killing mechanism depends on the assembly and activation of NADPH oxidase
to produce superoxide anion [89].

When pathogens invade the body, the regulatory cytokines are released by
lymphocytes, which induce the recruitment and the activation of phagocytes.
Phagocytes migrate into tissue and exhibit chemotaxis to the affected area.
The phagocytes assemble NADPH oxidase complexes on the membrane that
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Figure 1.3: Production of reactive oxygen species by phagocytes. Upon activation,
phagocytes release superoxide anion and nitric oxide and promote the formation of other
radicals such as hydrogen peroxide, peroxynitrite, hypochlorous acid, and hydroxyl
radical to kill or degrade pathogens.

catalyze the production of a series of highly toxic reactive oxygen species such
as superoxide (O−2 ·), hydrogen peroxide (H2O2), hypochlorous acid (HOCl),
hydroxyl radical (OH−), nitric oxide (NO·), and peroxynitrite (ONOO−) (Fig.
1.3). Once superoxide is produced, it will spontaneously or enzymatically
dismute into hydrogen peroxide. Nitric oxide is formed as a product of the
conversion of L-arginine to L-citrulline by the constitutive and inducible nitric
oxide synthases (NOS) of phagocytes and reacts with superoxide anion to
produce another radical ONOO− in a diffusion controlled reaction [58]. The
production of these toxic compounds is accompanied by a transient increase
in oxygen consumption by the cells, called respiratory burst. The release of
these oxygen-derived radicals acidifies the phagosome, a vacuole formed by
phagocytosis, to degrade bacterial cell walls and proteins. Not only superoxide
anion, as stated in section 1.5.3, but also other radicals serve as mediators
in several physiological responses including the release of proinflammatory
cytokines. The secretion of phagocytes are versatile, including polypeptide
hormones and enzymes to reactive oxygen species, ranging in molecular mass
from 32 (superoxide anion) to 440,000 (fibronectin), showing biological activities
ranging from induction of cell growth to provocation of cell death [90]. The
release of such products during phagocytosis can lead to chronic inflammation
[89].

During phagocytosis, cytosolic granules fuse with the invaginating plasma
membrane around the engulfed microorganism to form a phagolysosome into
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which they release radicals to create a highly toxic microenvironment. This
degranulation normally prevents release of the toxic components into the ex-
tracellular environment. However, some targets may be too large to be fully
phagocytosed or they avoid engulfment, resulting in frustrated phagocytosis. In
this case cells release phagocytic radicals to the extracellular space instead of the
intracellular cavity that engulfs the substances to be degraded [91].

Major "professional" phagocytes are neutrophils and macrophages . Their
function and the structure of their NADPH oxidase are similar, nevertheless with
slight distinctions.

Neutrophils are the most numerous of the leukocytes (ca. 60% of leukocytes)
in the human body and provide the first line of defence to infection by ingesting
their targets into an enclosed phagocytic vacuole [86, 92]. Though the accumu-
lation of neutrophils and monocytes, the precursor of macrophages, is charac-
teristic for the acute inflammation, the phagocytosis activity of neutrophil is
dominant in early stages. Neutrophils exhibit more immediate radical production
on stimulation (peaking within 10 minutes, depending on the stimulus), whereas
monocyte-derived macrophages gradually increase production of superoxide
anion with peak production at≈ 1 hour that decays over time, but still detectable
after several hours [93]. For chronic inflammation the presence of macrophages,
monocytes, and lymphocytes is the characteristic feature [91].

Activation agents for neutrophil NADPH oxidase do not necessarily trigger
the activation of monocytes/macrophages NADPH oxidase, indicating differen-
tial regulation likely through alternative signal transduction pathways. This fact
is also reflected in the small difference of their NADPH oxidase structure. Instead
of Rac1 in monocytes/macrophages NADPH oxidase, Rac2 is a component of the
neutrophil NADPH oxidase [93].

Whereas macrophages will generally survive the severe conditions during
killing operation and continue to patrol tissues for other pathogens, neutrophils
usually die [58], even get digested by macrophages [94].

Macrophages are categorized in two classes depending on their arena, resi-
dent macrophages and inflammatory macrophages. The resident macrophages
are constitutively present in tissues where microbial invasion or accumulation of
dust is likely to occur, whereas the inflammatory macrophages are differentiated
from monocytes circulating in blood, in response to activating stimuli.

Since Ebert and Florey first reported their observation of the monocyte
migration from blood vessels into the tissue, developing into macrophages in
1939 [95], the mechanism of this monocyte differentiation into macrophages has



18

been widely investigated. The elucidation of this differentiation mechanism
is a key to understand the mechanism of diseases like atherosclerosis. When
monocytes differentiate into macrophages, they localize in the subendothelium
and begin to accumulate lipid due to the change in lipid metabolism through
cell-mediated oxidation of low-density lipoprotein (LDL) in macrophages [96].
This lipid grows gradually to atheromatous plaque [97].

Circulating monocytes can be differentiated either to macrophages or den-
dritic cells, depending on stimulation. Specific cytokines or growth factors
alone or in different combination switch the differentiation of monocytes to
macrophages or dendritic cells [98]. The macrophages and the dendritic cells
are both antigen-presenting cells, that possess antigen material on their surface.
The dendritic cells show much higher level antigen presentation and play an
important role in mediating immune cell communication by direct contact of
cell-surface proteins or secreting cytokines, the latter may recruit activated
macrophages to allow phagocytosis. In contrast to macrophages, dendritic cells
are able to induce primary immune responses from naive T cells to novel antigens
in human [99].

Macrophages respond to both specific and nonspecific stimuli [89] and their
activation passes two steps. In the first "primed" stage, which can be induced
by interferons, interleukins, or growth factors, macrophages exhibit enhanced
surface antigen presentation and oxygen consumption, but reduced proliferative
capacity. In the second "activated" stage, which can be induced by LPS,
bacteria, growth factors, or PMA, macrophages show inability to proliferate,
high oxygen consumption through NADPH oxidase, killing facultative and
intracellular parasites, tumor cell lysis, and maximal secretion of mediators of
inflammation such as TNF-α, interleukins, and reactive oxygen species and nitric
oxides [91].

1.7 Objective of this thesis

Our project aimed at an electrical energy source using living human cells. The
transmembrane electron transfer to extracellular space is a preferable candidate
to harvest electrons from living cells. One of the strongest electron transfers is
seen during phagocytosis, where excessive oxygen uptake is observed to pro-
duce superoxide anion by single-electron reduction of oxygen. The production
of electrons is catalyzed by NADPH oxidase, a transmembrane protein with
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electron transport mechanism. When pathogens intrude into the human body,
signal transduction is triggered via diverse intercellular/intracellular secretory
substances, which activate NADPH oxidase in phagocytes.

This thesis embarked on examining the feasibility of a biofuel cell utilizing the
electron transfer mechanism of NADPH oxidase in phagocytes. In host defense,
monocyte-derived macrophages are one of the strongest phagocytes contributing
to both acute and chronic inflammation and show prolonged activated state
compared to other phagocytes. Therefore monocytes were employed for the
operation of our biofuel cell in this thesis project. By using monocytes, the
mimicry of the interaction of monocytes to the invaded site was also realized.

Human monocytic cells THP-1 were chemically stimulated to undergo differ-
entiation into macrophages and then activate their NADPH oxidase. The cells
seeded on a plain gold electrode generated current in a biofuel cell setup upon
activation. Series of inhibitory tests proved the NADPH oxidase was a source of
the current generation in the biofuel cell. The analysis of these tests showed the
contribution of superoxide anion to the electron transfer between the cells and the
electrode. This analysis also indicated the existence of another mediating factor
of the electron transfer.



Chapter 2

Assay Development

2.1 Cells

NADPH oxidase is a transmembrane protein with electron transfer function and
present in a variety of cells, whereas its strongest activity is seen in professional
phagocytes. Since monocyte-derived macrophages are present in both acute
and chronic inflammation and possess prolonged phagocytic activity, these cells
are suitable candidates for our examination of the current generation by living
human cells. Due to high variation in physiological activity of primary cells,
testing with a cell-line cells is reasonable.

Throughout this thesis the human monocytic cell line THP-1 was used for
experiments. THP-1 cells were derived from peripheral blood of a 1-year old boy
with acute monocytic leukemia [100] and resemble the human monocytes with
respect to numerous criteria such as morphology, secretory products, oncogene
expression, expression of membrane antigens, and expression of genes involved
in lipid metabolism [97]. THP-1 cells appear to be blocked at a relatively
late stage of differentiation [100] but still exhibit metabolic and morphological
similarities to human monocytes [101]. This cell line can be easily differentiated
to macrophages by phorbol esters such as phorbol 12-myristate 13-acetate (PMA),
active vitamin D compound, retionic acid, or cytokines (tumor necrosis factor-α
(TNF-α), interferon-γ (IFN-γ)).

Although the states of differentiation of THP-1 induced by various agents may
differ [101], differentiated THP-1 cells, in general, demonstrate the characteristics
of mature macrophages like the expression of adhesion molecules, such as
inter-cellular adhesion molecules (ICAM) and vascular cell adhesion molecules
(VCAM), or phagocytic capacity. It is also reported that differentiated THP-1
cells behave more like native monocyte-derived macrophages compared to other
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human myeloid cell lines, such as HL-60, U937, KG-1, or HEL cell lines [97].

Therefore, THP-1 cells represent a useful model for differentiation studies of
human monocytes, and as an in vitro model of human macrophages in studies of
macrophage involvement in inflammatory functions, including diseases such as
atherosclerotic processes [101].

2.2 Cell stimulation

2.2.1 Chemicals

NADPH oxidase is known to be activated by receptor-mediated and receptor-
independent protein kinase C stimuli, such as opsonized zymosan (OPZ), formyl-
methionyl-leucyl-phenylalanine (fMLP), active vitamin D compound, or phorbol
12-myristate 13-acetate (PMA). Also various cytokines regulate the activity of
NADPH oxidase. Lipopolysaccharide (LPS) is another commonly used stimulus
which mimics the presence of bacteria or their fragments. Other extracellular
signaling molecules which bind to receptors in the plasma membrane, such as
C5a, C3b or iC3b, may trigger some part of the NADPH oxidase activation as
well. [97, 102].

PMA is commonly used as an artificial stimulator to induce the NADPH
oxidase activity in leukocytes. PMA activates protein kinase C (PKC) receptor-
independently via phosphotidyl inositol-3 kinase (PI3K) signaling pathway [63,
66], which regulates transcription factors, cell proliferation, growth, differenti-
ation, and apoptosis [89]. For phagocytosis, this signaling pathway is known
to activate the production of reactive oxygen species through the potentiated
expression of p40phox and p47phox [89]. Indeed, the up-regulation of the
expression of p47phox by PMA stimulation has been reported together with the
fact that this stimulus induces the phosphorylation of p22phox in monocytes
[103]. PMA increases the expression of cytokines and monocyte differentiation
antigens as well [101]. In the presence of PMA, THP-1 cells stop proliferation
and demonstrate macrophage-like morphology, attaching and spreading on the
substrate [101]. A respiratory burst could be induced in THP-1 cells with a direct
protein kinase C activator such as PMA, but not with chemokines alone [104].

OPZ is a serum-coated yeast cell wall, a mimicry of a yeast pathogen,
and activates calcium-dependent PKC and cytosolic phospholipase A2 (cPLA2)
pathways [93, 105]. Like PMA, OPZ produces a strong, continuous NADPH
oxidase activity, with a pronounced lag phase. The activity of NADPH oxidase
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upon OPZ sitmulation, however, sustains shorter compared to PMA stimulation
[106].

Another PKC activator is fMLP. fMLP is derived from bacterial protein degra-
dation or from mitochondrial proteins upon tissue damage [107]. Stimulation
of the fMLP receptor activates the PKC and induces calcium flux receptor [108].
fMLP is a strong chemoattractant and induces adherence of phagocytes as well
[107]. Compared to the NADPH oxidase activity induced by PMA which is long-
lasting and very intensive, fMLP induces milder NADPH oxidase activity [106].

Active vitamin D compound, 1,25-(OH)2D3, is known to promote the in-
duction of monocytic differentiation to macrophages [109]. Using a signal
transduction pathway completely different from PMA [97], active vitamin D
compound increases the antigen-presenting activity of macrophages and the
production of immunoregulatory molecules such as cytokines. Although active
vitamin D compound enhances the production of PKCs and superoxide anion
comparable to PMA [110], this was less effective on loss of proliferation and
adhesion of the cells [111], since active vitamin D compound decreases the
production of pro-inflammatory cytokines and promotes the production of anti-
inflammatory cytokines [112].

LPS is a major component of the outer membrane of Gram-negative bacteria
and so is a pathogen-associated immunostimulant. Binding to the receptor
complex (TRL/CD14) of phagocytes, LPS activates NF-κB signaling pathway
and promotes the secretion of pro-inflammatory cytokines, especially TNF-α,
and growth factors [89, 113, 114] and primes phagocytes to produce radical
oxygen species [115]. Stimulating phagocytes with LPS in combination with
PMA intensifies the secretion of pro-inflammatroy cytokines drastically [116]. It
is also reported that LPS, in combination with fMLP, enhances the expression
of cytosolic NADPH oxidase subunits, p47phox, p67phox and Rac, however,
simultaneously limits the phosphorylation of p47phox [115].

Cytokines are signaling molecules essential for cellular communication. For
host defense cytokines are secreted by damaged or inflamed tissue and local
endothelial cells, and are sources of chemoattractant causing phagocytes to
become polarized and crawl toward the affected sites [58]. Cytokines are
categorized into pro-inflammatory and anti-inflammatory cytokines. Both are
necessary for the regulation of the immune function. Phagocytes themselves also
secret cytokines as signaling in autocrine and paracrine network. It is reported
that many cytokines alone do not induce differentiation of phagocytes, however,
the combination of different cytokines may mimic the full spectrum of activity
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induced by PMA [97].
Interleukins (IL) are a group of cytokines that are involved in defense mechanism.
IL-1α and -β, pro-inflammatory cytokines produced by macrophages, monocytes
and dendritic cells increase the expression of adhesion molecules to enable
transmigration of leukocytes [117].
Macrophage colony-stimulating factor (M-CSF) is a cytokine produced by a
variety of cells inducing lymphocytes, monocytes, fibroblasts, endothelial cells,
myoblasts and osteoblasts. This cytokine regulates cellular proliferation, differ-
entiation, and survival of blood monocytes, tissue macrophages, by inducing
cytokine and protease secretion. In monocytes and macrophages M-CSF induces
the synthesis of cytokines such as IL-1, granulocyte-colony stimulating factor (G-
CSF), IFN, TNF and also oxidative metabolism [118]. Combinations of IFN-γ and
M-CSF resulted in enhancement of the expression of pro-inflammatory cytokines
such as IL-1β and TNF-α and of intercellular adhesion molecule-1 (ICAM) and
vascular cell adhesion molecule-1 (VCAM) in THP-1 cells [117].
IFN-γ is produced predominantly by natural killer (NK) cells and T cells once
antigen-specific immunity develops. The production of IFN-γ is controlled
positively and negatively by cytokines secreted by antigen-presenting cells [119].
IFN-γ is known to promote the upregulation of cell adhesion molecules (ICAMs
and VCAMS) via Janus kinase-signal transducers and activators of transcription
(JAK-STAT) signaling pathway [58]. This stimulus also shows growth-inhibitory
effect in phagocytes by activating STAT signaling pathway, whose contribution
to the cell differentiation process is well known. Macrophages stimulated with
IFN-γ upregulate receptors bind to extracellular pathogens [119]. The increase
of the cytokine production was also observed if the IFN-γ was combined with
TNF or IL-2 [117]. IFN-γ also enhances the expression of subunits of NADPH
oxidase. The upregulation of gp91phox [119–121], p67phox expression [63, 119],
and expression of p47phox [122] have been observed.
TNF-α is synthesized mainly by macrophages in response to an effective stimulus
such as LPS or different cytokines including IFN-γ and interleukins [113]. TNF-
α is one of the earliest major pro-inflammatory mediators [113, 123] and is
involved in activation of NF-κB and MAPK pathways. Through the activation
of these pathways TNF-α potentiates the mRNA expression of NADPH subunits
(p47phox, p67phox, and gp91phox) [124]. Besides the regulation of immune
function, this cytokine also induces apoptosis.
Another commonly used cytokine for cell activation is transforming growth fac-
tor β1 (TGF-β1). This stimulus inhibits proliferation and promotes differentiation
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of THP-1 [125], though this protein is also known to inhibit the secretion and
activity of many other cytokines and suppress inducible nitric oxide synthase
(iNOS) with other immunosuppressive action in macrophage [126].

