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Abstract

New chemicals or drugs must be guaranteed safe before they can be mar-
keted. Despite widespread use of bioassay panels for toxicity prediction,
products that are toxic to a subset of the population often are not identi-
fied until clinical trials. This article reviews new array methodologies based
on enzyme/DNA films that form and identify DNA-reactive metabolites
that are indicators of potentially genotoxic species. This molecularly based
methodology is designed in a rapid screening array that utilizes electro-
chemiluminescence (ECL) to detect metabolite-DNA reactions, as well as
biocolloid reactors that provide the DNA adducts and metabolites for liquid
chromatography—mass spectrometry (LC-MS) analysis. ECL arrays provide
rapid toxicity screening, and the biocolloid reactor LC-MS approach pro-
vides a valuable follow-up on structure, identification, and formation rates
of DNA adducts for toxicity hits from the ECL array screening. Specific
examples using this strategy are discussed. Integration of high-throughput
versions of these toxicity-screening methods with existing drug toxicity
bioassays should allow for better human toxicity prediction as well as more
informed decision making regarding new chemical and drug candidates.
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Electrochemi-
luminescence (ECL):
electrochemical
generation of light
using a luminescent
species and a
coreactant

Toxicity screening:
refers to methods that
can identify toxic
compounds by in vitro
tests, preferably in
high throughput

Bioassays: assays that
depend on cell cultures
or animals

Biocolloid reactors:
nanoparticles coated
with enzymes and
other reactive species;
in this review, particles
coated with DNA and
enzymes

DNA adducts:
products of the
reaction of DNA,
usually at bases, with
other molecules
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1. INTRODUCTION

Analytical technologies have a rich history of helping to solve biomedical problems. For example,
enzyme-based electrochemical biosensors provide methods of choice for diabetic patients to mea-
sure their blood glucose (1). Electrochemical biosensors have been developed to detect DNA for
genetic analysis and protein biomarkers for disease detection (2, 3). Electrochemiluminescence
(ECL), a type of electrochemically generated luminescence, has facilitated the sensitive detec-
tion of nucleic acids and proteins (4, 5). Liquid chromatography—mass spectrometry (LC-MS)
has become an essential tool for a wide range of biomedical research (6-8). LC-MS also pro-
vides sensitive methodology for detecting DNA base adducts that are toxicity biomarkers (9, 10).
Roughly a decade ago, our research team at the University of Connecticut combined nanoscience
with some of the above techniques to yield molecularly based methods for new chemical and drug
toxicity screening. This review relates the story of our methods-development journey.

First, we discuss the need for toxicity screening and the metabolic basis of toxic effects. Second,
we briefly summarize alternative toxicity-screening bioassays to show how our methodology differs
from and complements traditional and emerging methods. Third, we discuss the background
of electrochemical DNA-damage and toxicity screening to place our methodology in context.
Fourth, we discuss ECL array development and enzyme-DNA biocolloid reactor arrays as sample
generators for LC-MS. Fifth, we describe a case study that combines both of these methods for
toxicity assessment. Finally, we close with some predictions for the future of this research.

2. SCREENING FOR METABOLIC TOXICITY

New chemicals such as drugs and chemical products that can find their way into our bodies must
be guaranteed safe before they can be marketed. For drugs, this assessment is carried out by first
using panels of bioassays designed for this purpose, then progressing with animal toxicity studies,
and finally, using human clinical trials. A wide range of bioassays for human toxicity prediction
have been developed. Despite having been tested with selected toxicity bioassay panels, some drug
candidates that are toxic to a subset of the population are not identified until they are tested or
used in humans. In fact, approximately 30% of drug candidates fail at the clinical testing stages
due to toxicity issues. Some toxicity-linked drug failures do not manifest until after the drugs are
marketed, with catastrophic consequences. Currently, up to US$2 billion are required to develop
a single drug, and failures drive up general drug costs (12). Thus, predicting drug toxicity at the
earliest stages of development is also critical for the economy of health care (13).

Bioassays for toxicity assessment employ microsomes, cell cultures, or animals (13-15).
Numerous assays are typically combined into a panel that can provide a reasonably good pre-
diction of human toxicity (15). Nevertheless, the behavior of a given drug in specific individuals,
who may also be taking other drugs, can be nearly impossible to predict via bioassay panels. Al-
though existing toxicity tests are important and useful, their predictive shortcomings are well
known. Furthermore, animal and human responses to drugs differ widely and depend on the drug
being tested, so animal toxicity studies have variable predictive usefulness.

Approximately a decade ago, our research group identified an unfilled niche for high-
throughput, molecularly based screening assays in array formats (16, 17). These assays aimed
to predict whether metabolites of drugs and pollutants could react with biomolecules and thus be
identified as potentially toxic. We chose damage to DNA as an analytical target because DNA
adducts are known toxicity biomarkers (9, 10). Our approach required metabolic enzymes to pro-
duce the metabolites in close proximity to DNA. Thus, our methods were developed on the basis
of dense DNA-enzyme films on array surfaces or nanoparticles. The latter are biocolloid reactors
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that provide samples for LC-MS. Either ECL or LC-MS is used to provide DNA-damage rates
that are correlated to the toxicity of compounds and their metabolites (18). In a typical scenario,
arrays are used to quickly assess that metabolites react with DNA; then biocolloid reactors gener-
ate samples used to elucidate structures and measure the formation rates of individual nucleobase
adducts thatare responsible for array response. The devices we have developed are inexpensive, are
high throughput, and can be employed at early drug-development stages to contribute important
toxicity-related reactivity and structure information for test candidates. As far as we know, such
specific metabolite reactivity and structural information are not provided by any bioassays. Thus,
the approaches described in this review are meant to complement rather than replace existing
toxicity bioassays.

The ECL and LC-MS arrays that we developed and discuss below are based on the detection of
reactions between DNA and drug or pollutant molecules, or their enzyme-generated metabolites,
that produce covalently linked nucleobase adducts (19-21). These adducts are excellent biomarkers
for genetic toxicity and cancer risk (22). Reactive metabolites also react with proteins and other
biomolecules to yield toxic effects. However, DNA adducts formed by interactions with drug
molecules and their metabolites are convenient end points because they are easily measured by
ECL and LC-MS.

