Chapter 7
Bio-Electrochemistry and Chalcogens

Enrique Dominguez Alvarez, Uma M. Viswanathan,
Torsten Burkholz, Khairan Khairan, and Claus Jacob

7.1 Introduction

The last couple of decades have witnessed the emergence of the wide
and diverse field of bio-electrochemistry which nowadays provides
enough research to fill several international meetings per year. As
part of this research, topics such as the electrochemical analysis of
biological samples, including electrochemical biosensors, and the
characterization of redox properties of proteins and enzymes first
come to mind. Indeed, these areas of biological electrochemistry have
blossomed ever since the first pioneering studies on electrochemical
biosensors in the 1980s [1]. The field has moved on considerably
since then, of course, and various aspects of modern biological elec-
trochemistry have recently formed part of a special issue of
ChemPhysChem [2].

Today, bio-electrochemistry is moving into various directions, as
illustrated in Fig. 7.1, including the development of electrochemical
biosensors which do no longer require the “help” of enzymes to detect
specific molecules in complex solutions [3]. Related bioanalytical
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Fig.7.1 The figure illustrates the widespread applications of traditional and modern
electrochemical methods in key areas of biochemical and biological research. Some
of these applications are discussed as part of this chapter. Please note that the figure
as well as the text can only provide a—necessarily incomplete—selection of applications
and do not reflect the full breadth of modern-day bio-electrochemistry

systems have also been developed which enable the electrochemical
detection of specific analytes in (partially purified) biological samples,
including N-acetylcysteine, cysteine, and disulfides in urine (see also
Sect. 5) [4, 5]. The development of such devices has recently been the
subject of several expert reviews [6, 7]. Sensors also form the topic of
some of the other chapters of this book.

Besides biosensors, bio-electrochemistry also has a long tradition
among bioinorganic chemists involved in the study of (redox-active)
metalloproteins and enzymes [8]. Here, direct electrochemistry has
been at the forefront of developments, often in conjunction with
“intelligent” electrodes, such as (modified) film electrodes [9]. While
most of these investigations have focused on metal-based biomole-
cules, more recently, the electrochemistry of non-metal, cysteine-
containing proteins and enzymes has also been considered, in part
for the characterization of these proteins, but also in part for rapid
electrochemical detection [10-13].

Nonetheless, there are also some lesser known and often still
emerging fields of bio-electrochemistry which catch the interest of
researchers active in the field of biological chemistry or biochemistry.
As part of this chapter, we will therefore consider a selection of elec-
trochemical methods, which have already proven to be rather useful
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as part of biological chemical research, yet often still require further
development to become widely accessible and applicable. Here, we
will take the perspective of a biological redox chemist, with her/his
own specific research interests, topics, and also problems.

Before we start, however, we first need to consider why electro-
chemical methods are particularly interesting and at the same time
also well suited for the analysis of biological materials, from unusual
natural products to complex biological systems, such as single cells.
This question is not entirely unreasonable, since at first sight, electro-
chemistry, apart from a few basic applications, is hardly an integral
part of Biology, Pharmacy, or Medicine. Nonetheless, we need to
realize that electrochemistry is rather diverse and provides a whole
arsenal of different methods and techniques which in one aspect or
another may be very useful for the rapid and reliable analysis of bio-
logical materials. Such electrochemical methods are particularly
valuable in bioanalysis because they are often readily available,
widely applicable, extraordinarily informative and sensitive, yet at
the same time also highly reliable and reproducible, and hence often
considerably more robust when compared to alternative approaches,
such as spectroscopy. Importantly, electrochemical methods, such as
(Cyclic) Voltammetry (CV) or differential pulse polarography (DPP),
are also highly selective and therefore enable the analysis of specific
substances and processes in complex biological mixtures.

Within this context, the electrochemical glucose sensor may come
to mind: This device is more or less selective for glucose, can be
operated in whole blood, and is able to reliably and reproducibly
sense even small changes in blood glucose concentrations despite the
presence of a wealth of other blood components. Importantly, such a
sensor is simple, small, and also rather cost-effective when compared
to possible alternatives [14—16].

In the following sections of this chapter, we will focus on four
rather interesting and powerful applications of electrochemistry in
Biology and drug development: (1) electrochemical methods to
monitor the proliferation of cells in real time and without the need
for aliquots and staining; (2) electrochemical techniques to analyze
cellular processes, such as metabolism, intra- and extracellular lev-
els of reactive oxygen species (ROS), reactive nitrogen species
(RNS), and oxidative stress (OS) at the single-cell level; (3) electro-
chemistry of sulfur and selenium proteins, which are at the center of
important cellular regulatory and signaling processes (such as the
cellular “thiolstat”); and last but not the least (4) electrochemistry of
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chalcogen-containing natural products and synthetic substances,
with the aim to characterize such compounds and to derive at certain
“chemical structure-electrochemical potential-biological activity
relationships”.

Together, these four applications will highlight the considerable
practical potential of electrochemical methods in biochemical and
pharmaceutical research, especially in the context of research problems
which are difficult to address or to resolve by other, more conven-
tional methods. Nonetheless, these examples represent just a small
section of a wider, thriving, and continuously growing area of bio-
electrochemical research and applications.

7.2 The Chalcogen-Specific Electrochemical
Tool Kit

Several of the techniques considered as part of this chapter are linked
to the redox chemistry of chalcogens, i.e., oxygen, sulfur, selenium,
and tellurium. Since the methods available for the analysis of such
redox systems are often not widely known or straightforward, we will
briefly consider them as part of the emerging electrochemical “tool-
kit” which can be employed for the detection and characterization/
analysis of these systems in vitro and possibly also in vivo.