Based on the information above, the use of PMA, IFN-γ/TNF-α and LPS for
the activation of THP-1 cells was examined.

Although PMA is an artificial stimulus, the activation level of NADPH oxi-
dase is greater than other PKC activators. Synergistic effects of the combination
of IFN-γ with TNF-α on upregulation of NADPH oxidase system in monocytes
[120, 127] and on activation of NF-κB pathway in macrophages [123] have been
reported. These are reflected by the enhancement of superoxide anion release
from IFN-γ /TNF-α primed cells upon PMA stimulation [127].
Moreover, stimulating phagocytes with PMA and LPS enhances the secretion of
IFN-γ/TNF-α profoundly [116].

2.2.2 Method of stimulation

For proving the principle of a biofuel cell system with human cells, high cell
activity is desired to obtain high signal to noise ratio in the current measurement.
Since a high level of superoxide anion production is a clear indication of
phagocytic activity, an optimal cell stimulation protocol was searched, which
allows cells to produce superoxide anion in high amount and for a prolonged
period of time. The combination of stimuli, the order of stimulation, and the
concentration of stimuli were examined.

First, THP-1 cells were treated with each stimulus and changes were visually
observed under the light microscope (Fig.2.1). When cells were stimulated with
PMA alone or combined with other stimuli, the morphological change of the
cells such as elongation and spread, which are the typical feature of monocyte
differentiation into macrophage, was seen. On the cytokine stimulation the
cells exhibited cluster formation and slight adherence to culture wells. In both
cases cell proliferation was suppressed, while PMA had a stronger effect. LPS
stimulation did not cause any change in cell morphology and proliferation.
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100 μm

(A) Non-stimulated (B) PMA

(C) IFN-γ/TNF-α (D) LPS

(E) PMA+IFN-γ/TNF-α+LPS

Figure 2.1: Morphological change of THP-1 cells on different stimuli after 1 day. (A)
THP-1 cells before stimulation. The cells were incubated in culture media containing (B)
50 nM PMA, (C) 20 ng/ml IFN-γ and 20ng/ml TNF-α, (D) 300 ng/ml LPS, (E) all stimuli
together. Images were acquired with Zeiss Axiovert 40CFL light microscope with 20×
objective. (B,C,E) were obtained in phase contrast mode.
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Figure 2.2: Superoxide anion production from THP-1 cells upon different stimulation
methods. The standardized protocol is described in Section 2.5.3. Superoxide anion
production was measured by the amount of reduced WST-1 using a spectrophotometer.
The cells were incubated in culture media with stimulation of (from left to right) PMA;
LPS; IFN-γ/TNF-α; PMA + LPS + IFN-γ/TNF-α all together; first PMA then LPS + IFN-
γ/TNF-α were added before the measurement of superoxide anion; first LPS + IFN-
γ/TNF-α then PMA was added before the measurement of superoxide anion; no stimuli;
the most right sample did not contain cells but all stimuli. The concentration of each
stimulus used was: PMA 50 nM, 20 ng/ml IFN-γ, 20ng/ml TNF-α, 300 ng/ml LPS. The
experiment was performed once in duplicate.

Secondly, superoxide anion production from the cells after different stimu-
lation was examined (Fig. 2.2). The single use of either PMA or LPS did not
induce high superoxide anion production. Only the combination of cytokines,
IFN-γ and TNF-α induced low amount of superoxide anion production. Strong
enhancement in superoxide anion production was achieved when the cells were
stimulated first with LPS, IFN-γ and TNF-α, thereafter with PMA. This result
did not correspond to previously reported evidence reported that THP-1 cells
were activated with PMA alone for superoxide anion release [111,128,129]. Even
longer incubation with PMA did not induce significant superoxide anion release
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from THP-1 cells in our experiments.
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Figure 2.3: Time course study of superoxide anion production from activated THP-1
cells. After differentiation with 20 ng/ml IFN-γ, 20ng/ml TNF-α and 300 ng/ml LPS in
the culture media, cells were incubated with 50 nM PMA in HBSS containing 100 µM
WST-1 for different time periods and the supernatants were collected for the superoxide
anion measurement.

Additionally the temporal pattern of the superoxide anion production from
the cells was investigated by collecting samples at different time points during
the activation. As shown in Fig. 2.3, when the cells were pre-incubated with
LPS, IFN-γ and TNF-α, the superoxide anion production after adding PMA
exhibited a rapid increment, suggesting that THP-1 cells were differentiated into
macrophage-like cells on the stimulation with LPS, IFN-γ and TNF-α, and were
further triggered to release superoxide anion only on PMA stimulation. Thus,
throughout this thesis, THP-1 cells were stimulated by LPS together with IFN-γ
and TNF-α for differentiation, and then by PMA for activation.

Next, the optimal concentrations of each stimulus for the activation of THP-1
cells were examined. Since an excess of stimulus could induce reverse effects, the
minimum amount sufficient for full activation of the cells was adopted.

The concentration of LPS did not have strong a effect on the superoxide
anion production from the cells (Fig. 2.4). However, the stimulation with
higher concentration of LPS tended to induce more superoxide anion production
from cells, and when the cells were stimulated without LPS, sometimes less
morphological change in the cells was seen. In this thesis, 300 ng/ml of LPS
was used for the cell stimulation.

The concentration of different cytokines also influenced the superoxide anion
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Figure 2.4: Effect of different LPS concentrations on THP-1 activation. The standardized
procedure is described in Section 2.5.3. In brief, after cell stimulation with LPS, 20 ng/ml
IFN-γ and 20 ng/mlTNF-α for 2 days, cells were incubated with 50 nM PMA in HBSS
containing 100 µM WST-1 for 4 hours. The superoxide anion production was measured
by the absorbance of the supernatant. The LPS concentrations examined were 0, 50, 150,
300, 600 ng/ml. The experiment was performed once in duplicate.

release from THP-1 cells (Fig. 2.5). At low concentration of IFN-γ, a change in
the concentration of TNF-α caused no difference in superoxide anion production.
When the concentration of IFN-γ was increased, higher concentration of TNF-α
enhanced the cell activity. Thus, as a default, we used 20 ng/ml of both IFN-γ
and TNF-α for our cell stimulation.
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Figure 2.5: Effect of different concentrations of TNF-α and IFN-γ on THP-1
activation.The standardized procedure is described in Section 2.5.3. In brief, after cell
stimulation with 300 ng/ml LPS, IFN-γ and TNF-α for 2 days, cells were incubated
with 50 nM PMA in HBSS containing 100 µM WST-1 for 4 hours. The superoxide anion
production was measured by the absorbance of the supernatant. Three independent
experiments were conducted.

If PMA was used as the only stimulus for the activation of THP-1 cells, with
the elevation of PMA concentrations, gradual increase of cell elongation or cell
spreading was observed (Fig. 2.6), which are features of the differentiation
of monocytes into macrophages. According to the level of the morphological
change, we set the lowest concentration of PMA at 50 nM to examine the
superoxide anion production from the cells.

Apparently the superoxide anion production was not influenced by the PMA
concentration (Fig. 2.7). Thus, we concluded that 50 nM of PMA represents the
level necessary for the maximum activation of the cells.
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PMA 0nM PMA 5nM

PMA 15nM PMA 50nM

PMA 100nM PMA 200nM

50µm

Figure 2.6: Morphology change in THP-1 resulting from different PMA concentrations.
Cells were treated with PMA at corresponding concentration for 48 h. Images were
acquired with Zeiss Axiovert 40CFL light microscope with 40× objective.
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Figure 2.7: Effect of different PMA concentrations on THP-1 activation. The
standardized procedure is described in Section 2.5.3. In brief, after cell stimulation
with 300 ng/ml LPS, 20 ng/ml IFN-γ and 20 ng/ml TNF-α for 2 days, cells were
incubated with PMA in HBSS containing 100 µM WST-1 for 4 hours. The superoxide
anion production was measured by the absorbance of the supernatant. The PMA
concentrations examined were 50, 100, 200 nM. Two independent experiments were
carried out.
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2.3 Detection of superoxide anion

Activity of NADPH oxidase can be detected by (i) oxygen consumption, (ii)
superoxide anion production, or (iii) production of oxygen-derived radicals such
as hydrogen peroxide.

Because oxygen is a substrate of NADPH oxidase, the level of oxygen
consumption increases with the NADPH oxidase activity of the cells. However,
any increase in consumption of oxygen by mitochondria would lead to inflated
estimates of NADPH oxidase activity, which has caused large errors, especially
in the measurement with monocytes [75].

Superoxide anion is negatively charged, non permeable through the plasma
membrane, and unstable in aqueous solution. Hydrogen peroxide is membrane
permeable and relatively stable, thus it is easy to measure. Though both radicals
are detectable by chemiluminescence, this method is difficult to quantitate
correctly. Furthermore, in a system with an electron donor such as NADPH or
NADH, secondary generation of superoxide anion occurs through the reaction
of the electron donor with reagents, inducing positive error in the measurement
[130, 131].

A method to detect superoxide anion directly is using electron spin resonance
(ESR). This spectroscopic method detects unpaired electrons excited by magnetic
resonance and offers specificity and the sensitivity despite the brief life time of
superoxide. However, it requires a rather expensive apparatus and complex
experimental setup.

The colorimetric assay using chemical dyes that can be reduced by superoxide
anion is facile, and therefore currently a popular method for superoxide anion
detection. Since the reduction of these dyes by superoxide anion is not specific,
superoxide dismutase (SOD) can be used as a control for the detection of
superoxide anion [130]. The use of SOD automatically dismisses the method to
detect hydrogen peroxide, since SOD is an enzyme that catalyzes the spontaneous
reaction of superoxide anion to hydrogen peroxide.

The common colorimetric assay is using ferricytochrome c [132].
Cytochrome c (Fe3+) + O−2 · −→ cytochrome c (Fe2+) + O2
This method takes advantage of the enhanced absorption of cytochrome c at

550 nm when reduced. The sensitivity of this method suffers from the narrow
bandwidth of the absorbance peak of reduced cytochrome c [133] and the poor
signal to noise ratio due to high background absorbance of the oxidized state
(Fig.2.9). Interference is also known from redox cycling reactions which them-
selves generate superoxide anion [130] or reoxidization of reduced cytochrome c
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via derivatives of superoxide anion, hydrogen peroixde or peroxynitrite [134].
Another widely used reagent is nitro blue tetrazolium (NBT). NBT is reduced

to a corresponding formazan which exhibits high absorbance in 560 nm [131].
However, the reduced product is insoluble and the intermediate product, a radi-
cal, may reduce oxygen to superoxide anion that disturbs accurate measurements
[130].

Although newer synthesized tetrazolium salt, XTT (2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-5-((phenylamino)carbonyl)-2H- tetrazolium hydroxide), yields wa-
ter soluble formazan in reduced form [135], this method loses the sensitivity with
lowering pH by SOD inhibition and in the physiological pH their sensitivity is
less than NBT [131].

WST-1 (2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H- tetrazo-
lium, monosodium salt) is membrane-impermeable, therefore can be reduced to
its soluble formazan extracellularly by plasma membrane NADPH oxidase [135].
Compared to cytochrome c, it exhibits extremely low background (Fig. 2.9) and
high sensitivity due to its low molecular mass and the high molar extinction
coefficient of the reduced formazan [136]. Moreover, unlike cytochrome c, WST-1
does not interfere with hydrogen peroxide, a derivative of superoxide anion after
its spontaneous dismutation [136].
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Figure 2.8: WST-1 can be converted to a water-soluble formazan through two electron
reductions.

To observe NADPH oxidase activity via superoxide anion production, we
employed a colorimetric assay using WST-1.

The concentration of WST-1 used in the assay was determined by testing the
absorbance when WST-1 was completely reduced (Fig. 2.10). WST-1 diluted
in UHQ water and HBSS in different concentrations was completely reduced
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Figure 2.9: Spectral scan of WST-1 and cytochrome c both in oxidized and reduced form.
100 µM WST-1 or 33µM cytochrome c diluted in HBSS was reduced by sodium dithionite
completely. Schematic diagram based on measurements.

by sodium dithionite and the absorbance of the solution was measured with
spectrophotometer at 450 nm.
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Figure 2.10: Absorbance of reduced WST-1 in different concentrations. WST-1 diluted
in UHQ water and HBSS at the concentration of 50 µM, 100 µM, and 200µM, was fully
reduced by sodium dithionite and the absorbance was measured.
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As a control, the reduction of both WST-1 and cytochrome c by superoxide
anion produced from activated THP-1 was compared. The procedure is precisely
described in Section 2.5.3, except that cytochrome c was also employed parallel
to WST-1 as a detector in the same manner.

Although the absorbance of cytochrome c in the oxidized state caused high
background as expected, both the reduction of WST-1 and cytochrome c showed
the same tendencies between the activated cells with/without SOD, and non-
activated cells (Fig. 2.11).
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Figure 2.11: Comparison of superoxide anion detection using cytochrome c and WST-1.
The reduction of reagents refers to the spectrophotometric absorbance normalized to the
value of activated cells (vs. nonactivated cells). The stimulation of the cells is described
in Section 2.5.3. The superoxide anion production was measured colorimetrically using
either 33µM cytochrome c or 100 µM WST-1 at 550 nm or 450 nm, respectively. For
inhibitory tests with SOD, the cells were pre-incubated with 118 U/ml SOD before
activation.

Therefore, for our study, WST-1 provided us with a superoxide anion detec-
tion method comparable to other reports using cytochrome c.

