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Abstract

Chemical toxicity has a serious impact on public health, and toxicity failures of drug candidates
drive up drug development costs. Many /n vitro bioassays exist for toxicity screening, and newer
versions of these tend to be high throughput or high content assays, some of which rely on
electrochemical detection. Toxicity very often results from metabolites of the chemicals we are
exposed to, so it is important that assays feature metabolic conversion. Combining bioassays,
computational predictions, and accurate chemical pathway elucidation presents our best chance for
reliable toxicity prediction. Employing electrochemical and electrochemiluminescent approaches,
cell-free microfluidic arrays can measure relative rates of formation of DNA-metabolite adduct
formation (a measure of genotoxicity) as well as DNA oxidation levels resulting from enzyme-
generated metabolites. Enzymes for several organ types can be studied simultaneously. These
arrays can be used to identify the most reactive metabolites, and subsequent mechanistic details
can then be investigated with high throughput LC-HPLC using enzyme/DNA-coated magnetic
beads.
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Thousands of new chemicals are produced annually, and many find their way into our
bodies.! These may elicit toxicity directly or, most often, via their enzyme-generated
metabolites. From a pharmaceutical development standpoint, the cost of developing new
drug candidates exceeds US$5 billion; therefore, it is vitally important to predict potential
toxicity for compounds designed to be ingested or internalized in some fashion.2 Numerous
in vitro high throughput screening methods have been developed to predict toxicity.3-> New
drug candidates are screened using initial bioassay panels followed by animal studies, then
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human clinical trials. However, 30% of drug candidates fail due to toxicity uncovered only
in clinical testing or later.

Animal models are often not very predictive of human responses as toxicity biochemistry is
species-dependent and incompletely understood.® Parent chemicals are converted to
metabolites for excretion, but metabolites can be dangerously reactive toward DNA, RNA,
and proteins. Metabolic generation of reactive species is called bioactivation, and can result
in genotoxic, or covalent adducts, reactive oxidation species (ROS),>7, or so-called
idiosyncratic drug reactions (IDR).8 Major sources of bioactivated metabolites are
cytochrome (cyt) P450 enzymes that are present in all human organs and involved in 75% of
metabolic reactions of existing drugs.® Cyt P450s mainly catalyze oxygen transfers while
sequential bioconjugation enzymes add hydrophilic moieties, but can also lead to enhanced
bioactivation of the parent compound.

Toxicity bioassays are often inaccurate when accounting for reactive metabolites.>10
Traditional toxicity screens target genotoxicity (related to DNA damage), channel blocking,
drug-drug interactions, and metabolite-mediated toxicity.11:12 A common genotoxicity assay
is the Ames test,13 which identifies genotoxins based on bacterial growth upon compound
exposure.13 High-throughput modifications to this and other established genotoxicity assays
have been developed,12:14-18 byt sensitivity19-20 and accuracy limitations exist, mainly due
to the inability to accurately account for reactive metabolites.12:20.21 New, more predictive
toxicity tests are needed as well as elucidation of complex chemical pathways leading to
toxicity. Eukaryotic cell assays may provide better accuracy than traditional prokaryotic
genotoxicity screens.20 Several genotoxicity assays utilizing electrochemical detection
strategies have been implemented and are reviewed elsewhere.22 Additional structure-based
toxicity information is desired; however, and if this can be achieved, medicinal chemists
may be able to synthetically design toxicity out of specific products while retaining desired
therapeutic effects.

There are strong trends toward high content analysis (HCA) or throughput screening
(HTS).23:24 Many of these are image-based utilizing light- emitting probes that incorporate
into different cellular sites and are multi-color imaged to detect phenotypic changes for
monitoring of multiple toxicity endpoints.2> Novel high throughput electrochemical
strategies have utilized nanomaterials?® or microdevice fabrication strategies.?”
Electrochemical detection can offer rapid, label-free toxicity assessments.2” Carbon fiber
microelectrodes implanted in zebrafish embryos have been used to detect reactive oxygen
and nitrogen species generation from nanoparticle exposure.28 Microsome metabolism has
been monitored with zinc oxide nanowires.28 Electrochemical impedance spectroscopy
(E1S) methods have been used extensively to detect toxicity based on altered cellular
morphology.2? Novel strategies have utilized EIS to assay pharmaceutical toxicity toward
HeLa and fibroblast cells immobilized in a 3D-hydrogel flow array.2”

Many HCA assays are limited by two-dimensional cell cultures that may not correlate with
in vivo responses.11:30 Recent research has focused on 3-D cell cultures to more accurately
model metabolism and toxicity,31-34 but difficulties remain in accurately mimicking human
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response. Devices that mimic cell environments in one or more organs simultaneously have
been described.11:30.35

One key drawback to many established bioassays is that reaction pathways of toxicity are
insufficiently addressed. We have attempted to remedy this by first detecting a biological
event using electrochemical or electrochemiluminescent arrays and following up using
structure-based analysis methods. We developed high throughput sensor arrays designed to
first screen for “toxic hits” followed by LC-MS/MS to investigate chemical pathways in
more detail.®> These cell-free methods employ high throughput arrays with DNA damage
endpoints to reveal the possibility of toxicity-related chemical reactions.3-> Here,
established layer-by-layer (LbL) film fabrication protocols36:37 are utilized to immobilize
metabolic enzymes, DNA, and polyions in thin films for screening arrays.> Similar films are
formed on magnetic particles to produce samples for LC-MS/MS.®, The enzymes produce
metabolites, and reactive metabolites may damage DNA in the films. DNA and metabolic
enzymes have very high relative concentrations in the films, facilitating faster reaction
kinetics. Many reactive metabolites form nucleobase adducts that may be stable or may lead
to abasic sites.> DNA strand breaks and oxidation of guanines are also possible.