In stark contrast to the well-established electrochemistry of metal-
based redox systems, which include various metalloproteins and
enzymes, the analysis of chalcogen-based redox systems is still far
from trivial and sometimes even controversial [17-19]. This is rather
disappointing, as there is a strong interest among biological chemists
to identify and subsequently quantify ROS and RNS inside and out-
side living cells [20]. Such ROS include, for instance, the superoxide
radical anion (O,”), hydrogen peroxide (H,0,), and the hydroxyl
radical ("OH); nitric oxide ("NO) and peroxynitrite (ONOO") are
among the most prominent RNS [21]. Table 7.1 provides a brief over-
view of the most common ROS and RNS, some of which will be
discussed later on in the context of electrochemical detection. From
a biochemical point of view, these reactive species are rather impor-
tant as they play a pivotal role in cell signaling as well as host defense
against bacteria and microbes. At the same time, the intracellular
concentrations of various ROS and RNS increase during OS and may
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subsequently cause cell death via apoptosis. Modulating levels of
ROS and RNS can therefore also serve a therapeutic purpose, for
instance in the context of treating cancer. This has led to the emerging
strategy of redox modulation which may also benefit from the input
of electrochemistry and will be discussed in Sect. 7 [22].

Not surprisingly, methods enabling the determination of ROS and
RNS concentrations in cells have received considerable attention.
These detection techniques also include electrochemical methods.
ROS, such as HZOZ, peroxynitrite (ONOO"), nitric oxide ‘NO, and
nitrite NO,", can be detected fairly easily by a coulometric method
using a platinized carbon-based electrode [20, 24].

While most ROS and ‘NO therefore can be detected, character-
ized, and quantified by fairly standard and straightforward electro-
chemical methods, the electrochemistry of their cellular targets/
reaction partners, e.g., sulfur- or selenium-based redox systems, is
considerably more complex [17]. This certainly applies to most
sulfur- (i.e., cysteine- and methionine-)-based proteins and enzymes,
whose redox properties have only sporadically been analyzed by
electrochemical methods (see Sect. 5). Yet it also applies to rather
simple, small sulfur-containing molecules, such as disulfides and
polysulfanes (see Sect. 6). Here, the “electrochemical tool kit”
available to date is rather limited, crude, and prone to error:
Traditionally, such sulfur-containing substances have been analyzed
with the assistance of a metal-based electrode, such as a gold or
mercury electrode [25-27]. These electrodes adsorb the sulfur-con-
taining materials rather well, and therefore allow detection and basic
characterization. Indeed, some flow-through detectors used in con-
junction with chromatography (often FPLC and HPLC) are based on
electrochemical detection of the thiol/disulfide redox couple, either
in small molecules or in native, modified, or tagged proteins, such as
metallothionein (MT) [4, 5, 11]. A schematic view of such an ana-
Iytical setup is shown in Fig. 7.2.

Unfortunately, the use of such electrodes for analytical purposes has
several drawbacks. First of all, it is obvious that the adsorption process
used to “capture” the sulfur species on the electrode surface severely
affects its “‘chemistry”, including its redox properties. Rather than mea-
suring, for instance, the “true” thiol/disulfide redox potential or moni-
toring the reduction of a polysulfane (RS R, R=H, x>3) to perthiol
(RSXH, R#H, x>2), one is de facto investigating surface-bound
sulfur-gold or sulfur-mercury species [1, 27]. The latter obviously
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Fig. 7.2 Schematic view of an electrochemical method to monitor the presence of
thiol-containing materials (including proteins). The example provided illustrates
the use of CV in conjunction with a dropping mercury electrode to monitor the
elution of the cysteine-rich protein metallothionein (MT). This method has been
used, for instance, for small thiol-containing compounds by Stenken et al. (using
a gold-amalgam instead of a “pure” Hg electrode) and for MT proteins by Adam
et al. (using a more complex catalytic system also containing cobalt ions). One
should emphasize that electrochemical detection (and characterization) has many
advantages as far as cysteine-rich proteins such as the MT proteins are concerned,
since many of them do not show a signal in traditional UV detectors (as they do
not contain any aromatic residues) and are also difficult to analyze otherwise [5]

exhibit their very own redox behavior, which is likely to differ con-
siderably from one of the “free” sulfur species in solution.

Not surprisingly, there have been some attempts in the past to
minimize the influence of adsorption phenomena and to optimize the
electrochemistry of sulfur- (and selenium-, tellurium-) containing
substances. On the one hand, alternative, coupled, or indirect meth-
ods have been employed which measure redox behavior by different
means. Willem Koppenol and colleagues, for instance, have applied
CV to equilibria of chalcogen species with a redox dye and combined
this setup with pulse radiolysis to inch closer to the various oxidation
and reduction potentials of selenocysteine [18]. Other groups have
considered alternative electrodes, including amalgamated copper
electrodes and carbon electrodes [4, 28]. While amalgamated elec-
trodes still suffer from adsorption phenomena, as solid rather than
liquid electrodes, they nonetheless provide more flexibility when it
comes to practical applications. Carbon electrodes may also be used,
as they are also easy to handle and are less prone to adsorption phe-
nomena, yet these electrodes do not monitor the classical, biologically
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Fig. 7.3 Selection of biochemically relevant Reactive Sulfur Species formally
derived from the thiol (RSH) chemotype (center). Clockwise from the top: thiyl
radical, sulfenic acid, sulfinic acid, sulfonic acid, disulfide, trisulfide, thiosulfinate,
thiosulfonate (a); sulfur-based redox reactions may proceed via different redox
mechanisms, some of which do not involve direct electron transfer and hence are
difficult to analyze using electrochemical techniques (b)

relevant thiol/disulfide redox behavior, but rather a kind of radical
chemistry which is not directly relevant in biological systems [26].

While the thiol/disulfide redox pair - despite some drawbacks - is
in principle accessible electrochemically, other sulfur modifications
and transformations are more difficult to monitor. Here, one must
bear in mind that sulfur is a true redox chameleon in Biology, where
it occurs in more than ten different oxidation states (including frac-
tional ones) and in various sulfur “chemotypes”. Each of these
chemotypes exhibits its own chemical properties. While most of them
are also redox-active, the mechanisms at the center of their respective
redox chemistries may vary widely.

Figure 7.3 summarizes the most common sulfur chemotypes
(Fig. 7.3a) and some of the underlying reaction mechanisms
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(Fig. 7.3b) [29]. It is fairly obvious from this figure that despite the
fact that there are plenty of redox processes involved in sulfur (bio-)
chemistry, few of them involve electron transfer and hence are
directly accessible by electrochemical methods. Indeed, nucleophilic
exchange and atom transfer mechanisms devoid of direct electron
transfer dominate the redox behavior of most sulfur species. It is
therefore doubtful that an electrochemical method would easily be
able to reveal the redox behavior of sulfur species such as sulfenic and
sulfinic acids, thiosulfinates, thiosulfonates, sulfoxides, and sulfones.
Nonetheless, these sulfur species should not be ignored outrightly, as
they occur inside most living cells and play a pivotal role in intracel-
lular redox signal, response, and control.