Since WST-1 was slightly reduced when incubated in the culture media, the
components in the culture media may have caused the reduction of WST-1 (Fig.
2.12). To avoid this interference, the incubation media used for cell stimulation
was replaced with Hank’s buffer salt solution (HBSS) before the measurement of
NADPH oxidase activity by WST-1.
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Figure 2.12: Effect of solvent on WST-1 reduction. Culture wells were filled with the
RPMI1640 media (without phenol red), HBSS, and UHQ water. 200 µM WST-1 was
added in each well. After 0h, 4h, and 29h of incubation, the absorbance of each fluid was
measured with the spectrophotometer at 450 nm.

To examine the feasible range of WST-1 colorimetric assay for the superox-
ide anion production from activated cells, a preliminary test using hypoxan-
thine/xanthine oxidase was conducted1. Superoxide anion (O−2 ·) was generated
from the conversion of hypoxanthine to uric acid by xanthine oxidase [137]. From
1 mol hypoxanthine the production of 2 mol superoxide anion is expected (Table
2.1, B).

Hypoxanthine + O2 + H2O −→ Xanthine + O−2 ·+ H2O2

Xanthine + O2 + H2O −→ Uricacid + O−2 ·+ H2O2

For the measurements, hypoxanthine dissolved in UHQ water was diluted
in PBS containing 100 µM WST-1 to a final volume of 1.5 ml. To initiate the
reaction, 100 mU/ml xanthine oxidase was added and the solution was mixed
by pipetting. After 60 min the absorbance of WST-1 formazan was measured
with a spectrophotometer at 450 nm (Table 2.1, C).

The reduction of WST-1 increased with increasing the superoxide anion pro-
duction in the system (Fig. 2.13). However, the linearity of the WST-1 reduction
and the superoxide anion production was lost above the absorption value read
on the spectrophotometer of 3. In the measurements of WST-1 reduction by
superoxide anion released from activated macrophages, the absorption value

1I gratefully thank Claudia Küttel for her collaboration.
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Hypoxanthine O−2 · produced from hypo- Absorbance
[µM] (A) xanthine [nmol/1.5 ml] (B) [A.U.] (C)

10 30 0.127
50 150 0.574

100 300 1.212
200 600 2.66
500 1500 3.663

Table 2.1: Superoxide anion production from hypoxanthine and its detection by WST-1
reduction. Dissolved hypoxanthine was converted by xanthine oxidase into uric acid
producing superoxide anion in UHQ containing 100 µM WST-1. After 60 min of reaction
time, the reduction of WST-1 was measured with a spectrophotometer at 450 nm.
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Figure 2.13: Absorbance of reduced WST-1 depending on the amount of superoxide
anion production in hypoxanthine/xanthinoxidase system.

read on the spectrophotometer was consistently lower than 3 throughout this
thesis, thus linearity between the spectrophotometric measurement value and
superoxide anion production from cells was fulfilled.

2.4 Biofuel cell setup

2.4.1 Architecture of biofuel cell setup

To determine the architecture of the fuel cell setup, the designs of microbial fuel
cells was studied. In microbial fuel cells a two-chamber system is widely used,
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since this system does not require expensive catalysts. The characteristic feature
of a two-chamber system is the membrane. The membrane serves as a separator
of chambers and is usually a cation exchange membrane. The performance of
such a membrane is evaluated by the rate of proton transfer. Good performance
of the membrane, i.e. good proton transfer through the membrane, results in the
low ohmic losses and raises the electrical yield of the whole system. Nafion is
a sulfonated tetrafluoroethylene based fluoropolymer-copolymer developed by
DuPont. Due to its unique ionic properties it permits effective hydrogen ion
transport while preventing electron conduction. Therefore Nafion based cation
exchange membranes are commonly used for conventional and microbial fuel
cells. The drawback of Nafion relates to its excess of protons. A preliminary test
with HBSS buffer with phenol red showed the immediate lowering of pH in the
anodic fluid by Nafion. Moreover, the active protonated residue can easily be
replaced by other positively charged species such as sodium or potassium ions,
present at high concentration (105 times more than protons) in cell culture media
or buffer. In this case, Nafion preferably transports these positively charged
species instead of protons, affecting the performance of the whole setup. Thus
the use of Nafion membrane for our experiment was excluded. Another cation
exchange membrane examined is sold by BDH (BDH 55165, VWR International
Ltd.). The technical data of this membrane is unfortunately not available. The
performance test using a proton exchange fuel cell (the anodic compartment was
filled with pressured hydrogen gas, the cathode was exposed to air for oxygen
reduction) showed that the proton exchange of the BDH membrane was ca. 10
% of that of a Nafion membrane (Conductivity of BDH membrane was 0.01
S/cm, while that of Nafion membrane was 0.083 S/cm2). Nevertheless, the BDH
membrane did not exhibit acidification of the anodic fluid. Thus this membrane
was used for the current measurement throughout this thesis.

In the cathodic compartment the protons transferred through the membrane
react with dissolved oxygen, the final electron acceptor in the cathodic compart-
ment. The electron flowing from the anode through an external resistor to the
cathode participate in this reaction [138].

H+ + O2 + e− −→ H2O

To promote this reaction, oxygen has been purged in the cathodic compart-
ment [139, 140], or the graphite electrode has been modified with platinum for
better catalytic activity [141].

2I gratefully thank Xun Wei for the measurement and the Paul Scherrer Institut for providing
the experimental equipment.
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Instead of using dissolved oxygen in the cathodic fluid, the cathode can be
placed in direct contact with air. This replacement of the oxygen source increased
the power density in microbial fuel cells [142]. The use of the membrane for
air cathode system prevents the oxygen diffusion into the anodic compartment,
increasing the Coulomb yield at the anode as well [6].

Ferricyanide [Fe(CN)6]
−3 is also commonly used as an electron acceptor in

the cathodic chamber.
[Fe(CN)6]

−3 + e− −→ [Fe(CN)6]
−4

The reduced product ferrocyanide is reoxidized to ferricyanide. Since the
regeneration of the ferricyanide is very slow limiting the sustainability of the ca-
thodic compartment, the use of ferricyanide is not useful in practice. Nonetheless
the highest power densities so far in microbial fuel cells have been reported using
ferricyanide in the laboratory use [6], due to its good performance lowering the
internal resistance in the system [19]. Thus, the current measurements in this
thesis were conducted in a two-compartment fuel cell system using ferricyanide
as an electron acceptor in the cathodic compartment.

2.4.2 Selection of electrode material

The electrode for a biofuel cell should fulfill certain conditions regarding conduc-
tivity and biocompatibility. Additionally, as discussed in Section 2.2.2, obtaining
higher signal from cells is preferred.

For microbial fuel cells carbon electrodes in diverse form, such as glassy
carbon, woven graphite, plain graphite, graphite foam, granular graphite or
carbon paper, are used [138] owing to their low-cost and ease of modification.
However, compared to metals, the electrical conductivity of carbon is rather low.

For this thesis, four different electrode materials, platinum, gold, indium
tin oxide (ITO), and carbon, were examined. These were the materials which
can easily be prepared with the accessible apparatus. Since these materials,
except ITO, are non-transparent, they were deposited as thin as possible on
glass coverslip to allow the observation of cells under the light microscope. The
deposition method and the thickness of materials deposited on glass are shown
in Table 2.2.

The biocompatibility of these materials with THP-1 cells was tested via (i) cell
survival, and (ii) cell adherence.

Cell survival was tested by seeding cells in culture wells containing electrode
substrates. 5×105cells/ml were seeded in the culture media and incubated for
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Material Platinum Gold ITO Carbon
Deposition
method

E-beam
evaporation

Resistive
evaporation

Sputtering Resistive
evaporation

Layer 5 nm 5 nm 200 nm 7 nm
thickness
Adhesive no chrome no no
layer 1nm

Table 2.2: Electrode materials deposited on glass coverslips.

24 hours. The number of cells counted after incubation on each substrate was
in all cases between 8.5×105cells/ml and 1.3×106cells/ml and no significant
differences in the proliferation of the cells on each substrate was observed.

Cell adherence was tested by stimulating cells with PMA. When THP-
1 cells are incubated with PMA, the morphology of the cells changes into
macrophage like form, elongating and spreading their lamellipodia, and then
cells adhere to the substrate, obtaining maximum contact with the substrate
surface. 5×105cells/ml were seeded in the culture wells containing electrode
materials and incubated for 24 hours with PMA. The morphology change
was observed with all substrates and there was no visible difference between
different substrates. The number of the cells also did not differ significantly (Fig.
2.14). Thus the materials used for this test were all acceptable with respect to
biocompatibility with THP-1 cells.

The activity of the cells on each substrate was evaluated by superoxide anion
production from the cells seeded on the substrates. The protocol is based on
the procedure in Section 2.5.3. THP-1 cells suspended in the culture media
were seeded on the substrate in the culture wells. After 2 days stimulation,
the activator was added and the superoxide anion production from the cells
was measured colorimetrically using WST-1. Here, a plain glass coverslip was
also tested as a substrate. On ITO and glass substrates the cells always showed
enhanced superoxide anion production as on the cell culture treated polystyrene
substrate. On platinum and carbon the cells were less active, whereas on carbon
the activity of the cells showed large variability.

Material Platinum Gold ITO Carbon (Graphite)
Specific resistance [Ωm] 10.6×10−8 2.3×10−8 1×10−3 5-33×10−6

Table 2.3: Electrical resistivity of the electrode materials [143, 144]
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Figure 2.14: Adhesion of THP-1 cells on different substrates upon PMA stimulation
for 24h. Images were obtained with Zeiss Axiovert 40CFL light microscope with 10×
objective.

In view of the application in a biofuel cell, in addition to cell activity
on the electrode material, the conductivity of the electrode itself has to be
considered. The activity of the cells on ITO was higher than on other materials,
however electrical conductivity of ITO is rather low. Gold exhibits high electrical
conductivity, and the activity of the cells on gold was stable and not too low. Thus
gold electrodes were employed for the experiments in this thesis.
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Figure 2.15: Superoxide anion production from the cells on different substrates. CC PS
refers to cell culture treated polystyrene well. THP-1 cells were seeded and differentiated
in culture wells containing different materials deposited on glass coverslips. The
stimulation procedure was as described in Section 2.5.3. After 2 days, the superoxide
anion production from the cells upon activation was measured by colorimetric assay
with WST-1. The experiments were performed once in single and twice in duplicate.

2.5 Materials and Methods

In this section the materials and methods commonly employed throughout the
experiments are described. Special techniques and materials will be mentioned
later in the respective chapters and sections.

2.5.1 Cell culture

Human THP-1 monocytes were purchased from DSMZ (Braunschweig, Ger-
many) and maintained in RPMI1640 Media with Glutamax (Invitrogen) supple-
mented with 10% fetal calf serum (FCS; Invitrogen) in a humidified atmosphere
of 5% CO2 at 37◦C. The cells were passaged twice a week to maintain 0.1-1×106

cells/ml.
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2.5.2 Analysis of the expression of NADPH oxidase subunits

The expression of three NADPH oxidase subunits, namely p22phox, p47phox,
and p67phox, upon stimulation was examined by Western blot3.

4×105 THP-1 cells/ml were seeded in culture wells in FCS containing media.
To differentiate the cells 300 ng/ml LPS (Sigma-Aldrich), 20 ng/ml Recombinant
Human TNF-α and 20 ng/ml Recombinant Human IFN-γ (both Invitrogen)
were added. After 2-day incubation, the cells were activated with 50 nM PMA
for 4 hours, and then collected and homogenized in a 2× SDS loading buffer
(160 mM Tris-HCl (pH 6.8), 20% Glycerol, 4% SDS, 10% β-mercaptoethanol,
0.04% Bromophenol blue). The cells for negative control (non-stimulated) were
seeded simultaneously with the cells to be stimulated. When the treated cells
were collected, the un-stimulated cells were also collected for lysis. Samples
were separated by 12% SDS-PAGE and subsequently transferred to a PVDF
membrane. The blots were blocked by incubation for 1 h in PBS-T (1x PBS,
0.2% Tween 20) containing 5% nonfat milk then incubated at 4◦C overnight
with the appropriate primary antibody in PBS-T at the following dilutions: anti-
p22phox and anti-p47phox (both Santa Cruz Biotechnology, Inc.) at 1:1000,
anti-p67phox (BD Biosciences) at 1:500. The same blots were probed with anti-
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (HyTest Ltd., 1:20000) for
loading control. The blots were washed with TBS-T (1x TBS, 0.2% Tween 20),
then incubated for 1.5 h with the appropriate horseradish peroxidase-conjugated
and alkaline phosphatase-conjugated secondary antibody (Promega) at a 1:10000
dilution. After washing with TBS-T, the blots were visualized either with
ECL Western blotting detection reagents (Amersham Bioscience) or CDP-Star
chemiluminescence substrate (Roche Diagnostics) and exposed to Super RX X-
ray film (Fujifilm).

2.5.3 Detection of superoxide anion production from cells

The superoxide anion production from THP-1 cells was detected colorimetrically
using 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-dis-ulfophenyl)-2H tetrazolium,
monosodium salt (WST-1) (Dojindo Laboratories) (see section 2.3).

4×105 THP-1 cells/ml were seeded in culture wells in FCS containing media.
To differentiate the cells 300 ng/ml LPS, 20 ng/ml TNF-α and 20 ng/ml IFN-

3I gratefully thank the members of the group of Prof. Ari Helenius at the Institute of
Biochemistry, ETH Zurich and Dr. Axel Niemann of the group of Prof. Ueli Suter at the Institute
of Cell Biology, ETH Zurich for providing support and experimental equipment
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γ were added, followed by a 2-day incubation. After cell differentiation the
media were replaced with HBSS. Then 100 µM WST-1, 300 ng/ml LPS, 20 ng/ml
TNF-α and 20 ng/ml IFN-γ (equivalent concentrations as for cell differentiation),
and subsequently 50 nM PMA were added. After 4 hours of incubation, the
supernatant was collected, and then was spun down to remove cellular debris.
The supernatant was used for determining superoxide anion production from
the cells by measuring the amount of reduced WST-1 with a spectrophotometer
(Bio-Rad Laboratories, Inc.) at 450 nm.

2.5.4 Current measurement in biofuel cell setup

The current generated from the cells was measured in a custom-made two-
compartment fuel cell setup.

The two-compartment fuel cell was constructed with plexiglass elements that
were bolted together. The anodic and the cathodic compartment had a volume
of 6 ml each. The compartments were separated by a cation exchange membrane
(BDH 55165, VWR International Ltd.) that was soaked in HBSS prior to use.
Electrodes were fabricated by depositing a 100 nm thick gold layer (with a 10 nm
chromium adhesion layer) on glass slides by e-beam evaporation. The surface
area of the electrodes for cell seeding was 4 cm2.

3 ml of THP-1 cell suspension at a concentration of 4×105 cells/ml was seeded
on a gold electrode in custom-made incubation containers in FCS-containing
media. To differentiate the cells 300 ng/ml LPS, 20 ng/ml TNF-α and 20 ng/ml
IFN-γ were added.

