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Abstract
Arrays suitable for genotoxicity screening are reported that generate metabolites from cytochrome
P450 enzymes (CYPs) in thin-film spots. Array spots containing DNA, various human cyt P450s,
and electrochemiluminescence (ECL) generating metallopolymer [Ru(bpy)2PVP10]2+ were exposed
to H2O2 to activate the enzymes. ECL from all spots was visualized simultaneously using a CCD
camera. Using benzo[a]pyrene as a test substrate, enzyme activity for producing DNA damage in
the arrays was found in the order CYP1B1 > CYP1A2 > CYP1A1 > CYP2E1 > myoglobin, the same
as the order of their metabolic activity. Thus, these arrays estimate the relative propensity of different
enzymes to produce genotoxic metabolites. This is the first demonstration of ECL arrays for high-
throughput in vitro genotoxicity screening.

Bioactivation of xenobiotic molecules by cytochrome P450 (cyt P450, or CYP) enzymes in
the human liver is a major source of genotoxicity. Metabolites formed in this way can cause
damage to genetic material.1,2 Since levels of cyt P450 enzyme expression vary dramatically
in different individuals, subpopulations may be subject to varying degrees of chemical or drug
toxicity.3 Thus, knowledge of which isoforms of cyt P450 produce toxic metabolites is critical
in the development of new drugs, agricultural chemicals, and other substances that impact the
public.

Genotoxic metabolites and their nucleobase adducts can be detected by separation methods
such as LC–MS.4,5 These methods are very sensitive and provide specific and detailed
molecular information, but may be limited for screening by throughput, analysis time, and cost.
On the other hand, alternative, relatively rapid array technologies have been very successful
in genomics and proteomics and are in principle capable of many thousands of measurements
on a single chip.6

We recently demonstrated rapid, inexpensive, voltammetric genotoxicity screening sensors
assembled from films of DNA and cyt P450s in single-electrode7 and eight-electrode formats.
8 In a two-step process, test molecules are first bioactivated by the enzymes. Then, possible
adducts with DNA nucleobases are detected by voltammetry using ruthenium tris(2,2′-
bipyridyl)RuII (Ru(bpy)3

2+) to catalytically oxidize the guanine bases9 in DNA. Nucleobase
adducts formed as a consequence of the enzyme reaction in the enzyme/DNA films are not
detected directly, but increases in voltammetric peaks result because the adducts cause DNA
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to partly unfold, making the guanines more accessible to the catalyst.10 These sensors provided
relative rates of DNA damage that showed good correlations to nucleobase adduct formation
rates measured by LC–MS and with measures of animal genotoxicity.11 Catalytic poly
(vinylpyrinine)–Ru(bpy)2

2+ polymers can also be incorporated into the DNA/enzyme films,
providing sensors with reagentless detection.12

Array technology applied to genotoxicity screening could simultaneously estimate relative
rates of DNA damage associated with different enzymes. We reported a prototype eight-unit
set of individually addressable electrodes utilizing voltammetry for DNA detection for several
of enzymes.8 In this paper, we describe a new approach to genotoxicity screening arrays that
employs electrochemiluminescent (ECL) detection. A large electrode block with a single
electrical contact was placed into a cell in a dark box with reference and counter electrodes
(Scheme 1), eliminating the requirement for individually addressable electrodes. In this device,
a pattern of small spots was created on the 2.5-cm2 pyrolytic graphite (PG) electrode block,
each containing DNA, a cyt P450 enzyme, and the ECL-generating polymer ruthenium poly
(vinylpyridine), [Ru(bpy)2(PVP)10]2+ (RuPVP, Scheme 1). RuPVP generates ECL from DNA
by reaction with guanines and provides larger signals from damaged DNA.13 The sensor array
emits ECL from each spot upon application of a suitable positive voltage. A CCD camera
located above the ECL array14 captures the light emitted from all spots simultaneously. Rates
of DNA damage from reactive metabolites produced by individual cyt P450 enzymes can be
estimated simultaneously from the dependence of ECL intensity on enzyme reaction time.

[Ru(bpy)2(PVP)10]2+ contains six N-bonds to Ru, and is thought to produce ECL upon reaction
with guanines in DNA according to the following pathway:

(1)

(2)

(3)

(4)

ECL generated from adsorbed polymer films is more efficient and intense compared to ECL
produced by solution species.15 The RuII center is oxidized by the electrode (eq 1) and
subsequently oxidizes a guanine in DNA to form a guanine radical (eq 2). Another RuIII reacts
with the guanine radical to form a doubly oxidized guanine (G2ox) and photoexcited RuII* (eq
3) that emits light at 610 nm upon decay back to the ground-state RuII (eq 4). Alternatively,
ECL can be generated by interaction from reduced RuI and RuIII to produce the excited RuII*
state. We showed previously that ECL detected by a photomultiplier tube from DNA/RuPVP
films without enzymes on a single electrode increased with exposure time to styrene oxide,
13 which forms guanine adducts.16 ECL emission was directly proportional to the amount of
damaged bases on the DNA.