Electrochemistry becomes even more difficult when moving from
simple sulfur-containing compounds to sulfur proteins and enzymes.
Here, the last decade has revealed a central role of cysteine (and, to a
lesser extent, methionine) redox chemistry in cell signaling and con-
trol. We are now aware of numerous proteins and enzymes which
contain redox-active cysteine residues, whose thiol groups can be
modified posttranslationally to disulfides, sulfenic, sulfinic, and sulfo-
nic acids as well as to S-nitrosothiols [30]. Such modifications can have
a significant impact on protein function and enzyme activity and may
ultimately result in a decisive cellular response, such as an antioxidant
response or cell death via apoptosis. Unfortunately, electrochemical
methods are still not specific enough to determine the redox properties
of individual cysteine residues in larger proteins and also fall short of
measuring redox properties of proteins which experience sulfenic or
sulfinic acid modification, or S-nitrosation (see Sects. 5 and 6).

Electrochemistry of chalcogen-containing compounds and proteins
becomes even more complicated when considering selenium- and
tellurium-based redox systems. This is rather unfortunate since the
last couple of decades has revealed the existence and paramount
importance of quite a few (mammalian) selenoproteins and enzymes,
including glutathione peroxidase (GPx), the human form of thiore-
doxin reductase (TrxR), thyroxine deiodinase (T(4)-5'-deiodinase),
selenoprotein P (SelP), and selenoprotein W (SelW). While the sele-
nocysteine (SeCys) residues in these proteins and enzymes exhibit a
distinct redox chemistry, very little is known so far regarding their
oxidation and reduction potentials. To the best of our knowledge,
electrochemical techniques such as CV or DPP have not yet been
applied in the context of these selenoproteins, despite the fact that the
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selenol/diselenide redox couple provides a fairly specific and easily
distinguishable electrochemical response [17].

While research so far seems to have shied away from employing
electrochemical methods to study the redox properties of selenopro-
teins, various methods have been developed to investigate selenium-
and tellurium-containing compounds. During the last two decades,
there has been considerable interest in the development of small-
molecule synthetic mimics of GPx and of related enzymes [26, 31-36].
These agents, which often exhibit pronounced antioxidant activity
in vitro, have also been studied by electrochemistry (see Sect. 7).
Methods such as CV have been at the forefront of these investiga-
tions, and electrodes employed include various types of platinum,
carbon, and mercury electrodes [25, 26, 32]. Platinum working elec-
trodes have been particularly useful (and easy to use) in organic
solvents [25]. In order to investigate such compounds in a more real-
istic, physiologically relevant scenario, aqueous, buffered systems
whose exact composition may in part depend on the solubility proper-
ties of the substance under investigation have also been used. In this
case, carbon and mercury working electrodes have been most effective
[26, 37-39].

After this brief introduction to the “electrochemical tool kit” to
analyze chalcogen-centered redox behavior, we will now turn our
attention to individual applications which currently are of particular
interest to biological redox chemists. Here, we will take a “top-down”
approach, starting with whole cell cultures, then moving to the elec-
trochemistry at or near single cells and then considering specific
intracellular target molecules, such as sulfur- and selenoproteins and
enzymes. The latter also form a prime target for chalcogen-based
redox agents, which will be discussed briefly, with a focus on employing
electrochemical methods as part of rational drug design.

7.3 Watching Cells Grow

Cell culture studies form a central part of modern Life Sciences, from
microbiology to the development of drugs and pesticides. Here, the
growth rate and metabolism of the cell/organism is often one of the
most significant determinants. Using such studies, one may, for
instance, establish the survival and “fitness” of a particular mutant or
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screen for the activity of a particular drug prototype. Unfortunately,
traditional methods to determine the rate of cell proliferation, such as
absorbance readings (OD, ) and various staining techniques (e.g.,
sulforhodamine B, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) staining, Neutral Red uptake), are rather time
consuming and are often marred by artifacts and poor reproducibility.
Not surprisingly, alternative methods based on the measurement of
cell growth, such as the colony forming unit (CFU) or colony form-
ing assay, are also commonly used in cell culture studies [40].
Unfortunately, all of these methods are based on discontinuous moni-
toring, i.e., the analysis after certain fixed periods of time, and gener-
ally provide only a handful of data points. As time-resolution is low,
such studies may miss subtle yet important changes in growth rate,
such as initial growth phases and short rest phases. Indeed, cell
growth and the effects of agents on cell growth are not continuous and
linear. The biological activity of a given compound may, for instance,
differ at different time points due to complicated metabolic processes.
Arsenite, for example, does not show the same toxicity over a pro-
longed period of time [41]. This circumstance is not necessarily a
drawback but may result in additional, extremely valuable data:
Amazingly, if recorded and analyzed properly, the time-dependent
profile of cell growth in response to a drug can even be used to compare
different drugs with each other and ultimately to derive some informa-
tion regarding drug action. While kinetic information on the dynamics
of cell growth clearly is of paramount importance, it cannot be obtained
easily by using classical absorbance methods [42].

Within this context, electrochemical methods offer several inter-
esting alternatives. Electrical impedance measurements, for instance,
are non-invasive and enable continuous monitoring of cell growth
and subsequent (bioinformatic) profiling. This method has been pio-
neered by the studies of Giaever and Keese [43]. Using impedance
measurements to study the spreading, motion, and cell density of
mammalian fibroblasts on evaporated gold electrodes, the authors
could show that the impedance signals measured were a direct con-
sequence of cell growth, spreading, and motility, as signals disap-
peared when cytochalasin (a drug that prevents motion) was added to
the medium [43].