Bioactivation is a term used to denote reactive metabolite generation by enzymes. When these
reactive metabolites cause DNA damage, they are described as genotoxic. Many substrates yield
DNA-reactive metabolites, including styrene, polyaromatic hydrocarbons, nitrosamines, aromatic
amines, tamoxifen, and other chemotherapeutic agents (23-26). One source of these metabolites
comprises the cytochrome (cyt) P450s. The P450s are the major enzymes catalyzing oxidations
in the human liver; they account for 75% of all metabolic reactions (Figure 1) (27-30). Figure 2
depicts an accepted catalytic cycle for oxidations by these ferric iron-heme (P-Fe) enzymes that can
lead to bioactivation. As discussed below, the toxicity assays that we have developed include these
enzymes, so metabolites as well as the parent molecules themselves are featured in the analysis.

Metabolic bioconjugation enzymes have also been included in our toxicity-screening arrays to
provide a collection of enzymes that are representative of human or rodent metabolism. Alone or
in tandem with cyt P450s, bioconjugation enzymes can deactivate or bioactivate foreign chemicals.

a CytP4501A2 b Drug-metabolism
bioactivation

Esterase

MOs/NAT

/ Human P450s
M

S

PDB: 2HI4

Figure 1

(@) Structure of human liver cytochrome (cyt) P450. (5) The fraction of existing drugs metabolized by various
enzymes. Abbreviations: MO, monooxygenase; NAT, N-acetyltransferase; PDB, Protein Data Bank
identification; UGT, uridine glutathione transferases.
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Bioactivation:
generation of reactive
metabolites by
metabolic enzymes

Genotoxicity: refers
to toxic effects caused
by a reaction between
a molecule or its

metabolites and DNA
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Figure 2

Pathway for cytochrome (cyt) P450-catalyzed metabolic reactions. Initially, the ferric iron-heme (P-Fe)
enzyme has water bound to the distal side (I) and binds substrate RH to eliminate the water (2). Substrate is
bound in 2 above the iron heme in a hydrophobic pocket. Next, 2 is reduced to 3 by NADPH-dependent
reductase to yield ferrous heme enzyme, which then binds dioxygen to form ferrous dioxygen or ferric
superoxy complex (4) (31). This complex is reduced to P-Fe(IlI)-OOH via NADPH reductase to yield 5 and
is then protonated to 6. P-Fe(III)-OOH (6) may also be generated by peroxide via the reversible peroxide
shunt. Protonation of 6 and dioxygen cleavage lead to active heme-iron(IV)-oxo radical cation (7), which
transfers oxygen to the bound substrate to yield the product ROH. Exposure of ferrous form 3 to carbon
monoxide (CO) yields P-Fe(II)-CO complex 9, which absorbs 450-nm light, hence the name cyt P450 (28).
Abbreviation: CPR, cytochrome 450 reductase.

Bioconjugations can follow or precede cyt P450-mediated oxidation to yield reactive metabolites
by multienzyme pathways (29, 30). To place our methodologies in context, in the next section we
briefly summarize existing and emerging approaches to toxicity screening.

3. ALTERNATIVE TOXICITY-SCREENING ASSAYS AND BIOASSAYS

3.1. Conventional Toxicity Screening

Here, we briefly survey conventional and emerging methods for genotoxicity screening to provide
background and comparisons with the approaches that we have developed. Research in this area
confirms that DNA damage as a measure of genotoxicity correlates well with overall toxicity
and carcinogenicity. Genotoxicity bioassays developed in the 1970s are still in use (14). Assays
include the Salmonelln reverse mutagenicity assay (Ames test) (32), the SOS/umu test (29, 33), the
micronucleus test (34), the chromosomal aberration test, the mouse lymphoma assay (14), and
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the Comet assay (35, 36). Typically, cell growth, protein expression, or electrophoresis tail length
(Comet assay) (36) is used to gauge relative genotoxicity. Sensitive derivatization (37); separation
(38, 39); and spectral methods, including mass (40, 41), fluorescence (42), IR (43), and Raman
(44), have also been developed to detect DNA damage (45).

The widely used Ames assay monitors frameshifts or base-pair substitutions in bacterial DNA
that result from exposure to test compounds (32, 46-48). To account for metabolite-mediated
toxicity, addition of exogenous liver homogenate (S9 fraction) is often necessary (14, 33), but
it can hamper throughput and accuracy (59) and provides limited information about enzyme
specificity. Such information can be evaluated by incorporating cyt P450s into supersomes or liver
cells and employing colorimetry or chemiluminescence to assay toxicity. Inhibitors are used to
identify responsible cyt P450s (49). Idiosyncratic drug reactions (50) and drug-protein interactions
have been studied through the use of hepatocytes or microsomal media with radioactive or LC-
MS analysis (51). Nucleophilic reactive metabolite trapping, followed by LC-MS, also provides
important information (12, 29, 52). Assay throughput and accuracy have been improved through
the use of microtiter plates (14, 53-57) in conjunction with green fluorescent protein (GFP)-
transformed eukaryotic cells (58-60).

3.2. Emerging Sensor Technologies

Assaying cellular shape as a viability marker is a feature of several emerging toxicity sensors.
Exposed cells adopt a less uniform morphology, which affects the transduction surface on which
they adhere. Increased light scattering (61) from hepatocytes immobilized on photonic crys-
tals and decreased electron-transfer impedance (62—64) from a cellular-modified microelec-
trode/microtiter plate apparatus have been monitored following drug exposure. Inhalation tox-
icants exposed to alveolar cells were studied with fiber evanescent-wave spectroscopy used to
monitor mid-IR wavelengths (65). Walt and colleagues (66) developed a genotoxicity assay array
using recA:gfp or katG:lux fusion plasmid—transformed Escherichia coli immobilized in fiber-optic
microwells. GFP fluorescence or LuxR bioluminescence can be monitored to distinguish geno-
toxic from oxidative damaging xenobiotics (66-69).