Previous solution-based ECL assays employed target molecules of interest labeled with Ru
(bpy)3

2+.17,18 Upon target binding to a bead, ECL was measured through the use of a
sacrificial reductant such as tripropylamine.19 Immobilized Ru(bpy)3

2+ at single electrodes
for the analysis of various biorelated substrates in solution has also been reported, where ECL
was detected again via sacrificial reductant.20,21 Direct detection of proline peptides from
enzyme hydrolysis without the use of additional reductant was also reported.22 However, none
of these reports describes ECL arrays. Further, in our arrays, the sacrificial reductant is the
desired measurable target, i.e., the damaged DNA. Therefore, no target labeling is necessary.
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In the present work, several isoforms of cytochrome P450 were simultaneously tested for their
activity toward the procarcinogen benzo[a]pyrene (B[a]P). The cyt P450 enzymes used were
chosen for various reasons: Cyt P450 1A2 is involved in phase I oxidative metabolism of
polyaromatic hydrocarbons (PAHs) and heterocyclic amines23,24 and is found in high levels
in the human liver.1 Cyt P450 2E1 is found in the human liver and extrahepatic tissues such
as lung and is involved in the metabolism of small molecules such as nitrosamines.1 Cyt P450
1B1 is an extrahepatic human form involved in metabolism of aromatic hydrocarbons,1
selectively generating carcinogenic metabolites from PAHs. It is inducible in many
tissues24–26 and linked to congenital eye defects.27–29 Cyt P450cam, a bacterial enzyme,
has well-understood biocatalysis and is a convenient model cyt P450 enzyme.7,8 Myoglobin
was used as a low activity control.5,7

B[a]P was chosen as a model procarcinogen because of its well-known complex metabolism
that results in a number of known DNA-reactive metabolites.30,31,35 Several toxic
metabolites of B[a]P can be formed by oxidative cyt P450 catalysts, including epoxides, diol-
epoxides, and quinines,30–34 as well as one-electron oxidized cation radicals,34,35 all of
which form adducts with DNA nucleobases.32,34

Herein, we describe arrays that detect ECL from up to 50 distinct enzyme/DNA spots. CCD
imaging of ECL in this approach endows the arrays to rapidly generate useful genotoxic
information. This is the first report of an ECL array that can screen genotoxicity from
bioactivated metabolites with assignment of relative genotoxicity to specific enzymes. The
simplicity of this technology should engender applications to a broad range of chemicals and
enzymes.

Experimental Section
Chemicals and Materials

The bis-substituted metallopolymer [Ru(bpy)2(PVP)10](ClO4)2 (RuPVP) was prepared and
characterized following previous methods13,15,36 (see Supporting Information). Calf thymus
double-stranded (ds)-DNA (type I) and α-naphthoflavone (αNF) were from Sigma. Myoglobin
(Sigma, MW 17 400, horse heart) dissolved in 10 mM pH 5.5 sodium acetate buffer was filtered
through an Amicon YM30 membrane (MW 30 000 cutoff). Cytochrome P450 enzymes 101
(cam, MW 46 500),37 1A2 (MW 52 000),38 2E1 (MW 52 000),39 and 1B1 (MW 52 000)40
were expressed from DH5α Escherichia coli containing the proper cDNA and were isolated
and purified according to the referenced procedures. Benzo[a]pyrene and BPDE were obtained
from the NCI chemical carcinogen reference standard repository (Midwest Research Institute,
Kansas City, MO). Water was purified with a Hydro Nanopure system to a specific resistance
of >16 MΩ. All other chemicals were reagent grade.

Film Assembly
For ECL arrays, a conducting basal plane PG block (Advanced Ceramics, 2.5 cm2 × 1 cm) was
attached to a copper plate connector using silver epoxy and insulated using ethyl acrylate
polymer so that only the upper face of the electrode was conducting. The PG block was first
polished on 600-grit SiC paper (Buehler) and sonicated in water for 1 min, followed by rinsing
with water, then absolute ethanol, and then drying under a stream of nitrogen. The location of
enzyme/DNA spots was demarcated by lightly scoring the electrode with a small steel rod in
desired locations. Films were deposited following previously established general protocols7,
8,10–13,49–51 with modifications that were found to produce distinct, approximately uniform
spots on the PG surface and strong ECL signals.

Hvastkovs et al. Page 3

Anal Chem. Author manuscript; available in PMC 2008 April 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1. The 2-μL drops of DNA (2 mg mL−1, 10 mM Tris pH 7.1 + 50 mM NaCl) were applied
by micropipette at demarcated locations. After 15 min, spots were rinsed with pure
water and dried briefly with a stream of nitrogen.