This method has been developed into several commercial systems
which employ multi-well plates, which at first sight resemble classi-
cal plastic 96-well plates yet feature integrated (micro-) electrodes at
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Fig. 7.4 Monitoring cell growth in real time by non-invasive impedance mea-
surements. Several cell samples can be monitored in parallel and the effects of
drugs can be measured continuously. This technique has many advantages compared
to traditional staining methods. As the “growth” curves for the control (in black)
and the drug-injected sample (in grey) show, there is a clear effect due to the injec-
tion of the drug. This effect, however, would be entirely missed by a traditional
method which would perform an aliquot-based reading after 1 and 4 h.
Furthermore, the growth curves can be profiled and compared to the curves of other
drugs in order to pin down similarities and hence help to identify possible (related/
different) cellular modes of action and targets. Please note that it is also possible to
work with non-adhesive cells as long as there is a specific “anchor” present at the
electrode surface

the bottom of each well (see Fig. 7.4). As cells growing on the bottom
of these wells increase the electrical resistance of the system, these
multi-well plates can be used to monitor the growth of cultured cells
in real time and under normal growth conditions (i.e., in the incuba-
tor). As long as the cells remain adsorbed to the bottom of the well,
it is possible to measure how the cell layer grows and if cells die and
detach from the electrode surface, for instance in response to a cyto-
toxic compound. In this case, the resulting decrease in impedance
[44] can be monitored quite precisely and in real time [45]. Although
the original method - which is still widely used - is limited to adhe-
sive cell lines, it has provided a major step forward and has already
revealed several “secrets” in cell growth behavior which otherwise
may have escaped attention (see Fig. 7.4).

Since then, impedance has been applied by several groups with
different aims and experimental designs. With impedance sensors it
is possible to determine whether a drug causes short-term or long-
term cellular responses [46, 47]. In the same context, such methods
have proved to be very fast and powerful in establishing the cytotox-
icity of test compounds in cancer cells [40, 48-51]. Here, their ability
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to monitor continuously how a treatment with a known or supposed
cancer agent affects to cell population and cell growth has turned out
to be of considerable advantage, especially in the context of profiling
and comparing effects on cell growth induced by different drugs
(for specific examples of applications see below). Presently, attempts
are underway to expand the method and its capabilities even further,
for instance to answer questions related to cell metabolism or modes of
cell death (such as apoptosis) [51]. Some of these additional features
will be discussed below.

The application of impedance measurements is not restricted to
mammalian cells. Several studies have used impedance to detect fairly
selectively pathogenic bacterial cells, using biorecognition elements
such as antibodies attached on the electrode surface [52-54]. In this
particular case, the cells in question do not grow on the electrode area
(as in the original method), but are “fished”” and subsequently anchored
to the surface by specific recognition antibodies. Once captured at the
electrode surface, these bacteria also increase electric resistance which
can be measured. Related electric methods, such as the determination
of dielectric properties inside a bioreactor through capacitance and
conductance measurements, have been used in microbial, fungal, and
yeast fermentations in reactors to monitor growth with satisfactory
results [55].

Today it is possible to reduce the size of the impedance sensors
and to combine them with other electrochemical, microelectrode-
based sensors, such as an ion-sensitive field-effect transistor (ISFET)
for pH measurement and conductometric sensors for carbon dioxide
in well plates of different sizes and geometries [56]. For instance, pH
measurements are often crucial in tissue culture, and online, continu-
ous monitoring is desired. Here, novel types of electrodes have
recently been tested, including metal (antimony) oxide microelec-
trodes [57]. It is even possible to interdigital a set of sensors, such as
an amperometric sensor (for oxygen consumption) with ISFET and
interdigital electrode structure (IDES) sensors in a silicon chip. The
values subsequently obtained by such a device are reproducible and
reasonable when compared with established methods [58].

While initial studies had to be performed with “home made” elec-
trodes freshly prepared before each experiment [43], several com-
mercial systems are nowadays available which can be employed
routinely in daily research. Here, the Bionas 2500 analysis system
with IDES and other sensors (ISFET and Clark electrodes) is used
widely. Abarzua et al., for instance, have used this system to study the
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anticancer activity of plant extracts [49]. Similarly, Ceriotti et al.
have determined the cytotoxicity of known anticancer molecules and
observed that values were comparable with the results obtained by
classical methods [50].

A second commercial system, the Real-Time Cell Electronic
Sensing System (RT-CES), has been developed by ACEA Biosciences.
This device measures the impedance in all wells of a 16- or 96-well
microplate in parallel, therefore accelerating data collection enor-
mously. Applications of this advanced, automated technology are
very broad and include proliferation studies in different cell lines,
drug cytotoxicity determination in cancer cells, induction of apopto-
sis, receptor tyrosine kinase activity, and protective effects of antago-
nists of drugs or biological molecules [51, 59].

Besides the two systems mentioned here, there are numerous oth-
ers which provide the user with a wealth of applications (e.g., the
systems developed by MDS Analytical Technologies and Roche
Applied Science). Currently, 96-well and even 384-well plates are
available for high-throughput assays which ultimately combine these
electrochemical sensing techniques with bioinformatics tools. Abassi
and collaborators, for instance, have been able to perform a time-
resolved screening of 2,000 compounds with known anticancer
potential in two cancer cell lines to ascertain which of the compounds
present short-term or long-term responses (or both). After determin-
ing the impedance-based time-dependent cell response profiles
(TCRPs), they clustered the structures into families according to the
TCRPs associated with each response. Ultimately, the analysis of
similar activities enables the prediction of applications of compounds
which may not have been realized previously [60].

7.4 Monitoring Redox Processes
at the Cellular Level

As mentioned in the previous section, most traditional cell culture
methods used in drug discovery involve the selection and subsequent
modification of a target and hence may not be sufficiently predictive
because of the interferences/modifications required. As for cell pro-
liferation, label-free technologies able to use native systems instead
of the modified ones to monitor (bio-) chemical processes in, at, or
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near cells are particularly interesting. Such techniques are non-
destructive and allow the continuous monitoring of certain processes.
They also do not require expensive markers, enzymes, or antibodies,
which is a major issue in biochemical research.

While there are various “sensors” available to monitor cellular
processes, such as metabolism, at microscopic scale (e.g., pH, dioxy-
gen, hydrogen sulfide), we will focus on electrochemical approaches
which may be used to monitor redox changes close to or even inside
the intact cell. From the perspective of biological redox processes, the
detection and quantification of physiologically relevant redox-active
species is of particular interest. Some of these chemical species have
already been summarized in Table 7.1, which is clearly selective and
far from complete. As already mentioned, ROS, RNS, and sulfur-
containing species play a major role in normal metabolism, the main-
tenance of the cellular redox homeostasis, intracellular redox
signaling, and host defense [61-64].