Electrochemical detection in these arrays is accomplished by oxidation of a catalytic
Ru(bipyridyl)-poly(vinylpyridine) (RuPVP) polymer in the films. Reaction with DNA
produces enhanced electrochemical and electrochemiluminescent (ECL) signals, both of
which have been used for detection.> The mechanistic details have been covered extensively
elsewhere.>38:39 Damaged DNA disorders the double helix of DNA to provide better access
of Ru'! sites in the polymer to reactive guanines in DNA, providing larger current signals
than for intact DNA.>40 For LC-MS/MS, similar films without RuPVP are grown on
magnetic beads. Metabolic enzyme reactions are performed in 96 well filter plates, and
hydrolyzed DNA containing damaged nucleobases is collected by filtration into another
plate for LC-MS/MS.5

Figure 1 shows a recent electrochemical flow cell array designed for more high-throughput
toxicity analysis. If enzyme films contain CPR — e.g. microsomal films — then cyt P450s in
the films can be activated via direct CPR reduction by the electrode as opposed to addition
of exogenous NADPH. 40 This microfluidic array metabolized test molecules /i situto
produce reactive metabolites that may damage DNA to produce larger peak currents. These
devices have been utilized to screen for pollutant chemicals with known toxicity, to study the
interaction of cyt P450s with varied metabolic enzymes,*! and to detect DNA adducts and
oxidized DNA in the same array.*2 In the latter system, a catalytic osmium metallopolymer
(OsPVP) oxidized at lower potentials was utilized, which is selective for 8-oxo-guanine.

ECL sensor arrays featuring RuPVP have been developed in higher throughput
formats.>37:38 Qur most advanced ECL array features a 64-microwell reactor chip and are
shown in Figure 2.43 A computer printed pattern of hydrophobic ink is heat transferred to a
conductive pyrolytic graphite sheet to form 64 microwells about 10-15 nm deep that are
filled with RuPVP/enzyme/DNA films. Reaction media containing the test chemical flows
into the reactor where metabolites are generated that can react with DNA. Following a
rinsing step, 1.25 V vs. Ag/AgCl is applied for 180 s in a dark box to generate ECL
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measured with a CCD camera.> 44 Electrochemical oxidation of Ru' in RuPVP initiates a
multistep redox pathway involving guanines in DNA as ECL co-reactants to generate
electronically excited Ru'!” sites that decay to emit visible ECL light. Pure human enzymes,
enzyme mixtures, and enzyme sources such as microsomes, human liver S9 enzyme
fractions (HS9), and supersomes of cyt P450s from various organs can be used in the
arrays.** Array results provide relative rates of DNA damage, as confirmed by LC-MS/MS.5
These arrays have proven effective to establish detailed metabolic pathways utilizing
different enzymes, when coupled with LC-MS/MS.® In this vein, the utility of the ECL
sensor/MS approach is not in the analysis and measurement of toxic chemical in samples.
Rather, our approach is designed to identify toxic metabolites and pathways involving test
compounds potentially leading to toxicity. For instance, we have used ECL arrays and MS to
detect reactive metabolites and elucidate how interspecies metabolism differences lead to
altered toxicity outcomes from exposure to the cancer-drug tamoxifen.*®

In summary, the landscape of toxicity screening is rapidly changing and improving in terms
of throughput and predictive capabilities. Although not covered here, computational
predictions also represent a significant contribution to toxicity prediction. An approach that
combines bioassays and computational results with accurate chemical pathway information
has an excellent chance to mitigate the harmful consequences of toxicity. We have
demonstrated that electrochemical sensor arrays have the potential to rapidly elucidate
potential toxicity, particularly metabolite-mediated toxicity. Coupling LC-MS/MS adds
structural and pathway information. Overall, while many emerging toxicity bioassays are
inherently complex,® the electrochemical sensor arrays are relatively simple and benefits
including ease of setup, speed of analysis, and cost make this an attractive toxicity screening
platform for future use in pharmaceutical development.
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Highlights
. A discussion of traditional and cutting edge sensor/array chemical toxicity
screening methods.
. Electrochemical assays provide benefits over established tox-screening
methods.
. Novel ECL and flow-cell arrays can be used to detect metabolite-mediated
toxicity.
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Figure 1.

a) Microfluidic electrochemical array system used for detection of reactive metabolites
formed by liver enzyme cyt P450s. Flow direction is denotred by blue arrows. b) Simulated
SWV data for one electrode in the array showing the increase in oxidative peak current as
xenobiotic exposure time increases.
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Figure 2.
64-microwell ECL chip and the fluidic reaction chamber: a) assembly of the flow cell, b)

underside view of reference and counter electrode wires in the top poly(methylmethacrylate)
(PMMA) plate, c) pyrolytic graphite (PG) chip with computer-printed microwells. The first
row shows 1 uL water droplets on each of the wells. d) Output ECL of the array showing
different enzyme reactions and controls. As xenobiotic exposure time increases, ECL
becomes more intense.
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