2. The 1-μL RuPVP (1 mg mL−1, 88% H2O, 12% ethanol) drops were then applied at
the same locations in the dark for 15 min followed by rinsing with water and drying
with nitrogen.

3. The DNA/RuPVP sequence was repeated to provide two bilayers of DNA/RuPVP in
each spot.

4. After the second RuPVP application, DNA was applied again, allowed to adsorb for
15 min, rinsed with pure water, and dried with nitrogen. At this juncture, 150 μL of
RuPVP (1 mg mL−1, 50% H2O, 50% ethanol) was applied over the entire surface (i.e.,
not just in the spot locations) for the third and fourth bilayer applications, which was
found to enhance ECL signals.

5. After the fourth bilayer, DNA was applied again for 15 min followed by two enzyme
and DNA layers. The 1-μL enzyme applications were applied from solutions of the
following concentrations: myoglobin (3 mg mL−1, 10 mM pH 5.5 acetate buffer), cyt
P450cam (1 mg mL−1, 10 mM pH 5.5 buffer), and cyt P450 1A2, 1B1, and 2E1 (1
mg mL−1, 50 mM pH 7.4 phosphate buffer). Buffer pH values were chosen to optimize
the positive charge on the enzymes based on pI values (cam = 4.6;41 myoglobin (Mb)
= 6.9;51 human cyt P450s ∼8, determined by isoelectric focusing experiments (data
not shown)) and to ensure stability of the cyt P450 enzymes. Based on previous studies
of steady-state adsorption times,42 cyt P450s were adsorbed at 4 °C for 30 min to 1
h, while myoglobin was adsorbed at room temperature for 15 min followed by rinsing
with water.

The final spots are denoted in order of layer fabrication as follows: (DNA/RuPVP)4/(DNA/
enzyme)2(DNA). After the last DNA layer was rinsed, the electrode was allowed to stand
protected from light at 4 °C for at least 12 h. For brevity, the films are referred to as RuPVP/
DNA/enzyme films throughout the paper.

Array Measurements
The spotted array was placed in a 150-mL beaker filled to 60 mL with 10 mM acetate buffer
+ 0.15 M NaCl, pH 5.5. The counter electrode was a platinum wire ring placed directly above
the array electrode with an Ag/AgCl reference electrode placed to its right. The beaker was
placed in the desired position of the gel documentation dark box. A potential of 1.25 V versus
Ag/AgCl was applied to the array electrode for 20 s using a CH Instruments (Austin, TX)
model 1232 electrochemical analyzer with ECL acquisition by the CCD camera on the “high
sensitivity” setting. Data analysis and quantification was done using GeneSnap and GeneTools
software provided by SynGene.

Reactions with Damaging Agent
Safety note: Benzo[a]pyrene and its metabolites are known carcinogens. All manipulations
were done under a closed hood while wearing gloves. Incubations of arrays were done by
placing a 1.5-μL drop containing 0.5 mM H2O2 + 100 μM B[a]P in 10 mM sodium acetate
buffer, pH 5.5 + 0.15 M NaCl directly on the RuPVP/DNA/enzyme spots. The reaction was
stopped with a 1-min water rinse.

Capillary Liquid Chromatography–Mass Spectroscopy (CapLC–MS/MS)
See Supporting Information for a full description of procedures. Briefly, B[a]P metabolites
oxidized with Mb were detected from films consisting of only Mb and inert polyions of poly

Hvastkovs et al. Page 4

Anal Chem. Author manuscript; available in PMC 2008 April 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(diallyldimethylamine) (PDDA) and poly(styrene sulfonate) (PSS). Films of architecture
PDDA/(PSS/Mb)2 were immobilized on fused-silica microspheres and exposed to 0.5 mM
H2O2 and 100 μM B[a]P for 10 min. The reaction solution was extracted with ethyl acetate,
evaporated with N2, and reconstituted in 200 μL of methanol. For B[a]P–DNA adduct
determination, carbon cloth films containing DNA in place of PSS and Mb were used following
the same procedures outlined above.43

Cyt P450cam Film Spectroscopy
See Supporting Information for full details. Briefly, poly(acrylic acid) was amidized onto
aminoalkylsilane-treated glass slides, after which layers of PDDA, PSS, and cyt P450cam were
adsorbed as described above. The glass slide was wetted with 50 mM phosphate buffer pH 7,
and absorbance spectra were obtained with a Hewlett-Packard 8453 UV–visible diode array
spectrometer.