In the past, the analysis of intracellular levels of ROS and RNS,
but also of GSH and cellular thiol content, in essence has relied on
two methods: (a) a rather crude method which involves breaking
down the cell and analyzing ROS, RNS, GSH, and thiol levels in the
homogenate; (b) various staining methods which involve the applica-
tion of specific stains to “visualize” and quantify the intracellular
level of oxidative stress (OS), individual ROS, and GSH [65]. Both
methods have their merits. The first method can be employed rather
successfully, for instance, to indirectly determine the formation of
‘NO by quantifying its follow-on product nitrite via the Griess reac-
tion [66] or to measure the total intracellular thiol content with
5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB, Ellman’s reagent) [67, 68].
This method can also be combined with HPLC, which enables the
quantitative determination of several reactive species in the same
sample [69, 70]. Staining techniques are somewhat more sophisti-
cated and often rely on expensive equipment, such as fluorescent
microplate readers and confocal fluorescence microscopy. These
methods can be combined to provide an “intracellular diagnostic
platform” which in essence allows the monitoring of processes inside
intact cells or cellular organelles and over time [71, 72].

Nonetheless, these methods also suffer from certain drawbacks.
Both methods still cannot reliably distinguish between different ROS
or different thiols. For instance, 2’',7'-dichlorodihydrofluorescein
acetate, which is widely used to establish intracellular levels of OS,
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is fairly unspecific and detects various oxidizing species, including
H,0, and "OH radicals [69]. While there are numerous attempts to
develop more specific stains [70], the stains available so far are still
rather unspecific. At the same time, various ROS are chemically too
reactive and/or unstable and hence escape analysis in cell extracts
after lysis.

Here, electrochemistry may provide a reliable and in many ways
straightforward alternative in the detection of certain ROS and RNS.
Indeed, there have been numerous attempts to measure different ROS
in biological samples, often employing modified electrodes which
provide some specificity for individual ROS or RNS. We will con-
sider these reactive species in the increasing order of their respective
cytotoxicity.

The superoxide radical anion (O,~) is a byproduct of aerobic mito-
chondrial respiration which is turned into hydrogen peroxide and
dioxygen by one of the various superoxide dismutase enzymes [73—
76]. Allen Hill and his colleagues at Oxford were the first to detect
O, electrochemically in a cell-based system employing opsonized
microelectrodes of graphite or gold [77, 78]. This pioneering work
has subsequently been followed up by studies employing more
“sophisticated” electrodes, such as modern carbon fiber microelec-
trodes and gold electrodes modified with cytochrome ¢ [79].

Hydrogen peroxide (H,0,) is formed as part of mitochondrial
respiration (see above) and also by immune cells as part of host
defense. Its particular toxicity mostly results from its participation in
the Fenton reaction, whereby H,O, is reduced to the highly aggres-
sive hydroxyl ("OH) radical [75, 76]. Its stability and appropriate
half-life allows electrochemical detection, for instance on platinized
surfaces of carbon electrodes and platinized carbon fiber microelec-
trodes [80-83].

The most reactive ROS is OH’, which is highly damaging for the
cells - it indiscriminately reacts with proteins, DNA, and membrane
lipids. As the lifetime of "OH in a biological system is in the order of
a few nanoseconds, diffusion across membranes and/or toward more
remote electrodes (e.g., placed outside the cell) is not feasible [81].
Nonetheless, Zhu et al. have recently described a rather innovative
method to indirectly detect and quantify “OH radicals. This method
exploits the highly aggressive behavior of ‘OH. It measures the
impedance at a coated electrode, which decreases once *OH radicals
gradually damage the coating and expose the electrode surface [84].
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The RNS nitric oxide (‘NO) [76, 85] and peroxynitrite (ONOO")
can be detected directly by electrochemical methods due to their
specific redox characteristics. Nitric oxide is determined with the
help of polymer-coated carbon microelectrodes [86, 87]. In contrast,
peroxynitrite can be detected rather selectively electrochemically
using a carbon fiber microelectrode modified by a film of Mn(IIl)-[2,
2]paracyclophenylporphyrin [88, 89]. Other reactive RNS are very
difficult to detect or to distinguish electrochemically due to their high
reactivity and short half-life time.

Some of the detection methods for the more common reactive spe-
cies, however, have already been turned into rather sophisticated
sensing devices, such as a biocompatible sensor for ‘NO, which
employs carbon-based screen-printed electrodes [90]. Frequently,
these systems are not only specific and sensitive but also suitable to
analyze rather low sample volumes (“lab on a chip”), such as a
microfluidic device designed to measure OS generated by mac-
rophages [91] or a device to measure ‘NO release from cells grown
directly on the surface of a sensor [92].

Indeed, Christian Amatore and colleagues at the University Paris
Descurtes, France have recently developed an electrochemical
method which allows researchers to measure various reactive species
at the level of a single cell [93]. As most (but not all) ROS and RNS
diffuse out of the cell, it is possible to quantify these species outside
the cell using specially designed (ultra-) microelectrodes and a
specific set of potentials as indicative measuring points - and to sub-
sequently calculate back to intracellular concentrations (see Fig. 7.5a).
Most ROS possess a characteristic electrochemical potential, and
such methods are able to capture otherwise elusive ROS and to dis-
tinguish between them (e.g., HZOZ, ONOO-, 'NO, and NOZ* can be
detected and quantified by measuring at 300, 450, 650, and 850 mV
vs. the Ag/AgCl electrode (SSCE), respectively) [20]. These methods
are particularly suitable for investigating ROS generating cells, such
as macrophages, and may even be employed to monitor events asso-
ciated with a single cell. The recent study by Hu et al. on a single
MG63 osteosarcoma cell submitted to mechanical stress, for instance,
reflects the enormous potential of this method [20]. Additional pub-
lications that describe simultaneous detections of different ROS and
RNS have been reviewed by Borgmann [88].