After 2 days of incubation, the cells were differentiated and adhered to the
electrode. This electrode was rinsed with PBS and transferred into the anodic
compartment just before the current measurement. The fluid in the anode
compartment was HBSS with LPS, TNF-α and IFN-γ in equivalent concentrations
as for cell differentiation, while the cathode compartment was filled with HBSS
containing 0.1 M potassium ferricyanide. The electric circuit was closed with
copper cables that had been attached to the electrodes with silver paint, with
the junctions being sealed with silicone paste. To prevent evaporation of fluid
from the fuel cell, the setup was covered with an aluminum foil housing with
a wet paper towel placed inside. The measurements were carried out at room
temperature. The current was calculated from the voltage drop measured across
a resistor with a digital multimeter (2000, Keithley Instruments Inc.) (Fig. 2.16).
The activator PMA was added after the current stabilized and the change in the
current signal was observed.
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Figure 2.16: Current measurement in the biofuel cell

2.5.5 Potential measurement of the electrodes in biofuel cell

In addition to the current in the biofuel cell, the individual electrode potentials
were determined using an Ag/AgCl and a calomel reference electrode for the
anode and the cathode, respectively, which had been connected via salt bridges
(Fig. 2.17).

Anode Cathode
Membrane
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+Fe(CN)6

3-

e-

I VV

Reference Electrode

Salt Bridge Cells

3M KCl
HBSS
+Stimuli

Figure 2.17: Schematic of the measurement of electrode potentials in the biofuel cell.



Chapter 3

Current Generation in Fuel Cell and
NADPH Oxidase Activity

To investigate the correlation between current generation and NADPH oxidase
activity, first the superoxide anion release from the cells and the protein expres-
sion in the cells during differentiation/activation were examined. Secondly these
results were compared with the current generation in the fuel cell.

All experiments were repeated several times using THP-1 cells of different
passage numbers. Due to the state of cells, variations in performance were
unavoidable. Nevertheless, the data presented here are representative for the
experiments conducted, if not stated otherwise.

3.1 Cell stimulation and NADPH oxidase activity

As detailed in Section 2.2.2, THP-1 cells had first to differentiate into macrophages
and then get activated. Now the correlation between the expression of NADPH
oxidase subunits and the superoxide anion release from THP-1 cells is examined
by comparing different cell-differentiation/activation stages.

NADPH oxidase consists of two membrane-bound subunits, gp91phox and
p22phox, and four cytosolic subunits, p67phox, p47phox, p40phox and RacGTP
[93, 145, 146]. Upon macrophage activation, the cytosolic subunits translocate to
the plasma membrane and bind to the membrane-bound subunits to form the
NADPH oxidase complex [147] (page 10, Fig. 1.2). In this thesis, the expression
of p22phox, a membrane-bound subunit, and two cytosolic subunits, p47phox
and p67phox on the differentiation/activation stages was analyzed by Western
blot.

THP-1 cells were stimulated in two steps for superoxide anion production
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(detailed protocol in Section 2.5.2). As differentiation stimuli LPS, TNF-α, and
IFN-γ were used (below, these substances are called differentiation stimuli).
Monocytes were further activated by PMA (below this chemical is called acti-
vator). Here, cells treated with 4 different methods were investigated; (i) non-
stimulated cells as negative control, (ii) cells stimulated only with the activator,
(iii) cells stimulated only with the differentiation stimuli, (iv) cells stimulated
with the differentiation stimuli and subsequently the activator.
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Figure 3.1: Expression of NADPH oxidase subunits and WST-1 reduction by superoxide
anion at differentiation/activation stages of THP-1 cells. (A) From top to bottom;
p22phox, p47phox, p67phox. Immunodetection of GAPDH serves as loading control.
Bar graphs represent the band intensity of immunoblots, normalized to GAPDH. (B)
WST-1 reduction refers to the spectrophotometric absorbance normalized to the value
of fully stimulated (differentiated and activated) cells in each experiment. (A), (B) From
left: Untreated cells as negative control; Activation with 50 nM PMA; Differentiation
with 300 ng/ml LPS, 20 ng/ml TNF-α, and 20 ng/ml IFN-γ; Differentiation+Activation
sequentially at same concentration as before.

All subunits analyzed were expressed in low levels in resting cells (Fig. 3.1
(A)�). When the cells were only exposed to the activator PMA, the expression of
both cytosolic subunits increased, whereas this activator did not have any effect
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on the p22phox synthesis (Fig. 3.1 (A)�). In both cases the percentage of WST
1 reduction was small, reflecting the low superoxide anion production from the
cells (Fig. 3.1 (B)��). This can be explained as a result of the small amount of
NADPH oxidase due to low expression of subunits.

The cells exposed to the differentiation stimuli (Fig. 3.1 (A) �) and the cells
exposed to the differentiation stimuli plus the activator in sequential order (Fig.
3.1 (A)�) both expressed an enhanced level of all three NADPH oxidase subunits
investigated. Although the addition of the activator to the cells treated with
differentiation stimuli did not change the amount of NADPH oxidase subunits
expressed, it increased the WST-1 reduction abundantly (Fig. 3.1 (B)�→�). This
result confirmed that the differentiation of THP-1 cells promotes the expression of
NADPH oxidase subunits, and the complex of these molecules were assembled
only when the cells were further activated by PMA. The detail of the assembly
mechanism of the NADPH oxidase subunits will be discussed later in Section
4.2.2.

3.2 Current Generation on Cell Stimulation

3.2.1 Background current from the system

To determine the background current induced by the fluid and the chemicals
in the fuel cell, current generation in the absence of cells on the electrode was
examined employing the same procedure as the current measurement with cells
on the electrode (Section 2.5.4). Briefly, the anodic compartment was filled with
HBSS containing differentiation stimuli, while the cathodic compartment was
filled with HBSS containing potassium ferricyanide. After the current stabilized,
the activator PMA was added to the anodic compartment (Fig. 3.2 (A), solid
arrows). The addition of the activator to the anodic compartment induced no
obvious current change. This indicates that none of the substances used in the
system, i.e., the differentiation and the activation stimuli, potassium ferricyanide
and the buffer, generate a substantial electrical current.

Since homeostatic cellular function could influence the redox reaction at the
electrode surface. THP-1 cells are suspension cells and do not adhere on the
electrode without stimulation, thus these cells cannot be used as example of intact
cells. Therefore, Vero cells were used to examine the current generation when
seeded on the electrode.
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Vero cells1 were derived from kidney epithelial cells of the African Green
Monkey and possess an adherent growth property. The cells were seeded in MEM
media with GlutaMAX-I containing 1× non essential amino acid and 10% FCS
(all Invitrogen) into the culture wells and after 1 day incubation the medium was
replaced with HBSS and the superoxide anion production in the following period
was measured. In one well, a gold-coated glass cover slip was contained, which
was used as anode in the fuel cell for the current measurement. No superoxide
anion production from the Vero cells was detected (data not shown). The result
of the current measurement (Fig. 3.2 (B)) clearly showed that Vero cells did not
produce any electron flow in the fuel cell. This implies that the constitutive
cellular function of intact cells may not cause any electron flow to the electrode.

Thus the effect of a possible background current can be neglected in the
experiments reported below.
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Figure 3.2: Current flow in the fuel cell (A) without cells on electrode, and (B) with
Vero cells adhering to electrode. (A) The measurement was started with HBSS already
containing LPS, TNF-α and IFN-γ in the anodic compartment. At the time point of
the solid arrow, the activator PMA was added to the anodic compartment. (B) The
measurement was conducted with HBSS in the anodic compartment without stimuli.

The current dropped in the beginning due to the equilibration between the
two compartments (Fig. 3.2). This first current decay was faster compared to
that in the measurement with THP-1 cells on the electrode (Fig. 3.2 (A), on
page 50, Fig. 3.3 (A-C)), which was possibly due to the lower impedance of the
cell-free electrode. The fast decay of the current measurement with Vero cells
on the electrode (Fig. 3.2 (B)) cannot be compared due to the differences in the
electrode’s size and the amount of the cells seeded.

1Vero cells were kindly provided by the group of Prof. Ari Helenius, the Institute of
Biochemistry, ETH Zurich.
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3.2.2 Current generation correlates to superoxide anion produc-
tion by NADPH oxidase
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Figure 3.3: Current generation in the fuel cell (A-C) and WST-1 reduction upon
differentiation/activation of THP-1 cells (D). (A-C) the measurement was started with
HBSS already containing LPS, TNF-α and IFN-γ in the anodic compartment. (D) WST-1
reduction refers to the spectrophotometric absorbance normalized to the value of fully
stimulated (differentiated and activated) cells in each experiment. (A) and (D)� cells
only activated with 50 nM PMA; (B) and (D)� only differentiated with 300 ng/ml LPS,
20 ng/ml TNF-α and 20 ng/ml IFN-γ; (C) and (D)� cells differentiated and activated
sequentially. At the time point of the solid arrow, the activator PMA was added to the
anodic compartment.

In the previous Section 3.1, the correlation between the expression of NADPH
oxidase subunits and the superoxide anion production from activated THP-1 cells
was examined. Applying the same method of distinguished cell stimulation, the
current generation in the fuel cell was monitored.

Cells not treated with any chemical stimuli did not adhere to the electrode.
Hence we did not measure current from these cells in the fuel cell system. When
the cells were activated by PMA without differentiation treatment, they adhered
to the electrode, however, no current was generated (Fig. 3.3 (A)). When the
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cells were exposed to the differentiators, the cells adhered onto the electrode
as well and no current increase was observed (Fig. 3.3 (B)) unless the activator
PMA was added into the anodic compartment (Fig. 3.3 (C)). These results were
in excellent agreement with the superoxide anion produced by the cells each in
differentiation/activation stage (Fig. 3.3 (D)).

Together with the correlation of superoxide anion production and NADPH
oxidase activity discussed in Section 3.1, it is obvious that the NADPH oxidase
activity and the current generation in the fuel cell are strongly linked.

3.3 Validity of the measurement using THP-1 cells

The difference between primary cells and cell line is a delicate issue since the
two types do not necessarily posses the same characteristics, often regarding
reaction on stimuli, signal pathway, or expression of molecules [58]. To verify
the reliability of the experimental concept, the superoxide anion production and
the current generation of primary cells upon the stimulation were examined.

3.3.1 Superoxide anion production of mouse macrophages

First, the superoxide anion release from mouse macrophages was compared to
that from THP-1 cells.

The mouse macrophages2 were isolated from mouse peritoneum and cultured
in RPMI 1640 media containing 1% PS (penicillin and streptomycin) and 10% FCS
for 1 day. The cells were trypsinized and resuspended for experimental use.

Both THP-1 cells and the purified mouse macrophages were seeded in the
culture wells in the concentration of 5× 105/ml. The cells were incubated for 2
days with (i) no stimuli, (ii) with LPS, (iii) with TNF-α and IFN-γ, (iv) (v) with
the differentiation stimuli (LPS, TNF-α and IFN-γ). The protocol is based on the
experimental procedure described in Section 2.5.3. After replacing the media with
HBSS, all samples got the same stimuli at the same concentration for the WST-1
colorimetric experiment, and in (v) additionally activator was added. Due to the
limited number of cells the test with macrophages stimulated only with activator
failed.

Since macrophages exhibit already adherent characteristic, no difference in
morphology between stimulations was observed.

2The purified mouse macropages were kindly provided by the group of Prof. Romeo Ricci, the
Institute of Cell Biology, ETH Zurich.
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Figure 3.4: Mouse macrophages purified and seeded in culture well.
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Figure 3.5: Superoxide anion production by mouse macrophages� and THP-1 cells�
on different stimulation. The cell stimulation was based on the standardized protocol
described in Section 2.5.3. From left: Untreated cells as negative control; Activation with
50 nM PMA; Differentiation with 300 ng/ml LPS, 20 ng/ml TNF-α, and 20 ng/ml IFN-γ;
Differentiation+Activation with sequential stimuli of same concentration as before. The
experiment was carried out once.
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The macrophages treated with the differentiation stimuli and activator se-
quentially produced superoxide anion, while other stimulation methods did not
cause any superoxide anion production (Fig. 3.5). This result is in good agree-
ment with the superoxide anion production by THP-1 cells on corresponding
stimulation.

3.3.2 Current generation measured with primary mononuclear
leukocytes

It has been reported that the superoxide anion production from blood monocytes
activated by PMA is maintained at the high levels observed when the cells were
pretreated with IFN-γ or TNF-α [148]. This suggests reliability of the experimen-
tal procedure used throughout the thesis. However, some regulatory systems of
THP-1 cells might be slightly different from those of primary monocytes in the
blood [149]. Thus, the superoxide anion release and the current generation from
primary monocytes were compared with the results obtained with THP-1 cells3.

Mononuclear leukocytes were isolated from heparinized peripheral blood of a
healthy female adult volunteer by Ficoll-Paque (Amersham Biosciences) density
gradient centrifugation. The cells were suspended in RPMI 1640 media with 10 %
FCS in culture wells and used for the superoxide anion detection test as described
in Section 2.5.3, whereas the incubation period was shortened to 1 day.

The superoxide anion production from primary mononuclear blood cells
showed the same tendency as THP-1 cells (Fig. 3.6 (A)). Additionally the
mononuclear leukocytes were seeded on a gold electrode as described in Section
2.5.4 and the current generation from the cells was measuered. A marked increase
in the current was seen after the PMA activation (Fig. 3.6 (B)). Both results are in
an excellent agreement with the experimental data using THP-1 cells (Section
3.2.2.

The experiments with THP-1 cells exhibited similar tendencies as those
with primary mouse peritoneal macrophages and primary blood mononuclear
leukocytes. Consequently, the use of THP-1 as a model for the experiments is
well justified.

By Ficoll-Paque blood separation and subsequent washing with medium,
not only monocytes but also other mononuclear leukocytes (lymphocytes) were
obtained. However, the exact number of monocytes and whether lymphocytes

3The experiment was carried out in collaboration with the group of Prof. Ehlert, the Institute
of Clinical Psychology and Psychotherapy, University Zurich.
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Figure 3.6: Detection of superoxide anion production and current generation from
purified human mononuclear leukocytes. (A)Cell stimulation was based on the protocol
in Section 2.5.3. WST-1 reduction refers to the spectrophotometric absorbance. From
left: Untreated cells as negative control; Activation with 50 nM PMA; Differentiation
with 300 ng/ml LPS, 20 ng/ml TNF-α, and 20 ng/ml IFN-γ; Differentiation+Activation
with sequential stimuli of same concentration as before. Three independent experiments
were carried out. (B) Current flow in the fuel cell was measured as described in Section
2.5.4, using primary mononuclear leukocytes� and THP-1 cells�. At the time point of
the solid arrow, the activator PMA was added to the anodic compartment.

are also influenced by the stimuli have not been analyzed yet.



Chapter 4

Analysis of the source of current
generation

In this chapter, the source of electrons for current generation is discussed. The
chemicals used for cell stimulation and the constitutive cellular function did not
cause any change in the current generation in the fuel cell (Section 3.2.1). The
current was generated only when the cells were properly stimulated. Through
this stimulation, NADPH oxidase in the plasma membrane was activated to
release superoxide anion. To validate whether a current production can be
attributed to active NADPH oxidase in macrophages, first the potential change
of each electrode during the NADPH oxidase activation was monitored, and
then the effect of different NADPH oxidase inhibitors on the superoxide anion
detection and the current generation in the biofuel cell were examined.

