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Abstract

LC-MS using electrospray ionization is currently the method of choice in bio-organic analysis 

covering a wide range of applications in a broad spectrum of biological media. The technique is 

noted for its high sensitivity but one major limitation which hinders achievement of its optimal 

sensitivity is the signal suppression due to matrix inferences introduced by the presence of co-

extracted compounds during the sample preparation procedure. The analysis of DNA adducts of 

common environmental carcinogens is particularly sensitive to such matrix effects as sample 

preparation is a multistep process which involves “contamination” of the sample due to the 

addition of enzymes and other reagents for digestion of the DNA in order to isolate the analyte(s). 

This problem is further exacerbated by the need to reach low levels of quantitation (LOQ in the 

ppb level) while also working with limited (2-5 μg) quantities of sample. We report here on the 

systematic investigation of ion signal suppression contributed by each individual step involved in 

the sample preparation associated with the analysis of DNA adducts of polycyclic aromatic 

hydrocarbon (PAH) using as model analyte dG-BaP, the deoxyguanosine adduct of 

benzo[a]pyrene (BaP). The individual matrix contribution of each one of these sources to analyte 

signal was systematically addressed as were any interactive effects. The information was used to 

develop a validated analytical protocol for the target biomarker at levels typically encountered in 
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vivo using as little as 2 μg of DNA and applied to a dose response study using a metabolically 

competent cell line.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) comprise a diverse class of largely anthropogenic 

compounds best represented by the human carcinogen benzo[a]pyrene, BaP [1] whose DNA 

adduct was used as a model in the present studies. PAHs have two or more aromatic rings, 

either substituted (e.g., nitroPAHs) or native (e.g. BaP) [2]. Several PAHs have been linked 

to various diseases including cancer and cardiovascular disease, and thus may serve as 

biomarkers to indicate exposure to harmful substances or risk of disease [3].

PAHs are ubiquitous, with the highest levels occurring in heavily industrialized areas. 

Exposure can be through inhalation (associated with particulate material or from smoking), 

ingestion (deposited on food from cooking fuels), or absorption through the skin (coke oven 

workers) [4-7]. In a cell, PAHs are processed as xenobiotics where CYP1A1, CYP1B1 and 

epoxide hydrolase activate the procarcinogen BaP to the ultimate reactive carcinogen, 

benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide, BPDE. This activated species most 

commonly reacts with the N2 position of deoxyguanosine [8, 9].

In detecting and quantifying DNA adducts of PAHs in biological samples, the analyst is 

faced with a number of major challenges as these biomarkers typically occur at very low 

(trace) levels in vivo (ppm-ppb). These analytical requirements are generally expressed in 

terms of the number of adducts that can be detected in a million or billion normal 

nucleobases. Improving detection limits and in particular reducing the amount of DNA 

needed for analysis has been a major goal in this field. Until relatively recently, much of the 

analytical work has relied on the use of microgram (20-100 μg) quantities of DNA and 

method sensitivity had been addressed through the use of microcapillary columns operated 

at flow rates in the range of 200-1000 nL/min. In order to decrease both the sample 

quantities and the limits of detection and quantitation (LOD/LOQ), nanoflow liquid 

chromatography (LC) has been successfully adopted in many labs including our own [10]. 

In an attempt to further improve on these latter advances and further reduce the amount of 

DNA required for the analysis, both we [11-14] and others [15-21] have now adopted a 

state-of-the-art microfluidic chip-based technology. While the approach also relies on the 

use of nanoflow LC, in addition, it incorporates on-line sample cleanup procedures that 

bypass much of the typical manual sample processing to reduce sample losses. This 

approach has been more recently employed in the analysis of 4-aminobiphenyl DNA 

adducts in bladder and liver tissues [22]

We present here a detailed account of the further development and optimization of the 

earlier protocols for use with the microfluidic chip-based technology with specific focus on 

the analysis of PAH adducts in relevant cell cultures. In this context, a major focus has been 
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on addressing matrix effects, specifically analyte ion signal suppression, which is a key issue 

in biological mass spectrometric analysis at the trace level when using ESI. [23]. In fact, 

during the experiments it was quickly determined that the current protocol, which was 

adopted from dG-4-ABP analysis, did not provide adequate sensitivity for these purposes. 