Nonetheless, one should emphasize that such an approach also has
its limitations. It is not possible to measure all ROS or RNS outside
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Fig. 7.5 (a) Single cell electrochemical measurements to monitor ROS/RNS
production at/near a single MG53 macrophage. As measurements are taken in the
growth medium close to the macrophage, ROS/RNS need to diffuse out of the
macrophage in order to be detected. (b) Prospective future measurements of ROS/
RNS inside cells. In contrast to the current state-of-the-art setup depicted in part
a, this proposed method measures ROS/RNS inside the cell using a tiny electrode
able to penetrate the cell membrane. This method does no longer require the dif-
fusion of reactive species out of the cells, yet relies on very small electrodes and
hence minute currents. Please note that this kind of intracellular electrochemical
monitoring is still in its early developmental phase and not yet available for rou-
tine measurements. It may also encounter additional complications due to the
presence of numerous (redox-active) biomolecules inside the cell

the cell because of the short lifetimes of the most reactive ones, such
as the "OH radical. The latter is unable to diffuse out of the cell, where
the microelectrode is placed, as it is too reactive and will be “lost”
before it can reach the electrode. One alternative would involve the
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application of nanoscopic electrodes which may be inserted into
intact cells (proposed in Fig. 7.5b). Unfortunately, electrodes which
would be small enough to operate within cells without interfering with
normal cell metabolism and, at the same time, would also be large
enough to provide a measurable current, are not yet available.

7.5 Characterization of Cysteine-Containing
Proteins and Enzymes

While the determination and in some cases also the quantification of
ROS and RNS at or near living cells has witnessed considerable prog-
ress during the last decade, electrochemical methods to characterize the
prime cellular targets of these reactive species, i.e., redox-sensitive
cysteine- and selenocysteine-containing proteins and enzymes, are still
in their infancy. This lack of appropriate methods to describe the
redox behavior of cysteine- and selenocysteine proteins is out of step
with the recent, dramatic progress in the field of sulfur-based intrac-
ellular redox signaling and regulatory systems. During the last
decade, numerous studies have provided a rather detailed insight into
the cellular “thiolstat”, a pivotal, overarching regulatory system
involved in cellular life and death decisions, including proliferation,
differentiation, and apoptosis [30, 94].

Today, there are just a few methods available to appropriately
characterize such regulatory processes at the level of proteins.
Frequently, sophisticated staining, antibody, and proteomic tech-
niques are employed to identify posttranslational cysteine
modifications in the cell, which include disulfide bond formation
(intra- and intermolecular disulfides, S-thiolation, S-glutathiolation),
S-nitrosation (leading to RSNO species), and sulfenic acid (RSOH)
formation (for a review see [94]). Nonetheless, these detection meth-
ods still provide a rather static picture. They may answer the question
which (cysteine) residues are modified in proteins and enzymes, yet
do not refer to the why. To answer the question why specific residues
are prone to modification, one may need to consider the reactivity or
oxidation potential of the (cysteine, selenocysteine) residues in
question and to compare them to other residues. Such Epa values of
thiols may explain and in the future even predict which particular
cysteine residues in which particular proteins become oxidized/
modified first and under which conditions, assuming the residues in
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question are accessible to oxidation and also come into contact with
oxidants.

It is rather disappointing, and in stark contrast to the thriving area
of electrochemistry of metalloproteins, that few electrochemical
investigations have been performed so far on cysteine- and seleno-
cysteine-containing proteins and enzymes. Indeed, the zinc/sulfur
protein metallothionein (MT-1 and MT-2), which contains seven zinc
ions bound to 20 cysteine residues in two zinc/sulfur clusters (Zn,Cys |
and Zn,Cys ), seems to be the only protein which has been detected
and whose redox properties have been analyzed so far using electro-
chemical techniques [12, 13, 95]. Here, the cysteine residues (rather
than the metal ions) are investigated. The same also applies to related
cysteine-based peptides [4, 5, 10, 96]. As these techniques rely on
mercury-based electrodes, they are obviously also complicated by
adsorption phenomena as discussed in Sect. 2. Nonetheless, these (and
related) studies provide the first examples of electrochemical investi-
gations of cysteine-redox behavior in proteins. Apart from these
examples, and to the best of our knowledge, electrochemistry so far
has not been employed to study the redox behavior of cysteine (or
selenocysteine) residues in proteins. As a consequence, a reliable
redox scale of sulfur and selenium proteins is not available yet, despite
the fact that the thiol/disulfide and the selenol/diselenide redox pairs
can both be detected at metal (mercury) electrodes (see Sect. 2).

Indeed, only a handful of redox potentials are available for cysteine
residues in peptides, proteins, and enzymes so far, for instance for
glutathione and the active site cysteine residues in human thioredoxin
(Trx), human glutaredoxin (Grx), human protein disulfide isomerase
(PDI), and TrxR (see Table 7.2) [97]. These values have been obtained
by indirect methods, such as equilibrium redox titrations using the
GSH/GSSG couple in conjunction with the Nernst equation.

Apart from oxidation and reduction potentials estimated for these
usual suspects (i.e., proteins and enzymes which are well-known to
be involved in the maintenance of the intracellular redox balance),
our knowledge regarding Epa values of cysteine residues is extremely
limited. Since such E values are currently unavailable, most bio-
chemists exploring the cellular thiolstat use pKa values instead.
While there is some merit in using acidity of a given cysteine thiol as
a measure for its reactivity (the thiolate form is considerably more
reactive than the thiol), the pKa value is a poor and too simplistic
substitute for true redox parameters.
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Table 7.2 Selection of well-known or widespread thiol/disulfide-based redox
proteins and enzymes (oxidoreductases)

Redox potential

Protein Motif in active site (mV vs. NHE)  Biological function
Thioredoxin -Cys-Gly-Pro-Cys- -270 Reduction of disulfide
(12 kDa) bonds in proteins and
enzymes
Glutaredoxin  -Cys-Pro-Tyr-Cys- —233(Grx-1); Catalyzes reduction
(9 kDa) —198 (Grx-3) of ribonucleotide
reductase by GSH
Tryparedoxin  -Cys-Pro-Pro-Cys- —249 Leishmania/Trypanosoma
(16 kDa) oxidoreductase which

catalyzes reduction
of disulfides and
utilizes trypanothione
in place of GSH

Protein -Cys-Gly-His-Cys- —127 Catalyzes reduction
disulfide and reformation of
isomerases (misformed) disulfide
(57 kDa) bonds