4.1 Electrode potentials

The current flowing through the fuel cell is driven by the potential difference
between the anode and the cathode. Thus, a change of the potential of the
cathode via redox reaction in the cathodic compartment could cause a change
in the current measured in the fuel cell. To investigate the influence of each
compartment on the current production, the potential of the anode and the
cathode were determined independently with reference electrodes during the
current measurement. As shown in Fig. 4.1, the potential of the anode
corresponded to the change in current after stimulation by PMA and inhibition
by diphenylene iodonium (DPI) (see Section 4.2.1), while the cathode potential
changed insignificantly (the variation is less than 10% of the anode). This
observation indicates that the current production is not substantially driven by
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the cathodic chemical reaction, but by the potential change at the anode through
the activation of macrophages.
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Figure 4.1: Current generation and the potential of the electrodes in the fuel cell.
The differentiated cells were activated with PMA (solid arrows) during the current
measurement as described in Section 2.5.4. After a clear increase in current the NADPH
oxidase inhibitor DPI was added to the anodic compartment (dashed arrows). The
anode potential (B) and the cathode potential (C) were measured using an Ag/AgCl
reference electrode and a calomel reference electrode, respectively. The potential value
of the cathode was converted to.Ag/AgCl reference scale.

4.2 Effect of Inhibition of NADPH oxidase on current
generation

Stimulation of one cell function may cause chain reactions in the signal cascade,
through which secondary effects on other cellular functions are induced. The ac-
tivation of NADPH oxidase in THP-1 cells was suppressed by different inhibitors
and the superoxide anion production from the cells and the current generation in
the fuel cell were analyzed.

4.2.1 Assay development with different inhibitors

Apocynin Apocynin (4’-hydroxy-3’methoxy-acetophenone) is a compound iso-
lated from a variety of plant sources and a potent inhibitor of reactive oxygen
species production by activated human phagocytes [102]. Abolition of the
production of oxygen radical species from activated phagocytes by apocynin
alone or in combination with other inhibitors has been reported [87, 150, 151].
Apocynin is a small molecule (molecular weight of 166.17 Da) and penetrates
through the cell membrane, where it forms its active derivative. This active
metabolite impedes the translocation of cytoplasmic subunits of NADPH oxidase
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to the membrane [63, 152, 153] by interfering with the binding of p47phox to
gp91phox [154].

To examine the inhibitory effect of apocynin (Sigma-Aldrich), superoxide
anion release from activated THP-1 cells depending on different concentration
of apocynin was measured.

The cell stimulation was based on the protocol described in Section 2.5.3,
except for the addition of the inhibitor. Apocynin was added to the differentiated
THP-1 cells in HBSS 1 hour before cell activation. 5 hours after cell activation,
the superoxide anion production from the cells was determined using WST-1
colorimetric assay.
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Figure 4.2: Inhibition of superoxide anion production from activated THP-1 cells using
apocynin at different concentrations. The cells were differentiated as described in Section
2.5.3. Apocynin was added after the differentiation in HBSS. After 1 hour incubation,
the cells were activated and the amount of superoxide anion produced from the cells
for the following 4 hours was measured colorimetrically using WST-1. WST-1 reduction
refers to the spectrophotometric absorbance normalized to the value of stimulated cells
without the inhibitor in each experiment. Apocynin added was 0, 0.001, 0.01, 0.1, 1 mM
in (A), 0, 1, 3, 5 mM in (B). The experiments were performed (A) once in duplicate, and
(B) once.

No decrease of superoxide anion production was detected until a high
concentration (1 mM) of apocynin (Fig. 4.2 (A)). This concentration is rather
high compared to the literature values (≤100 µM [87, 102]). This may be due
to the use of PMA as the cell activator. The conversion of apocynin to its
active metabolite may require the abundant presence of myeloperoxidase (MPO)
[152,155,156]. Since the stimulation of phagocytes with PMA results in little or no
myeloperoxidease release [157], only littel amounts of apocynin were assumably
be activated under our experimental condition. Thus, no apocynin test was
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further conducted.

DPI Diphenylene iodonium (DPI) binds covalently to flavoproteins and sup-
presses reactions in which these proteins are involved [63]. The inhibition by DPI
is therefore not limited to NADPH oxidase activity, but includes other flavin-
containing enzymes such as nitric oxide synthase, NADH dehydrogenase [158],
or cytochrome P450s [154]. The suppression of superoxide anion production
from macrophages [154, 159, 160] or neutrophils [161, 162] has been reported.
The suppression of superoxide anion production is caused by DPI blocking
the reduction of flavin adenine dinucleotide (FAD) in the plasma membrane
component of NADPH oxidase [163], thereby inhibiting electron transport to the
extracellular space.

To examine the inhibitory effect of DPI (Sigma-Aldrich), superoxide anion
release from activated THP-1 cells depending on different inhibitory timing and
concentrations was compared. The cell stimulation was based on the protocol
described in Section 2.5.3, except for the addition of the inhibitor.

First, the timing of the addition of the inhibitor was examined. THP-1 cells
were differentiated with/without DPI at different concentrations. After 2 days
of incubation, both samples were treated with DPI for 1 hour in HBSS before the
cell activation by PMA. The cells pretreated with 10 µM DPI did not form clusters
seen after the usual differentiation (page 25, Fig. 2.1(C)) and higher roughness on
the cell membrane was observed. As a result of its inhibitory effect on NADPH
oxidase-mediated generation of reactive oxygen species, DPI affects signaling
pathways involved in mitogenesis and cell proliferation [164]. This disturbance
in the cellular function may cause the change in the cell morphology.

The superoxide anion production from the cells was dependent on the
concentration of DPI, but not on the timing of addition of DPI (Fig. 4.3 (A)). The
addition before the PMA activation was sufficient to inhibit superoxide anion
production and the cells did not need to be preincubated with DPI in advance.

Next, the optimal concentration of the inhibitor was investigated. THP-1 cells
were differentiated and treated with DPI at different concentrations in HBSS for 1
hour before the PMA activation. The superoxide anion release from the cells was
measured with WST-1 colorimetric method.

As shown in Fig.4.3(B), full inhibition of superoxide anion production from
the cells was observed with DPI ≥5 µM. Thus the inhibitory test in the current
measurement was conducted with 5 µM DPI.

Additionally, the timing of inhibition of superoxide anion production by DPI
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Figure 4.3: Inhibition of superoxide anion production from activated THP-1 cells
using DPI at different concentrations. The cells were differentiated as described in
Section 2.5.3 with DPI (A) � or without DPI (A, B) �. In both cases, DPI was added
after the differentiation in HBSS. After 1 hour incubation, the cells were activated
and the amount of superoxide anion produced from the cells for the following 4
hours was measured colorimetrically using WST-1. WST-1 reduction refers to the
spectrophotometric absorbance normalized to the value of stimulated cells without the
inhibitor in each experiment. DPI added was 0, 0.01, 0.1, 1, 10 µM in (A), 0, 1, 3, 5, 7, 9
µM in (B). The experiments (A) and (B) were carried out once in duplicate and twice in
duplicate, respectively.

was examined by adding DPI after the cell activation. After differentiation, the
cells were activated in HBSS for the subsequent superoxide anion detection. After
the cell activation, 5 µM DPI was added at different time points and the total
superoxide anion production in 4 hours after the activation was measured. As
shown in Fig. 4.4 addition of DPI had an immediate effect on superoxide anion
production from the activated cells. Therefore, addition of DPI in the anodic
compartment of the fuel cell during the current measurement may causes an
immediate change in the superoxide anion release from activated cells.
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Figure 4.4: Addition of DPI at different time points after cell activation. To
the differentiated cells according to Section 2.5.3, 5 µM DPI was added in HBSS
simultaneously with the activator, or at 20, 35, 65 minutes after the activation. One
well remained without DPI. Following by 4 hours incubation of each well, the samples
were collected for colorimetric assay using WST-1. WST-1 reduction refers to the
spectrophotometric absorbance normalized to the value of stimulated cells without the
inhibitor. The experiment was conducted once in duplicate.

SOD The electron transferred by NADPH oxidase is usually captured by
oxygen to form superoxide anion [67]. Superoxide dismutase (SOD) catalyzes the
reaction of superoxide anion to hydrogen peroxide (2 O−2 ·+ 2 H+ −→ O2 + H2O2)
and decreases the amount of superoxide anion in the system rapidly. Therefore
SOD is commonly used to confirm superoxide anion production. At physiologic
pH the rate constant of the reaction mentioned above with SOD is ≈2 ×109

M−1sec−1 [165], whereas the rate constant of the reaction between superoxide
anion and WST-1 is about five orders of magnitude lower (≈3-4 ×104 M−1sec−1

[131]). Thus the addition of SOD shortens the lifetime of superoxide anion and
prevents almost all WST-1 reduction by the superoxide anion.

To investigate the optimal concentration of SOD for the inhibition of super-
oxide anion, SOD at different concentrations was added in HBSS after the THP-
1 differentiation. Followed by 1 hour incubation, the cells were activated with
PMA and the superoxide anion release from the cells was measured with WST-1
colorimetric method. The amount of superoxide anion was drastically lowered
with SOD in low concentration (Fig. 4.5). The decrease of superoxide anion in the
system reached a plateau after 100 U/ml. Thus the inhibitory test in the current
measurement was conducted with 100 U/ml SOD.
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Figure 4.5: Inhibition of superoxide anion production from activated THP-1 cells using
SOD at different concentrations. The cells were differentiated as described in Section
2.5.3. SOD was added after the differentiation in HBSS. After 1 hour incubation, the
cells were activated and the amount of superoxide anion produced from the cells for
the following 4 hours was measured colorimetrically using WST-1. WST-1 reduction
refers to the spectrophotometric absorbance normalized to the value of stimulated cells
without the inhibitor. SOD added was 0, 10, 30, 50, 100, 200 U/ml. The experiment was
carried out once.

ZnCl2 ZnCl2 is known as a blocker of H+ channel [106,166] and simultaneously
reduces superoxide anion production in phagocytes [106, 167, 168]. Due to the
charge compensation, the proton efflux may be functionally conjugated to the
exocytic electron transport by NADPH oxidase [106, 169] through the concomi-
tant regulation by PKC [170, 171]. If the proton channels are blocked, the lack of
electrogenic compensation induces intensified polarization and accumulation of
protons at the inner membrane surface, attenuating the NADPH oxidase activity
[167, 169].

To investigate the optimal concentration of ZnCl2 for the inhibition of super-
oxide anion release from activated THP-1 cells, ZnCl2 at different concentrations
was added in HBSS after the THP-1 differentiation according to the standardized
protocol in Section 2.5.3. After 1 hour of incubation, the cells were activated and
the superoxide anion production from the cells was determined using WST-1
colorimetric assay. Since many salt crystals were observed in the sample well
with 1 mM ZnCl2, this WST-1 reduction value was disregarded. The decrease of
WST-1 reduction damped at a concentration above 40 µM (Fig. 4.6 (B)).

Therefore, for the inhibitory test of the current measurement with ZnCl2, the
concentration of 40 µM was employed.
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Figure 4.6: Inhibition of superoxide anion production from activated THP-1 cells using
ZnCl2 at different concentrations. The cells were differentiated as described in Section
2.5.3. ZnCl2 was added after the differentiation in HBSS. After 1 hour of incubation,
the cells were activated and the amount of superoxide anion produced from the cells
for the following 4 hours was measured colorimetrically using WST-1. WST-1 reduction
refers to the spectrophotometric absorbance normalized to the value of stimulated cells
without the inhibitor in each experiment. ZnCl2 added was (A) 0, 1, 10, 100, 1000 µM,
(B) 0, 5, 10, 20, 40, 60, 100 µM. Two independent experiments were carried out in (A),
and the experiment in (B) was carried out once in triplicate.

Inhibitors of nitric oxide production and its derivative Production of super-
oxide anion via the activated NADPH oxidase is linked to the production of
nitric oxide through inducible nitric oxide synthase (iNOS), which is expressed
in response to proinflammatory cytokines or LPS [172–174]. The regulation of
superoxide anion and nitric oxide release occur independently via PKC activation
[82]. Catalyzed by NOS, nitric oxide is produced via the conversion of L-arginine
to L-citrulline [175]. Nitric oxide can bind with superoxide anion to form another
reactive species, peroxynitrite [176] and contributes to the regulation of wide
range of physiological processes including blood flow. Since these species are
reactive and could also influence the current in the fuel cell, an inhibitory test of
the current measurement was intended. Some NOS inhibitors may interfere with
the concurrent superoxide anion production [173], therefore not only the effects of
NOS inhibitors on the production of nitric oxide and its derivatives, but also the
effect of these inhibitors on the superoxide anion production were examined. In
this thesis three commonly used iNOS inhibitors were selected, namely NG-nitro-
l-arginine methyl ester (L-NAME), Nω -monomethyl-L-arginine (L-NMMA), and
aminoguanidine.

L-NAME is chaperoned across the plasma membrane and hydrolyzed by
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esterases to form N(G)-nitro-L-arginine (L-MA), a structural analog of L-arginine.
This product L-NA interacts with NOS competing against L-arginine, and as a
result nitric oxide synthesis is suppressed [177, 178].

L-NMMA is one of the most commonly used inhibitors of NOS which inhibits
NOS in the same manner as L-NAME, by competing against L-arginine. This
inhibitor is also known as a potent vasoconstrictor, therefore it has been examined
in various types of shock [179, 180]. The effect of L-NMMA is relatively non-
selective.

Aminoguanidine incorporates the guanide group of L-arginine [181] and also
inhibits NOS activity. It is relatively selective for iNOS and thus widely used to
investigate the role of iNOS in host defense against infections caused by various
pathogens [182].
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O2

―

NO ONOO―

NO2
―Griess Reagent 

Test

1-Naphthylethylene-
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Figure 4.7: Schematic diagram of nitric oxide and its detection methods.

The concentrations of the inhibitors used for the experiments properly cov-
ered the known literature values [173, 175, 183].

Since the chemical structure of nitric oxide changes immediately after it is
released from NOS, the production of nitric oxide from activated THP-1 cells
was determined indirectly. Griess reagent method is a common assay of nitric
oxide by detecting nitrite (NO−2 ) spectrophotometrically, which is a product of
spontaneous oxidization of nitric oxide under physiological conditions. The
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conversion of nitric oxide and superoxide anion to peroxynitrite is a diffusion
controlled rapid reaction (k=1.9-×1010M−1s−1). Peroxynitrite production can
be determined by measuring the fluorescence properties of the oxidation of
dihydrorhodamine 123 (DHR) to rhodamine.
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Figure 4.8: Inhibitory test of nitric oxide production from activated THP-1 cells. The
cell stimulation procedure was as described in Section 2.5.3. (A) 30 minutes before the
addition of the differentiation stimuli, the cells were pretreated with inhibitors. After
changing the medium to HBSS, the inhibitors were added for 30 minutes before the
activation. After 4 hours, the supernatants were collected for the nitrite detection using
Griess reagent kit (Molecular Probes). (B) The same test was conducted without the
inhibitors. From left: the cells were differentiated and activated, only differentiated,
only activated, not stimulated. After the reduction of nitrate by incubation with nitrate
reductase (Sigma-Aldrich) for 100 minutes in 37◦C, the samples were mixed with the
reagents, followed by another 30 minutes incubation in ambient. The amount of nitrite
was measured with a spectrophotometer at 548 nm. In both (A) and (B) the rightmost
sample is the standard solution (sodium nitrite) provided by the supplier. Both (A) and
(B) experiments were performed once.