While the compounds are not entirely different, both bulky, hydrophobic dG adducts with 

two or more aromatic rings, it is not surprising that the method did not transfer directly [24]. 

The structures of both adducts and predominant fragment ions that are formed by CID are 

shown in Figure 1. Figure 2 (left panel) shows the results obtained for the analysis of dG-

BaP using the protocol originally adapted for targeted analysis of 4-aminobiphenyl-DNA 

adducts [12]. In the optimized protocol (Figure 2, right panel) every step has been modified 

to some degree from the original protocol, as indicated by red boxes. The rationale and 

specific steps taken for each modification in order to achieve the results illustrated in the 

final box of Figure 2 (right panel) are discussed below. After optimization of the sample 

preparation and LC-MS/MS conditions, the method was utilized in a dose response study in 

cultured human cells exposed to BaP with subsequent quantification of the N2-BPDE-

deoxyguanosine adduct. It should be noted that, since the LC conditions did not provide for 

resolution of the different stereoisomers [25, 26], the quantities described refer to the sum of 

all related species.

2. Materials and methods

2.1. Reagents

Reagents including, sodium hydroxide pellets, phosphate buffered saline (PBS) tablets, 

chloroform, magnesium chloride hexahydrate, Trizma (1 M), deoxyribonucleic acid sodium 

salt from calf thymus (ctDNA), 2'-deoxyadenosine monohydrate (dA), 2'- deoxycytidine 

hydrate (dC), thymidine (dT), 2'-deoxyguanosine hydrate (dG), DNase I (bovine pancreas), 

phosphodiesterase I (Crotalus adamanteus venom), alkaline phosphatase (Escherichia coli), 

were purchased from Sigma Aldrich (St. Louis, MO). Water, methanol, acetonitrile, ethanol, 

isopropanol, acetic and formic acids were purchased from Fisher Scientific (Pittsburg, PA) 

in the highest purity or LC-MS grade when available. The adduct (±)-anti- 

benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide-N2- [15N5]-deoxyguanosine (15N-BaP-dG) 

was synthesized in our laboratory [27]. The activated carcinogen (±)-anti-

benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide (BPDE) was purchased from MRI Global 

(Kansas City, MO). The Qiagen Blood and Cell Culture Midi® Kit and the Quant-IT™ 

Qubit® dsDNA BR assay kit were purchased from Invitrogen (Carlsbad, CA).

2.2. BEAS-2B cell culture

The BEAS-2B human bronchial epithelial cell line, developed from a human bronchial 

epithelial cell line transfected with a vector expressing the 3A4 isoform of cytochrome p450 

(CYP-2B1) was obtained from Roger Coulombe [28, 29]. Tissue culture plates were plated 

by pre-incubated for 12-24 h with Plate Coat solution prepared by adding 5 mg bovine 

fibronectin (Sigma), 5 mL of collagen solution, and 50 mL of BSA stock solution (Biofluids, 

Rockville, MD) to LHC Basal medium (Biofluids) [28, 29]. Cells were cultured on coated 

plates with LHC-9 medium prepared by adding 1 mL of 3.3 mM retinoic acid and 1 mL of 

Klaene et al. Page 3

J Chromatogr A. Author manuscript; available in PMC 2017 March 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



epinephrine to LHC-8 medium (all from Biofluids). Cell cultures were maintained at 37°C 

in a 5% CO2, water saturated atmosphere and passaged as previously described [28].

Cells were washed with ice cold PBS and harvested for simultaneous isolation of total RNA 

and DNA using All-Prep Kits™ (Qiagen, Valencia, CA) according to the manufacturer's 

protocol, and stored at −80°C until used for analysis.

2.3. Preparation of BaP-adducted DNA and purification of BaP-dG reference standard

The semi-synthetic preparation of BaP-dG has been described previously and was necessary 

for the thorough examination of matrix effects on this particular analyte [27]. Before 

digestion of the adducted polymeric DNA to monomers, a portion was reserved to prepare a 

standardized BaP-adducted DNA sample. This DNA was highly adducted, in the range of 1 

adduct/103 nucleosides and was diluted using unadducted (untreated) ctDNA 1:100 and 

1:1000 (w/w) to produce a sample of DNA with an adduction level on the order of 1 

adduct/108 nucleosides for use in digestion efficiency studies.