DsbA (21 kDa) -Cys-Pro-His-Cys- —125 Catalyzes formation/

rearrangement of
protein disulfide
bonds from thiols/
misformed disulfide
bonds

The cysteine-redox potential found in these proteins is fine-tuned by the amino
acid sequence and microenvironment found in these proteins. As shown in the
table, this potential may differ significantly between individual proteins. Not
surprisingly, potential differences also affect the biological function and activity
of these proteins/enzymes. While some of these proteins, for instance, primarily
act as reductases, others also exert a more oxidizing function

7.6 Electrochemistry of Sulfur-Containing Natural
Products

While the electrochemistry of cysteine proteins and enzymes is far
from trivial, sulfur-containing natural products, such as thiols,
disulfides, and polysulfanes, can be characterized electrochemically
with comparable ease. Such studies have been used rather exten-
sively in the context of redox-active antioxidants, chemopreventive
agents, and pro-oxidant redox modulators, some of which interfere
with cellular signaling [4, 5, 96].
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Table 7.3 Selection of naturally occurring reactive sulfur species known to occur
in (mammalian) biochemistry

Sulfur oxidation
Name Formula state (R=+1) Occurrence (in nature)
Thiol RSH -2 Allyl mercaptan, cysteine,
GSH
Disulfide RSSR -1 Dialkyl disulfide (DADS),
cystine
3-ethenyl-3,4- g -1 Garlic
dihydro-1,2- | Diallyl-trisulfide (DATS),
dithiine A calicheamicin y1
Diallyl-tetrasulfide (DATTS)
Trisulfide RSSSR -1,0, -1
Tetrasulfide RSSSSR -1,0,0, -1
Pentasulfide RSSSSSR -1,0,0,0,-1 Varacin
Perthiol RSSH -1 Allyl perthiol, thiocysteine
Hydropolysulfide RSxH (x>3) -1, 0(x—2), =1 Allyl hydrosulfides
Sulfide anion S -2 Metal/sulfur clusters, H,S, HS”

Polysulfide anion S * (x>2) -1, 0(x-2), -1 Possibly released from
organic sulfanes

Chemical formulas, sulfur oxidation states, and basic information regarding their
formation and occurrence are provided. This selection of electrochemically acces-
sible sulfur species is neither complete nor final

Table 7.3 provides a brief and necessarily incomplete overview of
such - electrochemically accessible - sulfur species which play a role
in Biology and on occasion also form part of pharmaceutical research.
In most instances, such products can be studied using CV and DPP in
conjunction with a metal electrode (often mercury, see Sect. 2).

Examples of particular interest include the various natural sulfur
compounds found in garlic and related Allium species, such as dial-
lyldisulfide (DADS), diallyl trisulfide (DATS), and diallyl tetrasulfide
(DATTS) [27, 29, 98]. While the quality of data obtained by such
methods is limited because of adsorption phenomena, CV still pro-
vides some crucial information which is lacking otherwise, includ-
ing aspects of the reversibility of reduction/oxidation and
electrochemical potentials. Indeed, CV of disulfides and polysul-
fanes is superior to alternative, non-electrochemical methods, such
as redox titrations with redox dyes, as CV is a direct method and
provides fairly precise, extensive, and reproducible information. In
the case of the diallyl polysulfanes, for instance, the electrochemical
studies reported by our group have shed some light on the redox
properties of these unusual sulfur compounds [27, 29, 30, 98, 99].
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They have also questioned the notion that polysulfanes are strong
oxidants and ultimately have supported the idea that such compounds -
once activated - act via a reducing mechanism. Here, electrochemical
data supports the concept of Munday and colleagues, which explains
the exceptional biological activity of diallyl polysulfanes (and related
polysulfanes) with the ability of their reduced forms to reduce dioxy-
gen to O, and the subsequent occurrence of an oxidative insult
[100]. Similarly, the electrochemical studies of naturally occurring
3-ethenyl-3,4-dihydro-1,2-dithiine (1,2-DT) have underlined the
rather distinct redox properties of this and related o,-unsaturated
disulfide compounds, which sets them apart from “normal” disulfides
(see Fig. 7.6) [101].

Similar electrochemical studies are certainly possible for related
disulfide-based compounds, including, for instance, thiuram disulfides
(such as the drug disulfiram) and 3-dithiolethiones (such as the drug
Oltipraz). At the same time, the release of hydrogen sulfide from
certain natural products or drug molecules, the biological effects of
inorganic polysulfides (S *°), and sulfur-metal interactions can also be
investigated electrochemically.

In contrast, some of the higher sulfur oxidation states, such as
sulfenic, sulfinic, and sulfonic acids, as well as thiosulfinates and
thiosulfonates, may not be accessible directly using electrochemical
techniques. As already mentioned, such sulfur species undergo redox
transformations via substitution mechanisms. Since these reactions
do not involve electron transfer, it may be difficult to access such
redox systems electrochemically, even if a particular “indicator”
reaction is employed (e.g., the electrochemical potential of one-
electron abstraction as possible indicator of nucleophilicity or elec-
trophilicity, see Sect. 2). Ultimately, biologically interesting sulfur
species, such as sulfenic and sulfinic acids as well as thiosulfinates,
may escape electrochemical analysis. Their redox behavior may have
to be measured and described by other means, for instance, by equi-
librium reactions with GSH or via the kinetics of the underlying
exchange reactions.