The positive control with the activated cells showed negligible amount of
nitrite (Fig. 4.8 (B) Differentiation+Activation), thus the effect of the inhibitors
was not detectable. The detection limit for the Griess reagent method is 1.0 µM.
Thus, the amount of nitrite produced in the system was likely less than 1.0 µM.

The amount of peroxynitrite detected in the system was also invariant (Fig.
4.9). Since this method may be suitable for the detection of intracellular species
rather than extracellular species [184] due to the accumulative characteristic of
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Figure 4.9: Inhibitory test of peroxynitrite production from activated THP-1 cells. The
cell stimulation procedure was as described in Section 2.5.3. (A) 30 minutes before
the addition of the differentiation stimuli, the cells were pretreated with inhibitors.
After changing the medium to HBSS, the inhibitors were added for 30 minutes before
the activation. After 1.5 hours, 100 µM DHR123 was added followed by another 1
hours incubation. The supernatants were collected and the amount of peroxynitrite was
detected on a spectrophotometer with excitation and emission wavelengths of 500 nm
and 536 nm respectively, and excitation and emission slit widths of 2.5 nm and 3.0 nm,
respectively. The experiment was performed once.

rhodamine 123 in mitochondria [185], the amount of peroxynitrite exposed to the
extracellular space was possibly negligible.

No effect of the NOS inhibitors on the superoxide anion production from
activated cells was observed (Fig. 4.10) in single use of the inhibitors or in
combination.

Consequently, the superoxide anion production was not influenced by nitric
oxide or peroxynitrite under our experimental conditions.
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Figure 4.10: Effect of NOS inhibitors on superoxide anion production from activated
THP-1 cells. The cell stimulation procedure was as described in Section 2.5.3. 30
minutes before the addition of the differentiation stimuli, the cells were pretreated
with inhibitors. After changing the medium to HBSS, the inhibitors were added for
30 minutes before the activation. After 4 hours, the supernatants were collected for
superoxide anion production assay using WST-1 colorimetric method. (A) Single use
of the inhibitors, (B) L-NAME and aminoguanidine were used in combination. WST-
1 reduction refers to the spectrophotometric absorbance normalized to the value of
stimulated cells without the inhibitor in each experiment. Both (A) and (B) experiments
were carried out once.

PI3K and PKCβ inhibitor For the activation of THP-1 cells, PMA is employed
to activate protein kinase C (PKC) which promotes the phosphorylation of
cytosolic NADPH oxidase subunits [89]. Since this activation of PKC by PMA
occurs via phosphotidyl inositol-3 kinase (PI3K) signaling pathway [63, 66],
the effect of PI3K inhibitors, wortmannin and LY294002, on cell activity was
examined.

Wortmannin is a fungal metabolite originally identified as an antifungal agent
[186] and inhibits PI3K, mitogen-activated protein kinase (MAPK) (which can be
activated by TNF-α or IFN-γ and is involved in one of the important pathway
for the activation of NADPH oxidase [124, 149]) and myosin light-chain kinase
(MLCK) [187]. Thereby wortmannin inhibits the respiratory burst [188–190] and
the stimulated locomotion of phagocytes [191].

LY294002 is a specific inhibitor of PI3K. Although the inhibitory effect of
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LY294002 is weaker compared to that of wortmannin, LY294002 is still widely
used due to its stability [192].

50 µM LY294002 inhibited constantly the cell adhesion to the substrate,
agreeing with the reported fact that this inhibitor prevents IFN-induced adhesion
of THP-1 cells and human monocytes [149, 193]. Therefore the measurement of
superoxide anion production with the inhibition by LY294002 was not carried
out.
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Figure 4.11: Effect of wortmannin and LY333531 on superoxide anion production from
activated THP-1 cells. The cell stimulation procedure was as described in Section 2.5.3.
30 minutes before the addition of the differentiation stimuli, the cells were pretreated
with inhibitors. After changing the medium to HBSS, the inhibitors were added for
30 minutes before the activation. After 4 hours, the supernatants were collected for
superoxide anion production assay using WST-1 colorimetric method. (A) Single and
combined use of the inhibitors at low concentration, (B) concurrent use of both inhibitors
at high concentrations. WST-1 reduction refers to the spectrophotometric absorbance
normalized to the value of stimulated cells without the inhibitor in each experiment.
The experiments in (A) and (B) were carried out once.

LY333531 is a specific PKCβ inhibitor. The contribution of the PKCβ activation
to phosphorylation of cytosolic NADPH oxidase subunits in THP-1 cells is
disturbed by LY333531 [154, 194], thereby this inhibitor reduces NADPH oxidase
activity [195].

The single use of wortmannin or LY333531 exhibited little inhibitory effect.
This may due to the addition of their solvent DMSO (Fig. 4.11(A)) since the levels
of these inhibitions were comparable. The concurrent use of wortmannin and
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LY333531 in low dose did not show any inhibitory effect. Thus, the effect of these
inhibitors at these concentrations were negligible.

Wortmannin at high concentration (10 µM) showed slight inhibitory effect on
superoxide anion production in combination with LY333531 (1µM or 10µM) (Fig.
4.11(B)) .

It has been reported that wortmannin of high concentration (100 nM or 1280
nM) was necessary for inhibition of MAPK or superoxide anion production
induced by PMA [187, 196]. However, the concentrations of these inhibitors,
at which the superoxide anion production decreased in our experiments, were
much too high compared to the reported concentrations in literatures [149, 187,
194, 196]. Excess of these inhibitors may evoke side effects in cellular function.
Therefore the current measurements with these inhibitors were not carried out.

Staurosporine Staurosporine is known as a protein kinase inhibitor. Though it
may inhibit different protein kinases, staurosporine works as a selective protein
kinase C inhibitor at lower concentration [197]. Superoxide anion production
from activated phagocytes is inhibited by staurosporine [197–199]. Since protein
kinase C induces the phosphorylation of cytosolic NADPH oxidase subunits,
p47phox [146,197] and p67phox [72], the presence of staurosporine prevents these
proteins from binding to each other and translocating to the plasma membrane,
resulting in blocking of the assembly of NADPH oxidase.

To examine the inhibitory effect of staurosporine (Sigma-Aldrich), superoxide
anion release from activated THP-1 cells depending on different timing of the
addition was compared. The cell stimulation was based on the protocol described
in Section 2.5.3, except for the addition of the inhibitor.

THP-1 cells were differentiated with/without staurosporine at different con-
centrations. In both cases, the samples were pretreated with staurosporine
for 1 hour in HBSS before the cell activation by PMA. The cells exposed to
staurosporine during the differentiation showed the increase of lamellipodia and
the loss of cluster formation for elevated staurosporine concentration (Fig. 4.12).

The superoxide anion production from the cells was dependent on the
concentration of staurosporine, but not on whether cells were preincubated with
staurosporine during differentiation (Fig. 4.13). The addition of this inhibitor
before the PMA activation was sufficient to inhibit superoxide anion production.

The WST-1 reduction upon the inhibition of staurosporine reached asymptote
for concentrations ≥10 nM. Thus the inhibitory test in the current measurement
was conducted with 10 nM staurosporine.
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100μm

Figure 4.12: Morphology change in THP-1 on effect of different staurosporine
concentrations. The cells were treated with staurosporine during the differentiation for
2 days. Images were acquired with Zeiss Axiovert 40CFL light microscope with 20×
objective.

Additionally, the timing of the inhibitory effect of staurosporine was exam-
ined by adding the inhibitor after the cell activation. After the differentiation,
the cells were activated in HBSS for the subsequent superoxide anion detection.
After the cell activation, 10 nM staurosporine was added at different time points
and the total superoxide anion production over 4 hours after the activation was
measured. As shown in Fig. 4.14 staurosporine exhibited an immediate effect on
superoxide anion production from the activated cells.
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Figure 4.13: Inhibition of superoxide anion production from activated THP-1 cells using
staurosporine at different concentrations. The cells were differentiated as described in
Section 2.5.3 with �, or without staurosporine �. In both cases, staurosporine was
added after the cell differentiation in HBSS. After 1 hour incubation, the cells were
activated and the amount of superoxide anion produced from the cells for the following
4 hours was measured colorimetrically using WST-1. WST-1 reduction refers to the
spectrophotometric absorbance normalized to the value of stimulated cells without the
inhibitor. Staurosporine added was 0, 5, 10, 20 nM. The experiments were performed
twice in duplicate.

0

10

20

30

40

50

60

70

-60 -40 -20 0 20 40 60

W
ST

-1
 re

du
ct

io
n 

[%
]

Addition of Staurosporine 
[min before and after cell activation]

Figure 4.14: Addition of staurosporine at different time points before and after cell
activation. To the cells differentiated according to the protocol in Section 2.5.3, 10
nM staurosporine was added in HBSS at 60, 30, 10 minutes before the activation,
simultaneously with the activator, and 10, 30, 60 minutes after the activation. Following
by 4 hours incubation of each well, the samples were collected for colorimetric assay
using WST-1. WST-1 reduction refers to the spectrophotometric absorbance normalized
to the value of stimulated cells without the inhibitor. The experiment was conducted
once.
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4.2.2 Inhibition studies on current measurement in fuel cell

To investigate the source of the current generation, using the NADPH oxidase
inhibitors discussed in Section 4.2.1, the effect of these inhibitors on the current
generation in the biofuel cell was examined. The concentration of inhibitors
represented the effective amount necessary for maximum inhibition of WST-1
reduction by superoxide anion produced by activated THP-1 cells. The NADPH
oxidase inhibitors used for the experiments were 100 U/ml superoxide dismutase
(SOD), 5 µM diphenylene iodonium (DPI), 10 nM Staurosporine, and 40 µM
ZnCl2 (all Sigma-Aldrich). Additionaly the effect of 100 µM iNOS inhibitor L-
NAME (Sigma-Aldrich) on the current was verified. The standardized procedure
was as described in Section 2.5.4. The differentiated THP-1 cells on the electrode
were placed in the anodic compartment of the fuel cell. The activator PMA was
added after the current stabilized and the inhibitors were added after a clear
increase in current.

No background current induction by inhibitors

To determine the background current induced by the addition of inhibitors,
current generation in the absence of cells on the electrode was examined in
a same manner as in Section 3.2.1 (Fig. 4.16 grey lines). After the current
stabilized, the activator PMA was added to the anodic compartment (Fig. 4.16,
grey solid arrows) followed by the addition of inhibitors (Fig. 4.16, grey dashed
arrows). The addition of the inhibitors to the anodic compartment induced no
considerable current change, indicating that the inhibitors generate no substantial
electrical current.

Inhibition of superoxide anion and its derivatives

SOD catalyzes the reaction of superoxide anion to hydrogen peroxide (2 O−2 · +
2 H+ −→ O2 + H2O2) and reduces the amount of superoxide anion in the system.
The addition of SOD decreased the current in the fuel cell (Fig. 4.16(A)),
indicating a participation of the superoxide anion in the current production.
However, on the addition of SOD, the current only decreased to 50% of the
maximum, whereas the amount of WST-1 reduction decreased to 10% of the
maximum (Fig. 4.16(F)). Since hydrogen peroxide, the product of the catalytic
reaction, can oxidize or reduce a variety of inorganic ions in aqueous solution,
hydrogen peroxide could contribute to the remaining current. To examine the
contribution of hydrogen peroxide to the current flow, catalase was added to the
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Figure 4.15: Schematic illustration of NADPH oxidase assembly and inhibition
routes. Upon differentiation NADPH oxidase subunits are expressed abundantly.
Upon activation the cytosolic subunits (p67phox, p47phox, p40phox and RacGTP) are
phosphorylated, assemble, and translocate to the membrane-bound subunits (gp91phox,
p22phox). Completely assembled NADPH oxidase oxidizes NADPH in the cytosol to
NADP+ and electrons are transported to the extracellular space. The action of inhibitors
SOD, L-NAME, DPI, staurosporine, and ZnCl2 is also indicated.

anodic compartment after SOD, to catalyze the reaction of hydrogen peroxide to
water and oxygen. The addition of catalase did not cause any significant change
in the current, thus we conclude that hydrogen peroxide does not contribute
to the current production under our experimental conditions. The different
inhibitory effect of SOD in the superoxide anion production and the current
generation from the activated cells will be further discussed in Chapter 5.
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Figure 4.16: Inhibitory effects on current generation in the fuel cell. After cell
differentiation and activation as in Section 2.5.4, inhibitors were added to the anode
fluid. Inhibitors used were (A) 100 U/ml SOD, (B) 100 µM L-NAME, (C) 5 µM DPI,
(D) 10 nM Staurosporine, and (E) 40 µM ZnCl2. For each inhibitory test the current
without cells on electrodes was measured ((A-E), grey lines). Solid arrows indicate
addition of the activator PMA, dashed arrows indicate addition of inhibitors. (F) Parallel
experiment in the culture well for superoxide anion detection from activated cells. After
the differentiation, the cells were incubated with the inhibitors used above at the same
concentration in HBSS for 1 hour. Then the activator was added and the superoxide
anion production was measured colorimetrically using WST-1. WST-1 reduction refers to
the spectrophotometric absorbance normalized to the value of stimulated cells without
the inhibitor in each experiment.
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Inhibition of nitric oxide and its derivatives

The activation of NADPH oxidase elicits not only superoxide anion release, but
also the production of nitric oxide through inducible nitric oxide synthase [172],
and thus the formation of another reactive species, peroxynitrite [176]. These
species are reactive and could also influence the current. As described in Section
4.2.1, the nitric oxide production from THP-1 on stimulation was not observed
and the NOS inhibitors did not influence superoxide anion production from the
cells. The effect of NOS inhibitor on the current generation in the fuel cell was
examined for confirmation.

Since the addition of L-NAME did not change the current (Fig. 4.16(B)),
current production was not influenced by nitric oxide or peroxynitrite under our
experimental conditions.

Inhibition of electron transfer by NADPH oxidase subunit

DPI binds to flavoproteins and suppresses reactions in which these proteins are
involved. NADPH oxidase and iNOS [82] both possess flavoprotein within
their structures, thus DPI suppresses the production of superoxide anion and
nitric oxide in phagocytotic cells [158]. The suppression of superoxide anion
production is caused by DPI blocking the reduction of FAD in the plasma
membrane component of NADPH oxidase [163], thereby inhibiting electron
transport to the extracellular space.

The addition of DPI suppressed the current generation by activated macro-
phages (Fig. 4.16(C), suggesting that superoxide anion and/or nitric oxide might
take part in the current production in the fuel cell. However, according to
our experimental results with L-NAME described above, nitric oxide does not
have any influence on the current, which proved that neither nitric oxide nor
peroxynitrite, the derivative of superoxide anion and nitric oxide, served as
an electron mediator between the cells and the electrode. Hence, the current
decrease upon inhibition by DPI supports an active role of an electron transfer
of NADPH oxidase in the current production.