Quartz Crystal Microbalance (QCM)
Assembly was monitored at each step with a QCM (USI Japan) by making films on 9-MHz
QCM gold-coated resonators (AT-cut, International Crystal Mfg., Oklahoma City, OK) as
described elsewhere.10,51 Briefly, resonators were treated with 3-mercaptopropanoic acid
before applying layers as for arrays. Adsorbed mass/area (M/A) of each layer for dried films
was obtained from the frequency change (ΔF) using the Sauerbrey equation:7,42

(5)

Nominal thickness (d) was estimated using an expression confirmed by high-resolution
electron microscopy:44

(6)

Results
System Characterization

Cyclic voltammograms (CVs) demonstrated that the iron heme enzymes in the films are
electrochemically active and give reversible FeIII/FeII peaks (Figure 1a). QCM plots of −ΔF
versus layer number (Figure 1b) showed good linearity for all enzymes consistent with a regular
and reproducible increase in mass with each added layer.7,8,10 Slow-scan CVs and QCM were
used to estimate the amount of enzyme in each spot as well as nominal film thicknesses.

ΔF values and CV reduction peak integrations provided the enzyme surface coverage (Γ) values
in Table 1. Both methods provided a consistent enzyme surface coverage, but QCM usually
gives a slightly higher Γ. This is likely to involve incomplete electrochemical addressing of
enzymes in the film in addition to factors that slightly increase the QCM response such as
buffer components. Therefore, the average Γ from the two techniques was used in determining
relative DNA damage turnover rates as discussed below.

Cyt P450cam was used for the spectroscopy experiment due to limited expressed amounts of
the human enzymes. Figure 1c shows a difference spectrum of cyt P450cam in a film reduced
by dithionite and exposed to CO. The band near 450 nm in the spectrum for the P450(FeII–
CO) complex (for which these enzymes were named) is consistent with retention of the
enzyme's structural integrity in the films. Denaturation would be indicated by a band at 420
nm.45
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Array Reproducibility
Figure 2 shows a CCD camera image of a typical RuPVP/DNA/enzyme array featuring Mb in
each spot upon applying +1.25 V versus Ag/AgCl for 20 s with no exposure to procarcinogens.
The bar chart (Figure 2b) shows ECL intensities averaged from four spot units on the array
(see Figure 2a for spot locations). Four spot unit averages were used due to slight variances in
spot location; i.e., the spot positioning varied slightly from day to day. By referencing the ECL
intensity scale in this way, consistent ECL signals are generated from each spot. Figure 2b
shows that spot-to-spot intensity on the array varies ±10%, which is reasonable reproducibility.
Similar signal variance was found previously for individual sensor electrodes7,8 and is most
likely due to variance in film reproducibility for the 36 distinct spots.

Bioactivation of Benzo[a]pyrene by Cyt P450s
Figure 3 shows a 49-spot array featuring RuPVP/DNA/enzyme spots featuring cyt P450 1B1
exposed to 0.5 mM H2O2 and 100 μM B[a]P for the denoted times. Control spots were exposed
to solutions of H2O2 or B[a]P alone. This image demonstrates that an entire set of metabolic
reactions and appropriate controls can be evaluated on a single array. Figure 3b shows the ECL
ratio plot generated from these experiments, where ECL intensity from a spot exposed to the
enzyme reaction is compared to spots at which no enzyme reaction has occurred. Figure 3b
features data up to 4 min to highlight the linear region. In this manner, ECL generated from
each experiment is compared to an internal standard and data generated from different
experiments can be easily compared. The ratio of final/initial ECL response compensates for
spot and array variability.

ECL intensity increased as spots were exposed to longer enzyme reaction times utilizing B[a]
P + H2O2. This is seen in Figure 3 by the increase in light intensity over the first minute,
followed by a leveling off at 1–7 min. When spots were exposed to either 100 μM B[a]P or
0.5 mM H2O2 alone, there was very little change in ECL signal compared to the spots with no
enzyme reaction, which have a ratio of 1 by definition These controls show that H2O2 activates
the enzymes but does little damage to DNA and that B[a]P alone does not generate ECL with
the inactivated enzyme.

Figure 4 shows a digitally reconstructed picture from a cyt P450 1B1 array exposed to the B
[a]P cocktail in the presence and absence of 30 μM αNF, a known strong inhibitor of cyt P450
1A1, 1A2, and 1B1.1,25,26,46–48 The lack of ECL in the presence of the inhibitor suggests
that cyt P450 1B1 is metabolizing B[a]P to DNA-reactive species. The ECL ratio plot of spots
exposed (α)NF was also shown in Figure 3b.

Simultaneous Monitoring of Multiple Enzymes
Figure 5a shows a reconstructed image from an array where four different cyt P450s were
immobilized in different spots and reacted for different times. Figure 5b shows the location of
the different enzymes within each four-spot unit in the image. As the exposure time to the B
[a]P solution increased, ECL from each spot also increased, with different amounts of light
intensity from each enzyme film at these short reaction times. Also evident from the image is
that the intensity of cyt P450 cam and 1B1 spots increased slightly more than 1A2 over this
time period, with very little signal increase seen from the cyt P450 2E1 spots. Figure 6 shows
ECL ratios from this array normalized for amount of enzyme found by QCM and CV data
(Table 1) from this type of simultaneous monitoring experiment.