7.7 Electrochemistry as Part of QSAR

Despite the fact that many sulfur-containing natural products escape
a thorough electrochemical analysis, the research performed with
disulfides (and related structures) has shown that electrochemistry
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Fig. 7.6 Characterization of sulfur-containing natural products using CV in
conjunction with a dropping mercury electrode, as exemplified by the natural
compound 3-ethenyl-3,4-dihydro-1,2-dithiine (1,2-DT). This kind of analysis
provides valuable information regarding the redox behavior of such compounds,
including oxidation and reduction potentials and reversibility (a). Such measure-
ments are also capable of distinguishing between different sulfur compounds in
the same sample and can be run in the presence of a reference compound, such as
GSH (b). Voltammograms were recorded for 1,2-DT in the abscence and pres-
ence of GSH in phosphate buffer of pH 7.4 at a scan rate of 250 mV/s using a Hg
working, Pt wire counter, and Ag/AgCl reference electrode (Khairan et al.,
unpublished results)
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may provide a fast and reliable tool to describe the redox properties
of such compounds and subsequently also explain, rationalize, and
even predict biological activity (or the lack thereof). Not surprisingly,
methods such as CV and DPP have also been used to characterize the
redox properties of redox-active selenium- and tellurium agents,
especially those used in the context of intracellular redox modulation
[25, 26, 32, 102-104]. If redox processes are able to control cell pro-
liferation, differentiation, and apoptosis, so the idea, then agents able
to modulate such processes should qualify as highly effective and
maybe even selective drugs for a wide range of human diseases
[105, 106]. Indeed, chemoprevention by antioxidants, aging and oxi-
dative stress, inflammation and antioxidants, host defense against
invading microorganisms via an oxidative burst, and cancer cells
going into apoptosis due to crossing the internal redox threshold are
all important and current topics related—in one way or another—to
redox control [23].

It is therefore hardly surprising that research into redox modulat-
ing agents is currently booming and methods such as CV and DPP
provide a wide range of opportunities to analyze and describe such
compounds (Fig. 7.7). During the 1990s, Ian Cotgreave, Lars
Engman, and colleagues at the Karolinska Institute, Stockholm,
Sweden have employed CV for the characterization of various GPx
mimics, i.e., structurally related selenium and tellurium compounds
[25, 102]. These studies, conducted at platinum-button working elec-
trodes in dichloromethane (Bu 4NClO4 as electrolyte), have, for
instance, revealed a certain correlation between the oxidation poten-
tials of structurally related chalcogen compounds and their antioxi-
dant capacity in biological test systems [25]. Indeed, “oxidisability”
can be related to the structure of such compounds and also has a
profound effect on the compound’s antioxidant capacity [102].
A similar link between the molecular structure of redox-active chal-
cogen compounds, their oxidation potential, and subsequent biologi-
cal activity has also been observed by Giles et al. using a set of
structurally related selenium and tellurium compounds and an in vitro
(catalytic) antioxidant assay [26, 32, 107]. In these studies, the first
oxidation potential (Epa,) again seems to be indicative of the “oxidis-
ability”, and hence chemical redox (re-)activity, which in turn seems
to be responsible for biological activity.

Many aspects of these early, pioneering electrochemical investigations into
the emerging “chemical structure-electrochemical potential-biological
activity relationship” could since be confirmed in organic solvents as well
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Fig. 7.7 Prospective role of electrochemical analysis in modern QSAR. Methods
such as CV and polarography can be used to obtain valuable information regarding
the redox properties of prospective drug molecules which exert their biological
effects via a redox-based reaction (e.g., oxidative modification of target proteins).
The chemical structure determines electrochemical properties (e.g., Epa values),
which in turn may influence chemical reactivity, control the biochemical mode of
action, and subsequently may explain aspects of biological activity

as in aqueous solutions. The electrochemical parameters clearly occupy a
prominent position in this three-way relationship: On one hand, they
reflect structural features of the compounds, such as a particular redox
mechanism or the presence of electron donating or withdrawing substitu-
ents. On the other hand, they are indicative of a particular redox behavior
which plays a central role in the compound’s biological activity (see
Fig. 7.7). While it is hardly surprising that agents acting as redox modula-
tors also exhibit a redox chemistry which in some ways is the cause and
hence also predictive of the biological activity, it is indeed surprising to
notice that many of these compounds have not yet been studied properly
by electrochemical methods. As the therapeutic interest in redox modula-
tion continues to grow, one may anticipate additional, maybe even pioneer-
ing electrochemical work in this area of pharmaceutical research.

7.8 Outlook and Conclusions

The previous sections have shown that electrochemical methods
already play a significant role in the analysis of chalcogen-centered
biological redox processes, from monitoring the formation of ROS
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and RNS at the single cell level and the characterization of the redox
properties of cysteine proteins and enzymes to the elucidation of
structure-potential-activity relationships for diverse natural sulfur
compounds and synthetic selenium- and tellurium-based redox
modulators. Nonetheless, our discussion of these examples has also
demonstrated that there are many questions that still need to be
addressed and subsequently answered. Here, we would like to point
toward a few areas of biological redox chemistry which are still in
desperate need of proper analysis, and where electrochemical meth-
ods may play a significant role in the future.

First of all, the appropriate description of the complex redox
behavior of cysteine proteins and enzymes comes to mind. As an
increasing number of redox-active, regulatory, and signaling cysteine
proteins of the cellular thiolstat is emerging, there is an urgent need
to determine the precise redox properties of these proteins, including
their susceptibility toward oxidation and S-thiolation as well as
reversibility of such processes. These posttranslational modifications
often control protein function and enzyme activity. They do not occur
randomly, but rather seem to target particular cysteine (and seleno-
cysteine) residues in specific proteins, probably on the basis of low
oxidation potential of the given residue and/or its accessibility for the
oxidizing agents. Not surprisingly, electrochemical studies would
assist enormously in determining which of these proteins are especially
prone toward oxidation/modification, which residues are primarily
affected and if such modifications are reversible or not.

Another area of interest is the characterization of sulfur-, selenium-,
and tellurium-containing agents which may be beneficial as redox
modulating drugs (e.g., as antioxidants, cytostatic/cytotoxic drugs).
The last two decades have witnessed considerable progress in this
area, yet considerably more studies with more substances need to be
performed to establish appropriate structure-potential-activity rela-
tionships. Ultimately, electrochemistry may play a central role in
this field of research, as the electrochemical potentials reflect the
structural properties and also form the basis for biological activity.
In the end, Epa and Epc values may not only be considerably more
precise, reliable, and reproducible when compared to “activities” in
the various antioxidant and redox assays (such as the ferric reducing
antioxidant power (FRAP) assay, the total antioxidant capacity
(TAC) assay, or the oxygen radical absorption capacity (ORAC)
assay) they may also be much easier to obtain and faster to
measure.
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In any case, the biological chemistry of sulfur, selenium, and
tellurium provides ample opportunities for innovative electrochemical
investigations in the near and medium future.
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