Inhibition of assembly of NADPH oxidase

Assembly of the NADPH oxidase complex in activated macrophages is necessary
for current generation, as evidenced by the difference in the NADPH oxidase
activity in each differentiation/activation stage as shown in Fig. 3.1 and
3.3. PMA is an activator of protein kinase C (PKC) known to phosphorylate
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cytosolic NADPH oxidase subunits, p47phox and p67phox [146, 200]. Without
phosphorylation these proteins do not build up a complex that is translocated
together to the plasma membrane to assemble the NADPH oxidase complex.
When cells were differentiated but not activated, no current production was
observed although the NADPH oxidase subunits were sufficiently expressed
(Fig. 3.1 and 3.3). This may be because the NADPH oxidase complex had not yet
been assembled completely since the phosphorylation of p47phox and p67phox
is possibly first triggered upon activation by PMA.

Staurosporine is one of the most potent and widely used inhibitors of protein
kinases, and at low concentrations selectively inhibits the activity of PKC [201].
The presence of this inhibitor inactivates PKC, thus blocks the translocation
of these subunits to the plasma membrane components by inhibiting their
phosphorylations. The assembled NADPH oxidase complex is not permanently
stable since cytosolic subunits dissociate from the membrane-bound components
through hydrolyzation of GTP-bound Rac [82]. The addition of staurosporine
gradually stops the assembly of NADPH oxidase and only dissociation of the
complex continues. Thus the amount of electron transfer through the NADPH
oxidase will drop with the decrease of fully assembled NADPH oxidase.

Staurosporine did not abolish the WST-1 reduction completely (Fig. 4.16(F)),
and the current generated from activated macrophages decayed slowly on
addition of staurosporine in the system (Fig. 4.16(D)). This gradual change in the
current reflected the successive change in the rate of asssembly and disassembly
of NADPH oxidase. These findings prove again that the assembled NADPH
oxidase is essential for current production in the fuel cell.

Inactivation of NADPH oxidase via depolarization

ZnCl2 inhibits NADPH oxidase activity indirectly by blocking the proton chan-
nel, whose activity is coupled with NADPH oxidase activity due to the charge
compensation. The inhibition of proton efflux during the activation of NADPH
oxidase induces a transient depolarization of membrane potential [92], that
reduces gradually NADPH activity. Indeed the addition of ZnCl2 decreased the
current slowly (Fig. 4.16(E)).

This fact supports that NADPH oxidase is the source of the current generation.
If the differentiated cells were first pretreated with ZnCl2 for 2 hours in HBSS

before cell activation, the current did not increase as without pretreatment with
ZnCl2 (Fig. 4.17). 2 hours preincubation is presumed to be long enough to
block most of the proton channels. However, the increase of the current on PMA
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Figure 4.17: Effect of preincubation of ZnCl2 before the cell activation. In the experiment
� and �, after cell differentiation according to Section 2.5.4, 40 µM ZnCl2 was added in
HBSS followed by 2 hours incubation. The cells on the electrode were then placed in the
fuel cell and the current was measured. In the experiment �, 100 U/ml SOD was added
after the current increase on activation stabilized. In the experiment �, the differentiated
cells were placed directly in the fuel cell setup without preincubation with ZnCl2. After
the current increase on PMA activation stabilized, 40 µM ZnCl2 was added.

activation was obvious. Together with the non-complete reduction of WST-1 by
ZnCl2 (Fig. 4.16(F)), this fact may support a model with potentially alternative
charge compensation by potassium channels [169, 202, 203].

4.3 Summary

In the previous chapter, the link between the current generation in the fuel cell
and NADPH oxidase activity has been substantiated. To investigate whether
electron transfer by NADPH oxidase to extracellular space is the source of the
current flow, chemicals with different inhibitory effects were applied during
current measurement in the fuel cell. After optimizing the concentration and the
timing of addition of the inhibitors by verifying the effects on superoxide anion
production from activated THP-1 cells, these inhibitors were added to the anodic
compartment while activated cells generated the current.

The current change upon addition of each inhibitors corresponded to the
expected inhibition mechanism. Consequently, the activated NADPH oxidase
was proven to be the origin of the electrons transferred to the electrode.



Chapter 5

Analysis of Electron Transfer
between Cells and Electrode

In the previous chapter, the current generated in the fuel cell was proved to
originate from the electron transfer through NADPH oxidase in activated THP-
1 cells. Here, possible electron paths between activated cells are the anode
is analyzed by the results of inhibitory tests, the estimation of the amount of
superoxide anion produced from activated cells, and the difference in WST-1
reduction in the anodic compartment during the current measurement.

Between the cell membrane and the electrode there are several conceivable
electron pathways; (i) direct electron transfer, (ii) indirect electron transfer
through (a) superoxide anion, (b) derivatives of superoxide anion, (c) other
molecules mediating electron transfer.

The inhibitory test using SOD showed that the current decreased to 50% of the
maximum on the addition of this inhibitor (Fig. 4.16(A)), whereas the superoxide
anion production decreased to 10% of the maximum (Fig. 4.16(F)). The possibility
of an influence of hydrogen peroxide, a derivative of superoxide anion, was
excluded under our experimental condition (Section 4.2.2). This fact suggests
an additional route of electron flow besides superoxide anion.

The contribution of superoxide anion to the current flow was demonstrated
in Section 4.2.2. Although both SOD and DPI reduced the superoxide anion
production (Fig. 4.16), current suppression upon inhibition by DPI was stronger
than that by SOD. SOD prevents the electron flow mediated by superoxide anion,
whereas DPI is cell-permeable and inhibits the electron flow through the plasma
membrane by binding to a NADPH oxidase subunit. This suggests the existence
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of an additional route of electron flow different from superoxide anion.

To evaluate the contribution of superoxide anion and its derivatives to the
current production, the amount of current measured in our biofuel cell (1.5-2
µA/106 cells seeded) was compared to the expected amount of current based on
the superoxide anion produced from activated cells. The amount of superoxide
anion produced can be estimated from the spectrophotometrical measurement of
WST-1 reduction.

WST-1 reduction by superoxide anion was calibrated using hypoxanthine/
xanthine oxidase as described in Section 2.3. Superoxide anion (O−2 ·) was
generated from the conversion of hypoxanthine to uric acid by xanthine oxidase
[137]. From 1 mol hypoxanthine the production of 2 mol superoxide anion
is expected (Table 5.1, (B)). After 60 min the reaction was completed, and the
absorbance of WST-1 formazan was measured with a spectrophotometer at
450 nm (Table 5.1, (C)). The reduction of WST-1 to WST-1 formazan requires
two electrons [204], i.e. two superoxide anions. The amount of superoxide
anion used for the WST-1 reduction for a specific amount of hypoxanthine was
estimated (Table 5.1, (D))by Lambert-Beer’s law; Eλ = cεl [132], where Eλ is
the extinction absorption, c is the concentration of WST-1 formazan, ε is the
extinction coefficient (WST-1 formazan, 37000 at 438 nm) and l is the optical path
length (10 mm). The ratio of superoxide anion detected by WST-1 reduction to
the superoxide anion produced from hypoxanthine was calculated (Table 5.1, the
rightmost column). This value was plotted in Fig. 5.1.

Hypoxanthine O−2 · produced from Absorbance O−2 detected by The ratio of
[µM] (A) hypoxanthine [A.U.] (C) WST-1 reduction (C)/(A) [%]

[nmol/1.5 ml] (B) [nmol/1.5 ml] (D)
10 30 0.127 10.3 34.3
50 150 0.574 46.5 31.0

100 300 1.212 98.3 32.8
200 600 2.660 215.7 35.9
500 1500 3.663 297.0 19.8

Table 5.1: Calibration of the rate of superoxide anion used for WST-1 reduction. As
described in Section 2.3, dissolved hypoxanthine (A) was converted by xanthine oxidase
into uric acid producing superoxide anion (B) in UHQ containing 100 µM WST-1. After
60 min reaction time, the reduction of WST-1 was measured with a spectrophotometer
at 450 nm (C).
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Figure 5.1: Fraction of superoxide anion detected by WST-1 reduction in hypox-
anthine/xanthinoxidase system, normalized to the superoxide anion produced from
hypoxanthine.

The amount of the superoxide anion detected by WST-1 reduction was about
one third of the amount of superoxide anion produced in the system in the linear
range. Since our measurements with cells were in the linear range throughout this
thesis, we assume that one third of the superoxide anion produced from activated
cells was used for WST-1 reduction as well. This is plausible since the rate
constant of the reaction of WST-1 with superoxide anion (≈3-4×104 M−1sec−1) is
expected to be lower than that of spontaneous conversion of superoxide anion to
hydrogen peroxide (≈1×105 M−1sec−1) [131].

Calculating with a representative spectrophotometric absorption value of
the reduced WST-1 (1-1.5) and accounting for the control measurement, the
superoxide anion production of THP-1 cells in our experiments was estimated
to be 1.4-2 nmol/min/106 cells.

This value is higher than the superoxide anion production of THP-1 cells
reported in literature (0.05-0.5 nmol/min/106 cells) [120,205,206]. The superoxide
anion detection methods using cytochrome c, chemiluminescence, or WST-1
are indirect measurements and due to the non-specificity of indicators and the
reoxidation of indicators the reliability of these detection methods is an issue
[207]. Moreover, due to the complexity of signal pathways within cells and the
difference in cell activation stimuli employed in each study the activation degree
of the cells responding to various stimuli has not been well-examined. Therefore,
the direct comparison of superoxide anion release between different reports is
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difficult. In our experiments, if all electrons flowing from cells to superoxide
anions were caught and transferred to the electrode, a current of 1.6-2.4 µA/106

cells seeded would be produced in the biofuel cell, which matches roughly the
current measured with activated macrophages in our setup (1.5-2 µA/106 cells
seeded).

Whole-cell patch-clamp experiments showed that the amount of current flow
from NADPH oxidase corresponds to the amount of superoxide anion release
from granulocytes (10-20 pA per cell current measured, 10 nmol/min/106 cells
superoxide anion produced) [106, 208]. In patch clamp experiments NADPH,
oxidase substrate, or GTP-γS, nonhydrolyzable analogue of GTP, was added to
stabilize the measurements. Without adding these chemicals, less electron flow
from cells was detected. Furthermore, the yield of electron transfer from cells in
patch clamp experiments should be in any case better than that between cells
and the anode in our biofuel cell due to lower system impedance. Thus, for
our experimental condition, the contribution of superoxide anion to the current
generation is expected to be much lower. However, the current measured in the
biofuel cell is larger than expected, indicating also the existence of an additional
route of electron flow from the cell to the electrode independent of superoxide
anions.

The current measurement with THP-1 cells was performed as described in
Section 2.5.4, except the anodic fluid contained 100 µM WST-1 (Fig. 5.2(A)).

The presence of WST-1 in the anodic fluid during the current measurement
did not change the current increase after the cell activation. The scavenging of
superoxide anion for the WST-1 reduction did not cause substantial difference in
the current generation in the fuel cell. In this experiment, slightly higher current
was observed when the anodic fluid contained WST-1. This is assumed to be a
variation in the cell activity upon the stimulation, however, the possibility that
WST-1 can serve as a mediator in the fuel cell can not be excluded.

The WST-1 reduction by superoxide anion produced from activated cells were
measured in the anodic compartment of the fuel cell setup both with open and
closed circuit conditions (Fig. 5.2(B)).

The reason for the lower amount of WST-1 reduction in the fuel cell setup
compared to that in culture wells may be a difference in the amount of cells on
the substrates. Since the electrode was placed vertically in the fuel cell, the rinsing
of non-adherent cells after differentiation was more effective than for the sample
in the culture well.
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(A) Current measurement (B) WST-1 reduction

Figure 5.2: Current measurement with WST-1 in anodic compartment. (A) THP-1
cells were differentiated and the current generation in the fuel cell upon the activation
was measured as described in Section 2.5.4. In the experiment of �, the anodic fluid
contained 100 µM WST-1 additional to the differentiation stimuli from the beginning of
the current measurement. The experiment � refers to the ordinary current measurement
without WST-1 addition in the anodic compartment. At the time point of the solid arrow,
the activator PMA was added to the anodic compartment. (B) WST-1 reduction in the
anodic compartment in the fuel cell. Either after the current measurement with closed
circuit as in (A) or after 4 hours with open circuit condition, the reduction of WST-1 in the
anodic fluid was examined. � refer to the absorbance of reduced WST-1 from the fuel
cell sample. � were control measurement conducted simultaneously in culture wells.
During the fuel cell measurement, the electrical circuit was; left: closed, right: open. The
independent experiments with closed circuit and with open circuit were conducted three
times and twice, respectively.

When the electric circuit was closed, less WST-1 reduction was observed. The
electrons not used for the WST-1 reduction might be available for the current
generation.

The difference in the amount of WST-1 reduced in the anodic compartment
between the open and closed circuit was ≈45 nmol (calculated from Fig. 5.2(B)),
thus≈90 nmol electrons vanished by closing the electrical circuit. Meanwhile, the
amount of electrons generating the current during the measurement with WST-1
in the anodic compartment was ≈220 nmol (integrated current signal after the
activation in Fig. 5.2(A)).

Considering the change in the reaction kinetics due to the different conditions
in both cases, evidence is provided that superoxide anion did not suffice to
generate the current measured in the fuel cell. Thus, this analysis reinforces the
hypothesis of an additional route of electron flow apart from superoxide anion.



Chapter 6

Optimization of Current
Measurement

In previous chapters a biofuel cell whose current flow was driven by activated
macrophages has been demonstrated. The experiments in this thesis focused
mostly on the investigation of the source of the current generated. Thus,
some materials and parameters should be further optimized for improving the
measurement system and the performance of the biofuel cell.

To allow one to compare results of modification of the fuel cell such as
changing materials, constancy of components including cells is desired. Under
the constant conditions, maximum yield of the current generation in the fuel cell
can be explored. Moreover, lifetime of the fuel cell has to be extended.

In this chapter, requirements for stabilizing current measurements, improving
the performance of the fuel cell, and prolonged lifetime of the fuel cell are
discussed, and some experiments carried out to examine their influence on the
measurements are presented.

6.1 Stabilization of performance of biofuel cell

The variation of the current generated by activated THP-1 cells and measured
in the fuel cell was high, therefore precise quantitative comparison of each
experiment was difficult. Variations may be due to (i) the amount of cells
adhering to the electrode, (ii) unspecific protein adsorption on the electrode, (iii)
variation of parameters during the deposition of gold on the electrodes, and (iv)
deterioration of the membrane of the fuel cell. Here, we discuss how one could
control cell adherence and protein adsorption on the electrode.
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6.1.1 Controlled cell adherence

Substrate coating

To reduce the variation in cell adhesion, coating of electrodes with a cell adhesion
molecule may help. Fibronectin is an extracellular matrix glycoprotein used as a
general cell adhesion molecule to anchor cells. Thin coatings of fibronectin are
widely applied in various experiments to promote cell attachment [58], thus the
attachment of THP-1 cells on fibronectin coating was examined. Culture wells
were coated with 1 ml of 10 µg/ml fibronectin (Sigma-Aldrich) in PBS overnight.
THP-1 cells were seeded in wells with and without fibronectin coating and were
differentiated. After 2 days, the culture wells were washed with PBS to rinse off
non-adherent cells, and then the attachment of the cells was investigated under
the light microscope.