Notingher (70) and Zhang and colleagues (71) used a single-cell gold microarray to monitor
apoptosis-related DNA damage with confocal Raman spectroscopy. Miniaturized toxicity assay
devices such as the micropatterned Comet array (72) and the Meta-Chip/Data-Chip, which con-
nects cyt P450s with cell lines in a two-dimensional (73) or three-dimensional (74) array apparatus,
have the potential to increase toxicity-screening throughput (75-77). The next section includes
details of our genotoxicity-screening arrays and assay protocols.

4. IN VITRO DNA-DAMAGE AND TOXICITY SCREENING

4.1. Electrochemical Detection Technologies

Electrochemical methods for DNA-damage and toxicity detection have been developed for more
than 50 years (78). In the sections below, we first provide some historical context to show how
our toxicity array development has been influenced by this decades-long research effort. We then
discuss our approach to measuring the rate of DNA damage by the target compounds and in situ
enzyme-generated metabolites.

4.1.1. History and overview Benefits of electrochemical methodologies include speed, low cost,
and simplicity of design. Palecek (79) and Fojta (78) pioneered the use of mercury and carbon
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electrodes to measure DNA damage. Damaged DNA interacts with mercury electrodes to produce
a unique ac voltammetry peak at —1.4 V versus the saturated calomel reference electrode (SCE).
Single- and double-strand (ds) breaks, along with enzymatic DNA-repair action, can be detected
by monitoring the increase or decrease, respectively, of this voltammetric peak (80-82). Similar
electrocatalytic protocols involving OsOy, 2,2’-bipyridine (bpy) modifications (83), or Ru(bpy);>*
(84), have also been developed to detect DNA damage.

Electrodes modified with short (~20-bp) oligomers have been used to monitor xenobiotic dam-
age at specific DNA sequences (85). Essentially, damage at specific DNA sequences is measured
through the use of a hybridization approach in which target DNA is captured by an immobilized
probe that exhibits a complementary sequence, followed by exposure to a potential damage-causing
xenobiotic molecule. Fluctuations in the redox properties of an electroactive probe bound to DNA
before and after exposure to the xenobiotic provide information about DNA damage. Boal &
Barton (86) have used this approach to detect oxidative adducts, as have Buzzeo & Barton (87) for
abasic sites. Wong & Gooding (88) studied binding of the anticancer drug cisplatin to a specific
intrastrand GG sequence. Satterwhite & Hvastkovs (89) used a similar approach to study the
binding of benzo[a]pyrene (BP) to p53 gene-sequence oligomers.

4.1.2. Electrochemical sensors for metabolic toxicity In 2001, we began developing sensors
for metabolic toxicity by combining metabolic enzymes, DNA, and polyions in thin films on
electrodes (90, 91). All of these (and succeeding) approaches produce metabolites in an enzyme
reaction step, then monitor DNA damage in an electrochemical detection step. The early sensors
and all of our subsequent ECL arrays and LC-MS bioreactors employ a versatile layer-by-layer
(LbL) film-fabrication method (92). Films are assembled through electrostatic adsorption of alter-
nately charged layers of DNA and polyelectrolytes, including redox polymers, metabolic enzymes,
proteins, and synthetic polyions. These films have excellent stability, and their thickness can be
controlled on the nanometer scale.

The typical growth of electrochemical sensor films begins with a negatively charged pyrolytic
graphite (PG) disk electrode dipped into an aqueous 1-3 mg liter™! polycation solution. Steady-
state adsorption of the polycation is reached within ~20 min (92). After being washed with water,
the surface is positively charged because of excess surface polycations (Figure 34). This electrode
is then dipped into a DNA solution, and this newly adsorbed anionic layer reverses the surface
charge. Following washing, a positively charged enzyme is then adsorbed. These steps are repeated
until the desired number of DNA-enzyme bilayers has been deposited. Adsorption is accomplished
by placing single 10-30-pul drops on the sensor electrode, which conserves expensive DNA and
enzymes (93). Very stable films are obtained because strong interactions are selected; the strong
interactions result from the washing steps’ removal of weakly adsorbed molecules.

Quality control of stepwise film assembly can be monitored by quartz crystal microbalance
(QCM) weighing, surface plasmon resonance, spectroscopy, voltammetry, and other methods.
QCM provides estimates of the amounts of DNA and enzyme in the films. Although the films
are fabricated one layer at a time, individual layers are intermixed with their neighbors (92, 93).
Layer mixing facilitates toxicity-screening applications by bringing together enzymes and DNA
so that the generated reactant molecules are formed in a restricted volume with a very large DNA
concentration.

Our toxicity sensors mimic human liver metabolism by combining enzyme bioactivation with
resulting DNA damage. All the sensing approaches involve two steps: (#) bioactivation of test
chemicals by metabolic enzymes in the films and (b)) measurement of DNA damage from the
resulting metabolites (Figure 35). Our initial electrochemical sensors featured 20-40-nm-thick
films containing bacterial cyt P450,,,,. The enzymes were activated by H, O, (Figure 2) to produce

Huastkovs o Schenkman o Rusling



Annua Review of Analytical Chemistry 2012.5:79-105. Downloaded from www.annualreviews.org
by Rowan University on 06/20/12. For personal use only

a b

- = - = = == Lipophilic molecule 7
/)
Negative electrode surface
Styrene
Polymer <— CytP450,0,—> Y|
0
Enzyme-activated
Successive polycation molecule
(Ru-PVP catalyst) and Styrene
polyanion (DNA) oxide
adsorption with washing +DNA

Damaged DNA

|—> Detect by ECL,

voltammetry,
LC-MS, CE-LIF

W0

Repeat for desired
number of layers

Figure 3

Approaches used to design toxicity sensors and arrays. (#) Polyion-DNA-enzyme film formation by the
layer-by-layer method. (b)) Example of a pathway of molecular bioactivation leading to a toxic metabolite that
reacts with DNA. Abbreviations: CE-LIF, capillary electrophoresis-laser-induced fluorescence; cyt,
cytochrome; ECL, electrochemiluminescence; LC-MS, liquid chromatography-mass spectrometry.

metabolites that react with dsDNA as they diffuse out of the film. Control experiments showed that,
under the conditions of these experiments, no DNA damage occurs from H, O, alone; therefore,
such damage arises from reactions with metabolites. DNA damage was detected by square-wave
voltammetry (SWV) through the use of catalytic oxidation of DNA by dissolved Ru(bpy);** (94).
DNA detection is based on the oxidation of guanine, the most easily oxidized DNA nucleobase
(78). Ru(bpy);** oxidizes only guanines in DNA by electrochemical catalysis (Figure 4) (95).