ECL data in Figure 6 can be used to estimate the relative initial enzyme turnover rates resulting
in DNA damage. These initial rates reflect B[a]P activation by the different enzymes (Table
2). The rates were obtained by measuring the initial slope of the ECL ratio plots and dividing
by the amount of enzyme present in each film.49 These data show that cyt P450 1B1 is the
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most active enzyme in generating genotoxic B[a]P metabolites, followed by 1A2, cam, 2E1,
and finally Mb. Cyt P450 1B1 is ∼2 times more reactive toward B[a]P activation than cyt P450
1A2 and cyt P450cam and ∼4 times more reactive than cyt P450 2E1.

Array images were also acquired to bioactivate B[a]P in single enzyme arrays. Examples are
shown in Figure S1 (Supporting Information). As in Figure 6, the ECL ratio increased with
time for each enzyme, as seen in ECL ratio plots (Figure S2 Supporting Information). Higher
slopes of the cyt P450s 1B1, cam, and 1A2 at early reaction times again demonstrated that
these enzymes are more active in producing genotoxic B[a]P metabolites compared to cyt P450
2E1 and Mb. Similar controls were performed on each array, with similar ECL ratio responses
(Figure S3 Supporting Information).

Voltammetric Detection
Square wave voltammograms (SWVs) obtained with RuPVP/DNA/cyt P450 1A2 sensors on
individual PG electrodes7,8,10,13 are shown in Figure S5a Supporting Information. This figure
shows that SWV peak current (ip) increases upon exposure to B[a]P and H2O2. The peak current
ratio plot is shown in Figure S5b. This plot is similar to the ECL ratio plot but shows an increase
in current with enzyme reaction time. This behavior is typical when DNA is damaged by either
direct damaging agents10,13 or by toxic metabolites produced by bioactivation of
procarcinogens by enzymes in thin films.7,8 The SWV data were consistent with the ECL
signal increases reported for the same enzyme.8

Capillary Liquid Chromatography–Mass Spectroscopy
The formation of B[a]P nucleobase adducts and B[a]P metabolites produced in the films was
confirmed using CapLC–MS analysis. For metabolite identification, reactions were run with
films constructed on hydroxylated 500-nm-diameter fused-silica microspheres. Mb was used
for these studies because of its availability in larger quantities, and while cyt P450 generated
B[a]P metabolites have been reported,31 little information was available for Mb in this respect.
Figure 7a is a CapLC chromatogram showing the elution of the extracted B[a]P reaction
mixture after 10-min exposure to a Mb film immobilized showing two groups of eluting peaks.
The earlier 11–12-min peaks correspond to products produced from interaction with the
myoglobin, while the 17-min peak corresponds to unreacted B[a]P. By comparing to controls,
the earlier eluting peaks were identified as oxidized substrate. Figure 7b shows the mass
spectrum of the two product peaks from Figure 7a. The mass spectrum confirms the presence
of two major [M + H]+ species with m/z 267 and 285. These masses are consistent with
epoxidized B[a]P (267) and a gem-diol product (285), presumably via subsequent hydrolysis
of the epoxide, which are also shown in Figure 7b.

To detect nucleobase adducts, Mb and DNA were immobilized on carbon cloth to better
approximate array conditions. These films were exposed to B[a]P/H2O2 for 10 min, and then
neutral thermal hydrolysis of the films was done to obtain a sample enriched in N7-guanine
adducts.5,11 Figure 7c,d shows a selected ion chromatogram measuring total ion current of
m/z 402 [M + H]+ and product ion mass spectrum for the neutral hydrolysate after exposure to
the damage solution, respectively. The chromatogram in Figure 7c shows a peak eluting at 17
min with m/z consistent with a one-electron oxidized B[a]P product adducted to guanine.35
Figure 7d shows the MS/MS spectrum from this peak corresponds to a m/z 402 with product
ion at m/z 152 [M + H]+, consistent with the predicted fragmentation of a protonated guanine
from such an adduct shown in the inset of Figure 7d. Other nucleobase adducts were found as
well using this method, mainly that of B[a]P cation radical adducting adenine. The
chromatogram and product ion spectrum for this adduct is shown in Supporting Information,
Figure S4.
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Discussion
Results described above demonstrate that ECL arrays based on RuPVP/DNA/enzyme spots
can be used to simultaneously elucidate relative rates of DNA damage from metabolites formed
by different cyt P450 enzymes. Figures 3–5 and S1 clearly show that ECL emission in the
RuPVP/DNA/enzyme films increases upon exposure to B[a]P and H2O2 denoting the
formation of increasing amounts of DNA–B[a]P adducts in the films. No significant increases
in ECL occurred for control spots exposed to B[a]P or H2O2 alone (Figures 3b and S5). These
results are consistent with peroxide activating the enzymes, which at these low concentrations
does not significantly damage DNA.7,8,42,51 After exposure of array spots to H2O2 + B[a]P,
the ECL intensity increased presumably due to bulky B[a]P metabolite adducts forming mainly
at guanine-rich locations of the DNA located in the films. The distortion of ds-DNA by
formation of B[a]P adducts with guanine and other nucleobases has been demonstrated by
circular dichroism spectroscopy, NMR, and X-ray crystallography. B[a]P was shown to lie in
the minor groove and also intercalate between base pairs.32

Thus, the covalent binding of the B[a]P on the DNA strand perturbs the double helix, allowing
closer approach of the ruthenium transition metal center to more rapidly oxidize the damaged
guanine base in the ECL detection step (Scheme 2).