(2) Non-coated

(2) Non-coated

(1) Fibronectin coated

(1) Fibronectin coated

(A) Non stimulated

(B) Differentiated

100μm

Figure 6.1: THP-1 cells seeded on (1) fibronectin coated and (2) non-coated culture wells.
The cells were incubated (A) without stimuli, or (B) with differentiation stimuli, for
2 days and the wells were washed with PBS twice. The phase contrast images were
acquired with Zeiss Axiovert 40 CFL light microscope with a 10X objective.

No substantial change in cell attachment between coated and non-coated
substrates was observed during cell differentiation (Fig. 6.1).
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(A) Non-coated (B) Fibronectin coated (C) PLL-g-PEG coated

100μm

Figure 6.2: THP-1 cells seeded in culture wells with (A) no coating, (B) fibronectin
coating, and (C) PLL-g-PEG coating, and incubated for 1 day with 50 nM PMA. Images
were acquired with Zeiss Axiovert 40CFL light microscope with a 10X objective.

To confirm that the adherence of THP-1 cells may differ depending on
the substrate, the cells were stimulated with only PMA in culture wells with
different surface coating. Non-treated, fibronectin coated, and poly(L-lysine)-
g-poly(ethylene glycol) (PLL-g-PEG) coated culture wells were examined. PLL-
g-PEG is a comb-like graft copolymer and monomolecular PLL-g-PEG coatings
are highly effective in reducing the adsorption of various proteins such as blood
serum, heparinized blood plasma, fibrinogen and albumin [209]. A PLL-g-PEG
coated culture well was prepared by incubating with 0.5 mg/ml PLL-g-PEG in
Hepes1 buffer overnight. THP-1 cells were seeded in culture wells with different
coatings and 50 nM PMA was added. After 1 day incubation, the effects of these
coatings were examined under the light microscope (Fig. 6.2). Although the cells
activated by PMA showed adhesive feature, the attachment of the cells to the
substrate was prevented by the PLL-g-PEG coating. Therefore the cells formed a
big colony, binding each other. This result verified that THP-1 cells react to the
chemical property of substrates, thus potential enhancement of cell activity via
chemical surface modification should be further investigated.

Use of adherent cells

The use of the human monocytic cell line THP-1 allowed us to investigate
the electron source of the current generation in the biofuel cell by inhibiting
diverse differentiation phase. However, THP-1 cells become adherent only when
differentiated. Cell differentiation is regulated by complex signal pathways, thus
the level of cell adhesion varies in each experiment. Constant cell number may

1PLL-g-PEG solution was kindly provided by the group of Prof. Vörös, the Laboratory of
Biosensors and Bioelectronics at ETH Zurich.
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be realized by using already adherent cells. Therefore use of a macrophage cell
line for the optimization of the system might be a good option.

6.1.2 Controlled protein adsorption on the electrode surface

When cells to be differentiated are seeded on a plain gold electrode, the unspecific
adsorption of different proteins on the electrode is inevitable due to the high
fraction of proteins in serum. The loss of sensitivity of biosensors utilizing
enzymes due to low molecular weight serum components has been reported [53].
Especially biomolecules of ≤ 15 kDa cause apparent decrease in sensitivity [48].
Fibronectin, a cell adhesion molecule, has high molecular weight (≈440 kDa),
thus a homogeneous coating of the electrode may be obtained using this protein
without impeding the electrical signal during the current measurement. THP-1
cells were seeded on two different electrodes. One electrode was a plain gold
electrode fabricated as described in Section 2.5.4, another gold-coated electrode
was further coated with fibronectin as described in Section 6.1.1. After 2 days
differentiation, the current production upon activation was measured.
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(A) Fibronectin coated electrode (B) Without fibronectin coating

Figure 6.3: Current generation from THP-1 cells seeded in culture wells (A) with and
(B) without fibronectin coating. The measurement was started with HBSS already
containing LPS, TNF-α and IFN-γ in the anodic compartment. At the time point of the
solid arrow, the activator PMA was added to the anodic compartment.

The current change with the cells on the fibronectin coated gold electrode
resembled that of the non-coated gold electrode and no reduction in current was
observed (Fig. 6.3). Thus an electrode coating with fibronectin is recommended
for further experiments. However, a slight decay of the current was seen at the
end of the measurement with the cells seeded on the fibronectin coating. The
effect of this coating on the duration of cell activity has to be further investigated.
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6.2 Improving performance of biofuel cell

6.2.1 Enhancement of cell activity

Glucose concentration

Glucose is a primary fuel for heterotrophs. Energy derived from glucose is stored
mainly in the form of high-energy phosphate bonds in ATP, or other nucleotide
triphosphates [58]. Various metabolic pathways are involved in the production
and utilization of these high-energy intermediates.

The concentration of glucose influences also inflammatory responses of cells.
High glucose treatment of THP-1 cells induced changes in the expression and
secretion level of cytokines, chemokines and related molecules, such as IL-
1β or IL-6 [210–212]. The level of p47phox translocation to the membrane
has been shown to increase [213]. Consequently, increased superoxide anion
production and induction of iNOS were observed in macrophages with high
glucose concentration [214]. On the contrary, the inhibition of superoxide anion
production from neutrophils with high glucose concentration has been reported
[215].

Thus THP-1 cells were differentiated at different glucose concentrations, and
superoxide anion production from the cells after activation was compared.

The measurement was based on the standardized protocol described as in
Section 2.5.3. During the differentiation of the cells, 1, 2.5, 5, 10, 20 mM D(+)-
glucose (Sigma Aldrich) was given to RPMI1640 media which contains 11.10 mM
glucose. Superoxide anion production was measured at different time points
following activation.

No tendency of any dependence on the glucose concentration was observed
(Fig. 6.4). The normal turnover time for monocytes in vivo is 3 days [210], thus
the 2 days incubation of cells with glucose should be long enough for the cells
to exhibit reactions. Therefore we concluded that the glucose concentration had
no effect on NADPH oxidase activation of THP-1 cells under our experimental
conditions.

Chemical surface modification of substrate

Adhesion to extracellular matrices is known to modulate leukocyte activation
[216, 217]. The presence of binding sites on the membrane is an indication of
infection, at the same time these binding sites elicit signals that are transmitted
into the cell (outside-in signaling) [216] and synergize to initiate phagocytotic
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Figure 6.4: Superoxide anion production from THP-1 cells differentiated with higher
glucose concentrations. The cells were differentiated as described in Section 2.5.3 with
additional D(+)-glucose of 0 mM, 1 mM, 2.5 mM, 5 mM, 10 mM, and 20 mM. After 2 days
incubation, the cells were activated and the superoxide anion production was measured
using WST-1 colorimetric assay. Superoxide anion production was measured at 1.5, 4,
24, 48 hours after the cell activation. The experiment was performed once.

actions [218].

For instance, the enhancement of the phagocytic activity of leukocytes via
fibronectin attachment has been reported [219]. Thus, the effect of substrate
coating with fibronectin on superoxide anion production from activated THP-1
cells was examined.

Cell culture plate was coated with 1 ml of 10 µg/ml fibronectin in PBS
overnight. THP-1 cells were seeded in wells with and without fibronectin coating
and were stimulated differently as shown in Fig. 6.5. The superoxide anion
production from the cells was detected as described in Section 2.5.3.

The superoxide anion production from the cells seeded on fibronectin coated
wells was in same manner as that on non-coated wells and the level of superoxide
anion production from the activated cells did not alter due to the fibronectin
coating (Fig. 6.5). The fibronectin coating also did not change the current
intensity (Fig. 6.3). Thus, the fibronectin coating did not enhance cell activity
under our experimental condition.
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Figure 6.5: Superoxide anion production from THP-1 cells seeded in culture wells with�

and without � fibronectin coating. From left: Untreated cells as negative control;
Activation with 50 nM PMA; Differentiation with 300 ng/ml LPS, 20 ng/ml TNF-α,
and 20 ng/ml IFN-γ; Differentiation+Activation in sequential order. Three independent
experiments were carried out.

Environmental factors

pH change in the anodic compartment As mentioned in Section 2.4.1, the BDH
membrane used in the experiments possesses a poor performance regarding to
proton transfer. If the cell activity is higher than the capacity of proton transfer
through the membrane, the proton release from the cells, which is coupled with
the electron release via NADPH oxidase, may exceed the buffering capacity of the
anodic fluid, causing acidification of the anodic fluid. Lowering pH induces an
unfavourable environment for cell physiology and suppresses NADPH oxidase
activity [220, 221].

To evaluate whether the membrane performance and the buffering capacity of
the solution tolerate the proton release from activated cells, pH in the anodic fluid
was examined during the current measurement. To determine if the pH change
was acceptable for cell activity, phenol red was used as an indicator of the acidity
of the fluid, since this method is facile and widely used in cell culturing. The
differentiated cells on the anode were placed in the anodic compartment of the
fuel cell, containing HBSS with phenol red (Invitrogen). The current generation
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from the cells was measured as usual according to the regular protocol described
in Section 2.5.4.

After 3 hours of current measurement, the color of HBSS was unchanged,
suggesting the change in proton concentration was either within the proton
transport capacity of the membrane or the buffering capacity of HBSS. Thus, the
change in pH during the current measurement was assumed to be negligible.

Temperature and CO2 concentration All experiments were carried out in
ambient condition. Since cells are supposed to be maintained best at 37◦C and 5%
CO2, the decline in the current (Fig. 3.3(C)) might be due to either a loss of cell
activity or cell viability after a few hours under the experimental conditions. It is
also reported that the superoxide anion production gradually increase between
25 ◦C and 32 ◦C with a sharp increases between 32-37 ◦C [222]. Therefore, the
experimental environment could be further improved to prolong cell activity.

6.2.2 Improvement of electron transfer to/from electrodes

Oxygen in anodic compartment In our current setup the buffer in the anodic
compartment had contact with ambient air and thus contained a certain amount
of dissolved oxygen (≈8 mg/l) [223]. Generally, the anolyte should be deoxy-
genated, since oxygen is a very strong electron acceptor that reacts against the
anode. However, mammalian cells need aerobic condition to survive. Therefore,
maximization of the electron flow from cells to the anode has to be achieved in
the presence of oxygen.

Mediators Throughout this thesis no mediator was intentionally employed in
the system. However, to facilitate the electron transport from the electron donor
to the electron acceptor, mediators may be introduced. Improved current yield in
microbial biofuel cells and enzymatic fuel cells was successfully demonstrated by
employing mediators in solution [13, 224] or immobilized on electrode surfaces
[14, 225, 226]. For the optimal selection of mediators, more detailed electrochemi-
cal analysis would be necessary.

6.2.3 Improvement of electron transfer through electrical circuit

Selection of load resistance

The maximum power of a battery can be achieved when the external resistance
and the internal resistance are equal (Jacobi’s theorem). Our current measure-
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ment in the fuel cell was conducted with an external load of 51 kΩ. The selection
of this resistance value was validated by plotting power versus resistance (Fig.
6.6).

THP-1 cells were stimulated according to the standard protocol described in
Section 2.5.4. Current and voltage between the electrodes were measured for
different load resistances and the power was calculated according to P = IV.
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Figure 6.6: Power against load resistance in the fuel cell. The anode with THP-1 cells
was prepared as described in Section 2.5.4. After the current stabilized following the rise
upon PMA activation, the load resistance was varied and the corresponding current and
voltage were measured to calculate the power.

Since maximum power was obtained around 150 kΩ, ideally the load resis-
tance had to be selected at this value. However, the change in the current on cell
activation was not easily observable due to low signal to noise ratio in the current
measured. Therefore the load resistance was lowered to 51 kΩ and this resistor
was used for the measurements throughout this thesis.

6.3 Lifetime of biofuel cell

Duration of cell activity

Without nutrition the cells cannot sustain their activity. Thus the addition of
glucose may prolong the cell survival and thereby the NADPH oxidase activity
of activated THP-1 cells. As described in Section 6.2.1, high glucose concentration
did not enhance the NADPH oxidase activity in our experiments. No difference
in the duration of superoxide anion production was observed as well (Fig.
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6.4). Glucose is not membrane permeable without the assistance of transporter
proteins and glucose has to be converted to its metabolite, pyruvate, to enter the
mitochondria as a potential energy source. Hence adding pyruvate would be an
alternative strategy to be investigated.

Cathodic compartment

In the cathodic compartment, oxygen is the final electron acceptor. In our setup,
electrons were first captured by ferricyanide ions since the oxygen reduction
rate in the absence of a catalyst is quite low relative to the reactivity of the
ferricyanide solution [227]. In this case, oxygen is reduced when ferrocyanide is
reoxidized to ferricyanide. The dissolved oxygen concentration controls the rate
of the reoxidation, thus, in microbial fuel cells, the cathodic solution was aerated
to promote this reaction [20]. However, the reoxidation rate of ferrocyanide
by oxygen is low [12], thus this slow reaction may act as a limiting factor of
current generation. In this thesis, the concentration of ferricyanide solution
was high enough for the amount of current generated, consequently the slow
reoxidation of ferricyanide did not hinder the current generation. However,
considering the long term use, this low reoxidation rate of ferricyanide becomes
a limiting factor of current generation. The replacement of the cathodic system
with an air cathode would decrease the rate of electron flow from the electrode
to the electron acceptor due to slower reduction rate of oxygen compared to
ferricyanide as discussed above, but would overcome the sustainability problem.
Concomitantly, this option fulfills the biocompatibility requirement as well.



Summary

The feasibility of harvesting electricity from activated human macrophages was
confirmed in this thesis. To this end, host defense mechanisms was used,
where monocytes underwent differentiation into macrophages and adhered to
the anode in a fuel cell setup. Activation of the macrophages induced the current
generation in the fuel cell. The current generation correlated positively with
the activity of NADPH oxidase, as validated by superoxide anion production
from cells. Different stimulations of cells and inhibitions of cell activities
elucidated that electron transfer through the plasma membrane via NADPH
oxidase resulted in the current generation. The results of stimulation/inhibition
tests provided evidence that superoxide anion contributed to the current flow.
Furthermore, together with an estimate of the amount of superoxide anion
production from activated macrophages, the results also indicated the existence
of another electron pathway between cells and the electrode, independent of
superoxide anion.

With plain gold electrodes the extracted current reached 1.5-2 µA per 106

cells seeded in the two compartment fuel cell system. The use of a mediator
or modifying the surface of electrodes may facilitate the electron transport from
the electron donor to the electron acceptor, increasing the current in the fuel
cell. Since the size, shape, and chemical and physical properties of the materials
used influence the intensity and time duration of the inflammatory processes
[91], modification of the electrode materials and surfaces may also stabilize and
improve the current generation, which is preferable for the further development
of the device.
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