In our first toxicity-screening sensors, soluble Ru(bpy);** was oxidized by the electrode to
yield Ru(bpy);** (Figure 44), which reacts with DNA to yield guanine radical DNA(G) in a
fast proton-coupled chemical step (Figure 4b) (95) that regenerates Ru(bpy);**. Peak current
increases as the rate of the step in Figure 45 increases. The chemical damage to the DNA partly
unwinds the DNA double helix, making the guanines in the DNA more accessible to Ru(bpy);**
and increasing the rate of guanine oxidation, resulting in increases in the SWV peak current. By

a
Ru(bpy);** ——> Ru(bpy);3* + e” (at electrode)

b

Ru(bpy);3*+ DNA(G) = Ru(bpy);2* + DNA(G-) + H*

Figure 4

Pathway for electrocatalytic guanine oxidation by soluble Ru(bpy);*.
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hydrolyzing the films and measuring the DNA adduct—formation rate using LC-MS (11, 18, 90,
91), we showed that SWV peak current-versus-reaction time plots corresponded to DNA-damage
rates. Sensor and LC-MS results also correlated well with animal genotoxicity metrics (9, 96).

4.1.3. Single-electrode electrochemiluminescence toxicity sensors. ECL is an electrochem-
ically driven light-emission process that has increased in importance in bioanalysis (4, 5). In many
applications, Ru(bpy);** produces visible ECL light through chemical interactions with a sac-
rificial reductant, such as tripropylamine (TprA), at oxidizing potentials to yield excited-state
[Ru(bpy);>]*, which emits light at 610 nm. The mechanism involves reactions of both oxidized
and reduced forms of TprA and Ru(bpy);>* and depends on concentrations of both. Various
ECL-producing mechanisms involving these reactants have been summarized elsewhere (97).
Ru(bpy);**-labeled DNA using TprA coreactant has been developed into a very sensitive ECL
method to detect oligonucleotide hybridization (98-100).

Ru(bpy);** can be incorporated into polymer forms that can be used in LbL films. The Ru-
polyvinylpyridine (Ru-PVP) polymer (Figure 5) contains Ru(bpy),?* sites that catalyze DNA
oxidation. Ru-PVP, which features six Ru-N bonds, can be reversibly oxidized on PG electrodes
at ~1.2 V versus Ag/AgCl and produces ECL with DNA in thin films (101). A similar polymer
known as Ru-CI-PVP, which features five Ru-N bonds, can be reversibly oxidized at 0.75 V versus
SCE and has been used for the electrochemical detection of DNA damage (102), but it does not
produce ECL.

In our ECL sensors, TprA is not required because DNA itself acts as the sacrificial reductant.
Ru-PVP in DNA films generates ECL when its Ru(Il) sites are electrochemically oxidized to
Ru(TI0) sites (101), similar to the ECL reaction involving Ru(bpy);** (see below for discussion
of this pathway). We measured ECL by using a sensor coated with a Ru-PVP-enzyme-DNA
film positioned directly above an optical fiber that directs light to a photomultiplier (Figure 64)
(101). The sensor measures voltammetry and ECL simultaneously, as has been demonstrated in
toxicity-screening applications (103).

Figure 5

Chemical structure of an electrochemiluminescence-generating Ru(II)-PVP polymer.
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Figure 6

Configurations of electrochemiluminescence (ECL) toxicity sensors. (#) A single-electrode sensor coated with DNA-enzyme—Ru-PVP
films with (i) reference electrodes and (i7i ) counterelectrodes. The sensor is placed above (iv) an optical fiber connected to a
photomultiplier tube for light detection. (b) Array showing (v) the pyrolytic graphite chip working electrode; the DNA—enzyme—
Ru-PVP spots are shown with Ag/AgCl reference (vi) and Pt-wire counterelectrodes (vii ). For ECL readout, the device is (x) placed
into a dark box and (x/) connected to a potentiostat that applies 1.2 V while (vii7) a charge-coupled device camera detects the light.
(ix) A computer is interfaced for data capture and analysis.

All of our ECL-generating sensors feature Ru-PVP-enzyme—-DNA films. The ECL coreactants
are guanines in the DNA strand (Figure 7) (101). Electrochemical oxidation at ~1.2 V versus
Ag/AgCl generates Ru(Ill)-PVP (Figure 7a) that catalytically oxidizes guanines (Figure 7b),
thereby producing guanine radicals, G*, on the DNA (104). These radicals react with Ru(III)-
PVP metallopolymer to produce electronically excited Ru(Il)*-PVP (Figure 7c¢). Alternatively,
reaction of Ru(Il)-PVP with G' yields Ru(I)-PVP (Figure 7d), which reacts with Ru(IIT)-PVP
to yield Ru(Il)*-PVP (Figure 7e). Ru(Il)*-PVP, in turn, decays to emit ECL light at 610 nm
(Figure 7f). As in the electrocatalytic oxidation of DNA measured by voltammetry, the active
Ru(IIT)-PVP sites gain better access to guanines in partly unfolded, damaged DNA than in intact
dsDNA; thus, damaged DNA has an increased formation rate of ECL-emitting Ru(Il)*-PVP, and
the ECL light output is larger for damaged DNA than for undamaged DNA (see References 94
and 101 for experiments supporting these mechanistic details).

www.annualreviews.org o Metabolic Toxicity Screening 87
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a d

Ru(ll)-PVP ——> Ru(lll)-PVP + e~ (at electrode) G« + Ru(ll)-PVP ——> Gy, + Ru(l)-PVP

b e

Ru(lll)-PVP + G =——> Ru(ll)-PVP + G+ + H* Ru(lll)-PVP + Ru(l)-PVP = Ru(lI*)-PVP
C f

Ge + Ru(lll)-PVP =——> Gy, + Ru(ll*)-PVP Ru(l1*)-PVP = Ru(ll)-PVP + hv (610 nm)

Figure 7

Pathway for electrocatalytic guanine oxidation leading to electrochemiluminescence (ECL) generation from
the excited Ru(II)*-PVP polymer.