The inhibitor control (Figure 4) demonstrates that enzymes in the films are indeed reacting
with B[a]P to form reactive metabolites. αNF is a potent cyt P450 inhibitor that binds in the
active pocket of the enzyme precluding any oxidation reaction between the heme reaction site
and the substrate.1,26,47 No ECL increases were seen in the array when αNF was present,
suggesting that reactive B[a]P metabolites are not formed. This behavior is consistent with the
report of Shimada et al. in which αNF effectively eliminated cyt P450 1B1 metabolism of B
[a]P at concentrations similar to those used in our work.25

Further validation of the enzyme chemistry is provided by LC–MS of B[a]P metabolites and
nucleobase–B[a]P adducts under conditions similar to that used for the array (Figure 7).
Myoglobin acting as a cyt P450 mimic oxidizes B[a]P to reactive epoxides or cation radicals,
similar to horseradish peroxidase.35b Epoxides can hydrolyze under acidic conditions to form
the diol product,32 and both epoxide and diol were detected (Figure 7b). B[a]P has been shown
previously to be metabolized by various cyt P450 enzymes to numerous reactive metabolites.
30,31,34 In vitro studies of these reactions typically involve microsomal or purified enzyme
systems consisting of various cyt P450 enzymes with P450 reductase and NADPH to activate
the enzymes in the presence of B[a]P to create metabolites, with detection by LC/MS.52,53 B
[a]P–nucleobase adducts have also been isolated and detected in this manner.54

Scheme 3 summarizes B[a]P metabolism by cyt P450s in vivo. Overall, the metabolic route
of B[a]P follows two pathways. In pathway A, B[a]P undergoes epoxidation and hydrolysis
through interactions with cyt P450s and epoxide hydrolase (EH) eventually emerging as the
ultimate carcinogen, 7(R,S)-anti-B[a]P-7,8 dihydrodiol-9,10-expoxide (BPDE). BPDE
primarily attacks the N2 position of guanine and forms stable covalent adducts.34 The inclusion
of EH is important in rapidly converting the proximate diol product to BPDE.52,55 In the
absence of EH, B[a]P metabolites also form DNA adducts, most likely arising from the reaction
of B[a]P with cyt P450 to form the proximate epoxide at the 9,10; 7,8; or 4,5 positions and
subsequent reaction with the DNA bases, attacking primarily at the same N2 position where
BPDE binds.30,31,34,53,58

Also, B[a]P can follow metabolic route B, forming a cation radical from one-electron oxidation,
which has been shown to adduct DNA primarily at guanine and adenine N7 and guanine
C8.34,35 These adducts cause glycosidic bond instability resulting in DNA abasic sites.
Depurinating adducts accounted for over 70% of the detected DNA adducts when mice were
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treated with B[a]P alone on their skin,34,35 which suggested that the formation of the cation
radical is a major route to B[a]P metabolism in vivo. Overall, abasic sites, BPDE adducts, and
other B[a]P metabolite adducts have been shown to cause G → T transversions in the
replication of the human genome, which can occur on the p53 tumor suppressor gene and
ras protooncogene leading to cancer in affected persons.27,56,57

The array format presents a complex reaction environment in which several different B[a]P
metabolites react with DNA. Due to the absence of EH in our films and the proximity of DNA
to the cyt P450 enzymes and reactive metabolites, one-electron oxidation of the B[a]P by the
respective cyt P450 enzymes offers a possible route of DNA damage, especially in light of
studies detecting elevated amounts of depurinating B[a]P adducts formed in vivo via this route.
35 Adducts detected using CapLC–MS/MS with m/z 402 are consistent with C6 oxidized B
[a]P binding at guanine N7 (Figure 7c,d), which is a major adduct formed via this oxidation
pathway.34,35 However, due to similarities in m/z, other B[a]P–guanine positional isomers
cannot be ruled out. In addition, based on previous reports by our group demonstrating
metabolism of styrene to styrene oxide by cyt P450 enzymes and myoglobin,7,8 previous
reports of B[a]P epoxides alone adducting DNA,30–32,58 and CapLC–MS validation data
presented here, reactions of DNA with B[a]P epoxides along with one-electron oxidized cation
radicals cannot be ruled out. Determination of the predominant adducts in the array is a focus
of continuing research.