2.4. DNA digestion

Five microgram aliquots of isolated DNA were prepared in digestion buffer (5 mM Tris, 10 

mM MgCl2, pH 8.0) to 0.1 μg/μL in a final volume of 50 μL. DNase I (6.2 KU) was added 

per μg of DNA. Samples were incubated at 37 °C for 5 hours after which 0.003 U of alkaline 

phosphatase (AP) and 0.004 U of snake venom phosphodiesterase I (SVP I) were added per 

microgram of DNA. The mixture was incubated for another 18 hours at 37 °C. After 

incubation, offline sample cleanup was performed either by protein precipitation with 

organic solvent (such as cold ethanol) or butanol enrichment. Each procedure is described in 

detail below. After offline cleanup, the DNA digest was dried by speed-vac evaporation for 

1 hour or until dry. Dried samples were reconstituted in 5:95 MeOH:Water (v/v) and 

analyzed by LC-MS/MS.

2.5. Butanol extraction

Butanol extraction was based on a published procedure but modified for these experiments 

[30]. To the digested DNA, 100 μL of water-saturated butanol (WSB) was added. Samples 

were vortexed for 30 s and centrifuged for 1 minute at 3,000 × g to facilitate phase 

separation. The top layer (butanol) was decanted into a clean 0.6 mL microcentrifuge tube. 

Another 100 μL of WSB was added to the digested DNA, samples were vortexed for 30 s 

and centrifuged for 1 minute at 3,000 × g. The top butanol layer was decanted and combined 

with the first. The bottom aqueous layer was discarded and the combined butanol layer was 

back-extracted with the addition of 200 μL of water to remove salts. The samples were again 

vortexed 30 s and centrifuged at 3,000 × g, after which the top layer (butanol) was collected 

and dried by speed-vac evaporation and the dried samples were reconstituted in 20 μL of 

mobile phase.

2.6. Protein precipitation

After DNA hydrolysis, samples were spiked with 8 μL of 15N-BaP-dG internal standard (10 

fmol/μL in 5:95 MeOH:Water (v/v)), (0.2 pmol/μL stock) and 5-volumes of −80 °C EtOH 

(~100 μL sample vol., 500 μL EtOH). Samples were vortexed briefly and centrifuged at 
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10,000 × g for 10 min at 4 °C. After centrifugation, the supernatant was decanted into a 

clean microcentrifuge tube, or alternatively into glass silylated borosilicate glass inserts 

(Microliter, Wheaton). If decanted directly into glass inserts, 300 μL (volume of insert) of 

supernatant were added, dried in situ, then another 300 μL of supernatant was added and 

dried until complete sample transfer. Samples were reconstituted in 20 μL of 5:95 

MeOH:Water (v/v), vortexed briefly and submitted for LC-MS/MS analysis. Samples dried 

in microcentrifuge tubes were dried by speed-vac evaporation (1 hour or until dry) and 

reconstituted in 20 μL of 5:95 MeOH:Water (v/v), vortexed briefly, transferred to 300 μL 

silylated borosilicate glass inserts and submitted for LC-MS/MS analysis.

2.7. Analysis by nanoLC-ESI-IT-MS/MS with HPLC chip

Analytical separation was done using an Agilent Technologies’ microfluidic HPLC chip that 

combined online enrichment, nanoLC, and ESI functionality. The platform was comprised 

of two Agilent Technologies’ 1100 Series HPLC pumps (one for sample loading and 

enrichment, and one for nanoLC) and a 1260 Series micro well-plate autosampler; a 1260 

model chip-cube interface and small molecule chip with Zorbax SB-C18 80-Å, 5 μm 

particles packed in a 40 nL trapping column (online microSPE for analyte enrichment) and a 

43 mm analytical column terminating in an emitter tip for nanoLC-nanoESI coupled to a 

model 6330 ion trap mass spectrometer. No special precautions were taken to ensure the 

durability of the chips other than as specified by the manufacturer.