Individual ECL toxicity sensors that incorporate Ru-PVP provide optical outputs as well as
larger voltammetric signals, compared with those provided by sensors that use soluble Ru(bpy);>*
(103). This finding is consistent with the observation that immobilized Ru-PVP exhibits higher
ECL efficiency compared with that of solubilized polymer (105). An individual sensor detected
~3 damaged bases out of 10,000 bases within 1 min of reaction.

5. ELECTROCHEMILUMINESCENCE ARRAYS
FOR TOXICITY SCREENING

The single-sensor studies described above eventually led us to pursue the development of a higher-
throughput array format for ECL-based toxicity sensors. These arrays were fabricated without
multielectrode devices by use of a single conductive chip. Individual DNA-enzyme-Ru-PVP spots
are deposited in spatially distinct regions on underlying electrodes that need only be a conducting
material. In our ECL arrays (Figure 6b) (106), a 1-inch’> PG chip is electrically connected to a
copper “shoe” via silver epoxy, and the entire underassembly is insulated with acrylic polymer,
so only the conductive PG face is exposed. Ru-PVP, DNA, and metabolic enzymes are manually
spotted onto demarcated locations on the exposed PG surface. Manual spotting techniques have
been used to reproducibly produce 36-50 spot arrays, upon which DNA-Ru-PVP-enzyme spots
were clearly visible (106).

When purified enzymes are used, the bioactivation reaction step typically involves deposition
of reactants, along with 0.5 mM of H,O,, on array spots. Upon completion of the reaction,
detection requires submerging the array in pH-5.5 acetate buffer in an open electrochemical cell
underneath a charge-coupled device (CCD) camera in a dark box (Figure 6b). A Pt-wire or mesh
counterelectrode ring surrounds the outside of the array to achieve a degree of cell symmetry, and
the system features an Ag/AgCl reference. ECL is generated by applying 1.25 V versus Ag/AgCl
and captured by using the CCD camera during 20-s electrochemical oxidation pulses (107).

5.1. Bioactivation Using Purified Enzymes

ECL arrays with up to 50 spots dramatically increase throughput for toxicity screening. Our initial
studies focused on reactive BP metabolites generated from pure cyt P450s; these studies aimed to
identify the most effective enzymes in BP metabolism. Figure 84 shows a single-enzyme analysis
using cyt P450 1B1. ECL intensity increased with reaction time. The absence of a change in
ECL from controls confirms that the ECL increase is due to reactive BP metabolites. Figure 8
shows the ECL ratio (ECL at reaction time ¢+ = z divided by ECL at # = 0) versus time plots.
Cyt 1B1 films exposed to BP/H, 0O, produced ECL increases that were well above background
and saturated after ~1 min. Thus, all DNA-damage rate information was obtained within 1 min.
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(@) Electrochemiluminescence (ECL) array image showing 49 individual Ru-PVP-DNA-cytochrome (cyt) P450 1B1 spots. The boxes
show the exposure time (in minutes) to 100 M of benzo[#]pyrene (BP) + 0.5 mM of H>O; or to controls in which the spots were
exposed to the individual reagents. () ECL ratio plot showing the array response for the following reactions: BP + H, O, (red circles),
BP only (blue squares), Hy O, only (green diamonds), and BP + H, O, + «INF ( purple triangles). () Reconstructed simultaneous
four-enzyme ECL array. Each spot consisted of Ru-PVP-DNA-denoted enzyme and was exposed to 100 pM of BP + 0.5 mM of

H, O, for the denoted time (in seconds). (/) Normalized ECL ratio plots demonstrating the signal increase upon 100 pM of BP +

0.5 mM of H,O; exposure for the following: cyt P450 1B1 (blue squares), cyt P450 1A2 (red circles), cyt P450 cam ( green diamonds), and
cyt P450 2E1 (purple triangles). Adapted with permission from Reference 106. Copyright 2007, American Chemical Society.

Figure 8b also shows low ECL ratios obtained via «NF, a cyt P450 1B1 inhibitor that prevents
BP metabolism (106). This finding demonstrates that an increase in ECL is a consequence of the
enzyme reaction.

An array designed to reveal enzymes responsible for the reactive BP metabolites (Figure 8¢)
included cyt P450s 1B1, 1A2, cam, and 2E1 (106). ECL from cyt P450s 1B1, 1A2, and cam appears
to increase more dramatically compared with ECL from cyt P450 2E1. After ECL was normalized
for the amounts of enzyme in each film, the order of reactivity was cyt P450 1B1 > 1A2 > cam >
2E1 (Figure 84), which is consistent with results from previous enzyme kinetic studies.
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Figure 9

Microsome-DNA films and reactions on (#) bioreactors and (b) electrochemiluminescence (ECL) array
chips. A layer of cationic polymer [e.g., poly(ethyleneimine) or Ru-PVP] is initially deposited (orange ribbon),
followed by layers of negative DNA, polycation, and microsomes [membrane, brown; cytochrome (cyt) 450
reductase (CPR), red; cytochrome (cyt) P450, green]. NADPH generated by an enzyme reaction in solution
reduces CPR, which transfers electrons to cyt P450s. O, and cyt P450s can combine to convert the substrate
to reactive metabolites that form DNA adducts in the film. ECL is detected with a charge-coupled device
camera above the array upon application of +1.25 V versus Ag/AgCl to monitor DNA adduct accumulation.
Hydrolysis releases labile DNA adducts from the nanoreactors for capillary liquid chromatography-mass
spectrometry (LC-MS) analysis. Abbreviation: PAH, polycyclic aromatic hydrocarbon.