Several studies demonstrated the role of selected cyt P450 enzymes in the metabolism of B
[a]P to reactive metabolites. Shimada et al. demonstrated that cyt P450 1B1 was up to 10 times
more active than cyt P450 1A1 in converting B[a]P to the 7,8-epoxide.53 In this study, purified
cyt P450 1B1 in a recombinant system was shown to be much more active in converting B[a]
P to reactive metabolites under these conditions than cyt P450 1A1 and 1A2, while cyt P450
2E1 showed little activity at all in producing reactive metabolites. Kim et al. demonstrated that
cyt P450 1A1 was more active toward activating B[a]P to reactive metabolites than either cyt
P450 1B1 or 1A2 in a microsomal preparation with EH present in the system.55 In this case,
cyt P450 1B1 was shown to be 1.7 times more reactive than cyt P450 1A2 in producing
detectable B[a]P metabolites. The differences in kinetic data most likely arise from using
purified enzymes reconstituted in lipid mixtures versus microsomal preparations.34,53

Our results show that DNA damage rates are in the order cyt P450 1B1 > cyt P450 1A2 > cyt
P450, cyt P450cam, 2E1 > Mb, in good agreement with published reports of enzyme activities.
Considering the human cyt P450s (1B1, 1A2, and 2E1), our results are in excellent agreement
with reports that showed55 that cyt P450 1B1 produces toxic B[a]P metabolites using purified
enzymes and microsomal preparations at ∼2–10 times the rate of cyt P450 1A2. Cyt P450 2E1
produced very few reactive metabolites. In addition, relative enzyme kinetics for cyt P450 cam
and 1A2 based on the DNA damage end point found here agree well with those previously
obtained using voltammetric sensors.8

The key experimental result presented here is that relative enzyme turnover rates for different
enzymes on a toxic substrate can be determined in a very short time using an experimentally
simple ECL array format. These arrays can rapidly provide information about which specific
enzymes are involved in the bioactivation of procarcinogenics.59 Using B[a]P as a test
compound, cyt P450 1B1 emerged as a key cyt P450 isoform in the metabolism, consistent
with previous literature reports.53,55,59

The activity of cyt P450 1B1 toward B[a]P metabolism compared to the other enzymes studied
is consistent with literature reports discussing in vivo metabolism in that cyt P450 1B1 is an
inducible extrahepatic form of cyt P450 located in tissues exposed to PAH compounds or fatty
tissues into which such hydrophobic molecules partition, such as the lung and breast.24,25,
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60,61 Cyt P450 1A2, although capable of metabolizing PAHs into cancer-causing products, is
located primarily in the liver and has been shown to be less inducible through exposure to
PAHs than cyt P450 1B1.24 Cyt P450 2E1 predominately bioactivates smaller molecular
weight, water-soluble cancer suspects such as nitrosamines.1,61 The slightly higher reactivity
of B[a]P with cyt P450 1A2 and 2E1 compared to what has been reported previously might be
attributable to our experimental conditions as the film environments offer highly concentrated
DNA reaction sites versus solution studies and have also been shown to enhance the stability
of these proteins.51