5.2. Bioactivation Using Microsomal Enzymes

The use of isolated enzymes in the arrays can provide specific metabolic information, but these
enzymes can be obtained only in limited quantities after lengthy purification processes. Also, acti-
vating cyt P450s with peroxide is close to, but not exactly the same as, natural catalytic activation.
To eliminate these drawbacks, we began to use rat liver microsomes (RLMs) and single—cyt P450
(bicistronic) membrane fractions as ECL array enzyme sources (108). RLMs are commercially
available mixtures of lipids, cyt P450s, and bioconjugation enzymes. Large amounts of cyt P450
bicistronic membrane fractions can be isolated from E. co/ expression within ~3 days, as opposed
to 20-30 days for purified human cyt P450s. RLMs and bicistronic membrane fractions contain cyt
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Figure 10

(@) Reconstructed electrochemiluminescence (ECL) array demonstrating Ru-PVP-DNA-RLM [or bicistronic cytochrome P450 2E1
(h2E1)] response upon exposure to the denoted substrate (1 mM) in a NADPH generation buffer for the denoted time (in seconds).
ECL results for each substrate are from the same array. Control shows an RLM array (the h2E1 array was similar but is not shown)
exposed to no reagents. C1, 120-s exposure to NADPH buffer; C2, 120-s exposure to substrate only (no NADPH). Percent ECL
increase versus reaction time is shown for () RLM films and (c) h2E1 films exposed to NPYR (go/d circles), NNK (blue squares), NPIP
(green diamonds), styrene (red triangles), and NADPH buffer only (open purple circles). Abbreviations: NNK, 4-(methylnitrosoamino)-
1-(3-pyridyl)-1-butanone; NPIP, N-nitrosopiperidine; NPYR, N-nitrosopyrrolidine; RLM, rat liver microsome. Adapted with
permission from Reference 108. Copyright 2008, American Chemical Society.

P450 reductase, which allows the activation of enzymes via the natural pathway, using NADPH.
Figure 9 illustrates the use of these enzyme sources for toxicity studies.

Figure 102 shows an ECL array in which an RLM or a human cyt P450 2E1 (h2El)
bicistronic fraction was incorporated into Ru-PVP/DNA spots to probe the bioactivation of
4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK), N-nitrosopyrrolidine (NPYR), and
N-nitrosopiperidine (109). These spots yielded larger ECL increases than did those treated
with styrene, which suggests that N-nitroso metabolites have a higher reactivity with DNA.
Figure 10b-c shows ECL ratio increases for RLM and h2E1 arrays.

ECL decreased from RLM and h2E1 arrays exposed to the cyt P450 2E1 inhibitor 4-methyl
pyrazole and NPYR, which demonstrates that the inhibitor blocks the formation of reactive
metabolites (108). Because cyt P450 2E1 is the only isoform present in h2E1 films, this result
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demonstrates that the cyt P450 2E1 enzyme is the predominant cause of the formation of reactive
NPYR metabolites.

5.3. Correlations with Animal Toxicity

Slopes of the initial ECL increase versus reaction time (Figure 10b-c) are related to substrate-
specific enzymatic bioactivation turnover rates. This finding was confirmed with LC-UV-MS in
a study of individual nucleobase adduct—formation rates (108). These data gave good correlations
with the rodent median toxic dose (TDs), which monitors the propensity for chemically induced
liver tumor formation. The three N-nitroso compounds exhibit similar TDs, values (~1.6 mg per
kilogram of body weight per day), whereas styrene has a larger TDs, value (23 mg per kilogram
of body weight per day). All three N-nitroso compounds yielded similar ECL and LC-UV-MS
turnover rates, but styrene was less active and showed a lower DNA-damage rate. This inverse
correlation to rat TDsy demonstrated the consistency of our results (108) with in vivo genotox-
icity. Overall, microsomes and bicistronic membrane fractions provide convenient and versatile
enzyme sources for ECL and LC-MS arrays to create accurate, high-throughput tools to predict
genotoxicity. These arrays measure relative DNA adduct—formation rates under assay conditions.
More reliable human toxicity prediction should be achieved when these methods are combined
with complementary bioassays for DNA damage and cytotoxicity.

6. BIOCOLLOID REACTORS AND LIQUID CHROMATOGRAPHY-MASS
SPECTROMETRY DETECTION

The ECL arrays described above may indicate that a metabolite reacts with DNA at a rate sug-
gesting toxicity, but they provide no information about the structures of the reaction products.
Metabolites may be alkylating agents that form DNA adducts (110) by attack at nucleobase ni-
trogen and oxygen sites (Figure 11). We therefore developed LC-MS approaches as sensitive
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Figure 11

DNA bases showing possible alkylation sites. Larger arrows denote more biologically relevant damage sites;
smaller arrows denote less relevant sites.
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methods to detect DNA adducts, and these approaches provide information about chemical struc-
tures and rates of formation (9, 10, 111). We combined electrospray ionization MS and capillary
LC with online preconcentration for ultrasensitive detection of nucleobase adducts in small hy-
drolyzed DNA samples (11, 18). This approach can be used to further examine ECL array hits to
provide metabolite-nucleobase adduct structures and rates of formation.

Guanine is the most reactive DNA base, and nucleophiles often form adducts at N7-guanine.
Neutral thermal hydrolysis can be used to selectively eject mainly N7-guanine and N3-adenines
(112) by heating the DNA. When separated from intact DNA, a sample enriched in these adducts
is produced and is accompanied by far fewer native nucleobases than from acid or enzymatic
hydrolysis (11, 113). Any of these hydrolysis methods can be used to obtain nucleobase adducts
for LC-MS analysis. Thermal hydrolysis is the simplest and fastest method, but it does not allow
for the enrichment of all adducts.

LC-MS studies confirmed that our electrochemical sensors (described above) actually measure
DNA damage (11, 113, 114). Initially, DNA films on carbon cloth were reacted with damage
agents, the DNA was hydrolyzed, and individual DNA adduct—formation rates were measured.
N7-guanine adduct—formation rates measured by LC-MS correlated well with the slopes of elec-
trochemical SWV sensor response versus reaction time for selected carcinogens. These studies
clearly established that the sensor-response slopes measure relative DNA-damage rates.

We improved reaction efficiency over that in solution by using DNA-enzyme LbL films on
500-nm-diameter silica biocolloids (107). The reactions catalyzed by these coated particles were
monitored by LC-MS on the same timescale on which the ECL arrays operate. ECL arrays and
biocolloid LC-MS analyses provide complementary tools for toxicity studies. ECL arrays provide
rapid, inexpensive, high-throughput screening. The biocolloid LC-MS approach is somewhat
more time consuming and costly compared with ECL arrays but it provides information about
structures and metabolite- and nucleobase adduct—formation rates (18). These biocolloid reactors
combine large active surface areas with tiny solution volumes to conserve biomolecules and obtain
large product concentrations per unit time (115).

We created enzyme-DNA biocolloid reactors for the oxidation of NNK (see the previous
section) by using the human cytochrome P450 h2E1 preparation. NNK was oxidized with h2E1
biocolloids activated by 1 mM of H,O,. NNK metabolites underwent hydrolysis to 4-hydroxy-1-
(3-pyridyl)-butanone, which reacted primarily at N7-guanine (Figure 12). Figure 13 shows an
LC-MS/MS (tandem mass spectrometry) chromatogram, and Figure 135 depicts a single-reaction
monitoring (SRM) mass spectrum showing product mass-to-charge (72/z) peaks after reaction and
neutral thermal hydrolysis to release N7-guanine adducts (107). The m/z 299 — 152 peak is
consistent with the formation of N7-pyridyloxobutylated guanine (Figure 12), which produces
m/z 152 upon fragmentation. The multiple peaks in Figure 134 arise from positional isomers.

Figure 13c¢ shows that the integrated peak area increases with reaction time. Thus, the specific
metabolite-formation rate correlates well with the rate of ECL increase when arrays consisting
of similar components are used (116). In general, DNA-enzyme biocolloids efficiently produce
products to elucidate metabolite and/or DNA adduct—formation rates and structures via LC-MS.
In addition, biocolloids provide a platform that can also be used to study enzyme inhibition (117).

As we did in ECL arrays, we used microsomes and bicistronic membrane fractions as en-
zyme sources on biocolloid reactors. Initial studies compared the performance of RLMs with
that of singly expressed h2E1 preparations. Cyt P450s in the microsomes were activated via
the natural NADPH reductase cycle (108). LbL biocolloids were formed with architecture
poly(ethyleneimine)-DNA-RLM (or h2E1). These particles were reacted with N-nitroso sub-
strates (see above). Individual nucleobase adducts were formed on the biocolloids, then released
following neutral thermal hydrolysis of the DNA.
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enzymes leading to N7-guanine adductor and 4-hydroxy-1-(3-pyridyl)-butanone.

Figure 14 shows SRM MS chromatograms of major guanine adducts on microsome-DNA
nanoreactors. The amounts of guanine adducts increased linearly with reaction time over sev-
eral minutes (Figure 14d) for h2E1 and RLM biocolloids. This finding suggests that reactive
metabolites accumulated within the microsome films and produced DNA adducts, consistent with
ECL array results. These experiments also confirm that cyt P450 2E1 is an important enzyme in
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Figure 13

Capillary liquid chromatography—tandem mass spectrometry results for NNK [4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone]

reaction medium catalyzed by DNA-cytochrome P450 2E1 microbeads in pH-5.5 buffer. (#) Chromatogram after a 15-min reaction.
(b)) Mass spectrum analyzed by single-reaction monitoring (72/z 299 — 152) of the same sample as in panel 4. (c) Influence of reaction

time on total integrated area of the peaks in panel #z at g = 37. Error bars represent standard deviations. Adapted with permission from

Reference 107. Copyright 2008, American Chemical Society.
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Figure 14

Single-reaction monitoring mass spectrometry chromatograms measuring total ion current for the
predominant guanine adduct produced via exposure of (#) N-nitrosopyrrolidine (NPYR),

(0) 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK), and (¢c) N-nitrosopiperidine (NPIP) to rat
liver microsome (RLM)-DNA films on silica nanospheres, followed by DNA hydrolysis. (Insets) Examples of
relevant guanine adducts and fragmentation patterns consistent with each chromatogram. (4) Integrated UV
diode array measured peak area increase for NPYR-guanine adducts with reaction time from both RLM and
cytochrome P450 h2E1 films. Adapted with permission from Reference 108. Copyright 2008, American
Chemical Society.

N-nitroso metabolism because the rates of formation are similar for h2E1 and multiple-enzyme
RLMs (108). As discussed above, the slopes of identified adducts versus reaction time correlate
well with relative ECL array turnovers and TDs.

We also designed a high-throughput 96-well-plate format for biocolloid reactors coupled
with LC-MS. The first example was designed for drug-metabolism profiling (118). Human liver
microsomes (HLMs), RLMs, and h3A4 bicistronic microsomes were used to provide a broad range
of enzyme biocolloids placed in different wells to simultaneously run many reactions (Figure 15).
Filters in the bottom of each reaction well allowed for the collection of samples for LC-MS upon
completion of the enzyme reaction.

This high-throughput system was used to study diclofenac, troglitazone, and raloxifene
metabolism through the observation of known oxidation and bioconjugation pathways as well
as turnover rates (118). Enzyme turnover rates obtained via microsomal biocolloids in 96-well
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Figure 15

Features of the bioanalytical system for in vitro metabolic profiling. () Bioreactor assembly. A layer of the cationic polymer
polydiallyldimethylammonium chloride (PDDA) was initially deposited on silica nanoparticles, followed by a layer of oppositely
charged microsomes. (b) A reaction/filtration 96-well plate equipped with 10,000 Da—cutoff mass filters showing the liquid
chromatography-mass spectrometry (LC-MS)-ready sample-collection plate underneath. (¢) Schematic illustration of simultaneous
enzyme reaction design featuring a 96-well plate. (d) LC-MS/MS (LC-tandem mass spectrometry) analysis with an autosampler.
Abbreviations: HLM, human liver microsome; RLLM, rat liver microsome.

plates were two- to threefold larger compared with those obtained via conventional microsomal
dispersions, probably because of better accessibility of the enzymes to reactants. We found a
similar enhancement by using bioreactor particles in manual experiments (117). This system was
also used to investigate cyt P450 3A inhibition with ketoconazole and enzyme acceleration with
quinidine (118).
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The 96-well-plate system was extended to produce DNA adducts for LC-MS (119).
Magnetic particles coated with cytosol-microsome-DNA films provided representative cyt P450s
and bioconjugation enzyme complements (120). This approach facilitated simple, rapid product
generation and hydrolysis through the use of magnetic particle manipulation for solution exchange
and filtration. In proof-of-concept studies, we identified the major DNA adducts from ethylene
dibromide, N-acetyl-2-aminofluorene, and styrene. The metabolism of N-acetyl-2-aminofluorene
features tandem reactions of N-acetyltransferase and cyt P450. Relative DNA adduct-formation
rates correlated well with rat TDs, for these three compounds (119).