In summary, we have presented and validated a novel ECL array format suitable for
genotoxicity screening of compounds metabolized by cyt P450 and other enzymes, which also
can assign relative genotoxic activity to specific enzymes. The combination of CCD camera,
dark box, and traditional electrochemical instrumentation allows for simple, reliable, and
robust high-throughput screening. These ECL arrays have a significant advantage over
voltammetric arrays in that individual electrical connections to the spots are not necessary.
Voltage applied to the entire array excites ECL from all the spots simultaneously, and a large
amount of data is obtained rapidly. We are currently extending these arrays to a wider range
of procarcinogenic materials, larger numbers of enzymes, and complex phase II metabolic
processes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization data for films: (a) Background-subtracted, smoothed reversible CV of cyt
P450 1B1 on PG electrode at 50 mV/s in pH 7.1 phosphate buffer + 50 mM NaCl. Film
composition on electrode was PDDA/DNA/cyt P450 1B1/DNA. (b) Influence of film layers
added on QCM frequency decrease for enzymes used in this study. The first three film layers
are omitted (RuPVP/DNA/RuPVP) for clarity. (c) Visible difference spectrum for immobilized
PDDA/cyt P450cam film on glass microscope slide after reduction to the ferrous form and
addition of CO showing the characteristic cyt P450 FeII-CO band near 450 nm.
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Figure 2.
(a) A 36-spot ECL array not exposed to procarcinogenic material showing the spot-to-spot
consistency generated from each location on the PG block. Conditions: 10 mM sodium acetate,
0.15 M NaCl, pH 5.5, +1.25 V; 20 s. (b) A column chart showing the relative ECL intensity
to spot A3 (upper right corner) from each 4-unit spot location on the PG block.
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Figure 3.
(a) CCD image of ECL array with 49 individual RuPVP/DNA/enzyme spots containing cyt
P450 1B1. Boxes denote spots that were exposed to 0.5 mM H2O2 + 100 μM B[a]P for the
labeled times (min). Controls on bottom were exposed to B[a]P or H2O2 only for increasing
amounts of time from 1 to 7 min as viewed from right to left (not marked for clarity). (b) ECL
ratio plot demonstrating the increase in ECL intensity vs time of enzyme reaction. Controls
show ECL response vs time exposed to B[a]P only (blue squares), H2O2 only (green diamonds),
and 0.5 mM H2O2 + 100 μM B[a]P + 30 μM of inhibitor αNF (purple triangles).
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Figure 4.
Comparison of ECL response of RuPVP/DNA/enzyme spots containing cyt P450 1B1 after
denoted exposure time (min) to 0.5 mM H2O2 + 100 μM B[a]P (a) without and (b) with the
addition of 30 μM inhibitor αNF.
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Figure 5.
(a) Reconstructed array image where multiple cyt P450 enzymes were present in the Ru/PVP
films on a single PG array and exposed to 0.5 mM H2O2 + 100 μM B[a]P for increasing times
(s). (b) Schematic showing the location of cyt P450 enzymes in each 4-spot image in Figure
7a.
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Figure 6.
Influence of B[a]P/H2O2 exposure time for cyt P450 enzymes located on same array. ECL
ratio was normalized for amount of enzyme. Cyt P450s used were 1B1(blue), 1A2 (red), cam
(green), and 2E1 (purple).
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Figure 7.
(a) CapLC chromatogram showing elution of reaction media after 10-min exposure of Mb
immobilized in a thin film on SiO2 microspheres to B[a]P/H2O2 (red). Controls are B[a]P only
(blue) and 100 mM B[a]P reacted with 0.5 mM H2O2 for 10 min in the absence of Mb (green).
(b) MS for the 11–12-min eluting peaks in (a) along with representative epoxides and diol
forms of B[a]P. (c) CapLC chromatogram (select ion mode) measuring total ion current m/z
402 from neutral hydrolysate of DNA/Mb film immobilized on carbon cloth after 10-min
exposure to 100 mM B[a]P + 0.5 mM H2O2. (d) MS/MS of the 17-min elution peak in (c) with
expected fragmentation pattern of parent B[a]P–guanine ion.
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Scheme 1. Conceptual Diagram of the ECL Array Instrumentationa
a RuPVP polymer, DNA, and enzymes are located in each spot on a (a) pyrolytic graphite
block; with (b) Ag/AgCl reference electrode, (c) Pt wire counter electrode, (d) CCD camera,
(e) computer, (f) gel-doc dark room, and (g) potentiostat for applied voltage control.
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Scheme 3. Summary of Possible Metabolic Routes for B[a]P in Vivoa
a Pathway A shows the formation of possible proximal epoxides (1) by cyt P450 followed by
direct nucleophilic attack to form guanine adducts at the N2 position (2) or hydrolysis by
epoxide hydrolase to form a diol product, and a second cyt P450-mediated epoxidation forming
diol epoxides (3), and the final nucleophilic attack forming a guanine adduct at the N2 position
(4). Pathway B shows the one-electron oxidation by cyt P450 to form the reactive cation radical
(5) with subsequent nucleophilic attack on guanine (6) or adenine (7) forming adducts at the
N7 position on the nucleobases.
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Table 1
Summary of Enzyme Loadingsa and Nominal Film Thicknessesb

enzyme
Γc

(nmol cm−2)
Γd

(nmol cm−2)
av Γ

(nmol cm−2)
film thickness

(nm) b,c

Cyt P450 1B1 0.032 ± 0.003 0.020 ± 0.003 0.026 36.0
Cyt P450 1A2 0.033 ± 0.006 0.031 ± 0.005 0.032 30.6
Cyt P450 cam 0.058 ± 0.010 0.048 ± 0.006 0.053 34.8
Cyt P450 2E1 0.034 ± 0.005 0.020 ± 0.003 0.027 33.5
Mb 0.130 ± 0.005 0.090 ± 0.012 0.110 32.3

a
For one layer of enzyme.

b
For entire film.

c
From QCM eq 6.

d
From CV reduction peak integrations.
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Table 2
Relative Turnover Rates for Enzymes

enzyme
init slope
(min−1)

Γa
(pmol)

rel turnover
(min−1 nmol enzyme−1)

Cyt P450 1B1 0.340(±0.040) 3.3 100(±14)
Cyt P450 1A2 0.240(±0.027) 4.1 63(±5.4)
Cyt P450 cam 0.305(±0.025) 8.0 38(±10)
Cyt P450 2E1 0.090(±0.030) 3.5 26(±7.0)
Mb 0.140(±0.020) 14 10(±2.0)

a
For 2 enzyme layers (Table 1) and 0.064 cm2 average spot area.
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