7. TAMOXIFEN CASE STUDY

Through the use of enzyme sources from humans and animals, the technologies described above
can be employed to assess species differences in metabolism that may influence toxicity. To
demonstrate this concept, we used ECL arrays and biocolloid LC-MS methods to identify rodent
toxicity— and human toxicity—related metabolism differences for the breast cancer drug tamoxifen.
Tamoxifen causes liver tumors in rats (121), but there is only a small risk of such an outcome in
humans (122). We compared the differences in rodents versus humans by using ECL arrays and
biocolloid reactors featuring RLMs and HLMs (123).
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Figure 16

Possible pathways for tamoxifen (TAM) metabolism. Abbreviation: a-OHTAM, 4-hydroxytamoxifen.
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Figure 17

Electrochemiluminescence (ECL) array data for tamoxifen (TAM). (#) ECL from spots of Ru-PVP-DNA~
rat liver microsomes (RLMs; labeled TAM/R) or Ru-PVP-DNA-human liver microsomes (HLMs; labeled
TAM/H) exposed to 25 pM of TAM through enzymatic NADPH regeneration for the denoted time (in
seconds). The control was an identical array exposed to 25 pM of TAM, but not NADPH. The detoxication
pathway was examined in the presence of 3 mM of UDP-glucuronyltransferase (UGT) in a UGT-catalyzed
reaction. Spots with RLM and HLM films were labeled UGT/R and UGT/H, respectively. () Normalized
ECL increase (in minutes per milligram per microsome) for RLMs (brown), HLMs (red ), RLMs with 3 mM
of glucuronic acid (blue), HLMs with 3 mM of glucuronic acid (orange), control incubations with 25 uM of
TAM only (purple), and control with the NADPH-regenerating system only (green). Adapted with
permission from Reference 121. Copyright 2009, American Chemical Society.

The metabolic chemistry of tamoxifen involves cyt P450s and bioconjugation enzymes
(Figure 17). The ECL array image in Figure 174 is characteristic of in vitro bioactivation when
array spots are exposed to tamoxifen and NADPH (Figure 174) (123). A 1.7-fold-larger ECL
turnover rate for RLMs compared with that of HLMs reflects a faster DNA adduct formation for
the RLM.

Detoxification mediated by UDP-glucuronyltransferase (UGT) is a major tamoxifen-
elimination route that involves glucuronic acid bioconjugation or O-glucuronidation to 4-
hydroxytamoxifen (x-OHTAM or 4-OHTAM), which reduces the subsequent DNA-damaging
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availability (Figure 16). HLMs exhibit elevated glucuronidation activity toward a-OHTAM
(124). Cofactor UDPGA inclusion in the enzyme reaction produced a much larger ECL de-
crease when using HLMs versus RLMs (Figure 174). Results suggest that the rates of DNA
adduct formation are slower when UGT-catalyzed bioconjugation is active. These results reflect
a better relative UGT bioconjugation efficiency in competition with DNA damage for HLMs
than for RLMs (123).

Toxicity hits identified using ECL arrays were followed up by LC-MS/MS of the
reaction-product mixture by use of biocolloid reactors. We obtained relative o-(N2-
deoxyguanosinyl)tamoxifen—formation rates (120) and found twofold- to fivefold-faster formation
of x-OHTAM, 4-OHTAM, and tamoxifen N-oxide for RLMs compared with HLMs. The higher
formation rate of reactive metabolites may be responsible for the larger ECL turnover rate for
RLMs compared with HLMs when bioconjugation is inactive. A better HLM-detoxifying abil-
ity was confirmed through the use of glucuronyltransferase and UDP—glucuronic acid. Higher
HLM-detoxication rates correlate with a lower risk of tamoxifen-induced human liver carcinoma.

8. SUMMARY AND PROSPECTIVE

This review describes new array methods utilizing enzyme-DNA films to screen chemicals and
drug candidates for reactive metabolites on the basis of DNA-damage end points measured by ECL
and LC-MS. ECL arrays provide rapid screening, and the biocolloid reactor LC-MS approach
provides valuable follow-up information about chemical structures and formation rates for ECL
hits. These technologies are currently being developed into higher-throughput versions that take
advantage of modern robotics, microfluidics, and materials-printing devices. The future appears
bright for incorporation of these technologies into high-throughput chemical and drug toxicity
screening. Chemical information obtained through these techniques and integrated with bioassays
should enable more informed decision making with regard to chemical and drug candidates.
Furthermore, elucidation of toxic-reaction chemistry may facilitate synthetic efforts to design
toxicity out of drugs while retaining the desired pharmacological effects.

SUMMARY POINTS

1. The need for new toxicity-screening tools that complement existing bioassays is high-
lighted by the facts that ~30% of drug candidates fail at clinical testing stages due to
toxicity and that some toxicity issues do not manifest until after the drugs are marketed.

2. The new two-tier methodology for screening is based on electrochemiluminescence
(ECL) arrays to find toxicity hits, followed with biocolloid reactors and LC-MS/MS for
structure and relative DNA-damage rate determinations.

3. DNA-damage rates correlate with rodent genotoxicity metrics.

4. In addition to predicting possible toxic species in vivo, ECL array and biocolloid re-
actor screening can establish which enzymes are the most important in forming toxic
metabolites and can elucidate different genotoxicity pathways between species.
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