The injection volume was held constant at 5 μL in all experiments (8 μL sample loop) which 

was loaded onto the trap column by the enrichment pump at 4 μL/min with the following 

solvent composition: 93% mobile phase A (water with 3% acetonitrile and 0.1% acetic 

acid), and 7% mobile phase B (methanol with 0.1% acetic acid). Samples were loaded onto 

the trapping column for 4 minutes (solvent diverted to waste), the enrichment pump was 

linked to the analytical column by the chip's switching valve, and the sample was back-

flushed off the enrichment column by the nanoflow analytical pump (solvent to MS via ESI) 

at 300 nL/min with the following gradient: 10% B for 4 min to equilibrate (during 

enrichment) then to 90% B in 4 minutes, hold 2 minutes at 90% B, then back to 10% B in 2 

min and hold 4 min to re-equilibrate.

The ion trap mass spectrometer, operated in positive ion mode, was calibrated by infusing 

Agilent calibration solution and tuning and optimization were done with a 10 μg/mL 

solution of BaP-dG reference standard in 70/30 MeOH/H2O with 0.1% acetic acid. Drying 

gas was 3.0 L/min N2 at 325 °C, and capillary voltage −1725 V. Ion optics were as follows: 

skimmer 1, 40 V; capillary exit, 94.3 V; octopole 1 DC, 12 V; octopole 2 DC, 1.7 V; 

octopole Rf, 170 V; trap drive, 64.5; lens 1, −5 V; and lens 2, −60 V. Spectral acquisition 

was done in ultra scan mode with 24,000 m/z per scan, accumulation was set to 50 msec or 

500,000 ions and 3 averages per scan. Collision gas was ultrahigh purity He held at 3 mT, 

and dynamic ramping was used for optimal fragmentation, ranging from 0.45-3.0 V. 

ChemStation LC 3D Systems, Quant Analysis Version 1.8, and Data Analysis Version 3.4 

software were used for operation and data analysis (Agilent Technologies, Wilmington, 

DE). In all cases, the analyte detection was based on the use of tandem MS, monitoring the 
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transition 570.2 m/z → m/z 454.1 m/z for BaP-dG and the transition 575.2 m/z →m/z 459.1 

m/z for the 15N-BaP-dG internal standard.

3. Results and discussion

3.1. Determination of cause(s) of decreased sensitivity

According to the IUPAC, matrix effects is defined as “...the combined effect of all 

components of the sample other than the analyte on the measurement of the 

‘analyte ’quantity.” [31]. Most bioanalytical LC-MS methods involve some sample 

preparation (protein precipitation, solid phase extraction, etc.) and reconstitution of the 

analyte in some solvent compatible with MS detection. On that basis, the matrix effect may 

be quantified by determining the ratio between the analyte response measured in post–

extraction spiked extracts and the response obtained from standards in a neat solvent. [32]. 

Invariably, sample components co-extracted with the analyte introduce ion suppression 

effects which result in analyte signal reduction and this is particularly observed in analyses 

conducted by electrospray ionization for reasons well documented in earlier publications 

[33, 34] and also reviewed by Trufelli, et al., [35]. In accordance with these considerations, 

in order to establish that matrix interference was the cause for the signal losses indicated in 

Figure 2, two straightforward experiments were carried out. In the first experiment a sample 

of ctDNA was digested, ethanol washed and reconstituted in 5 mM Tris, 10 mM MgCl2, pH 

8.0 to 50 ng/μL. Then a 10X serial dilution was performed on the ctDNA digest matrix to 

produce a series of diluted matrix samples ranging from 10X to 10,000X. An equal volume 

(100 μL for 5 μg ctDNA digest) was removed from each diluted matrix, spiked with an equal 

concentration of BaP-dG analyte (10 fmol/μL), and analyzed by LC-MS/MS. Results are 

presented in Figure 3 (panels A-D) and show that as the matrix becomes more dilute, the 

analyte signal becomes stronger. In the second experiment, two aliquots of ctDNA digest (5 

μg, 50 ng/μL) were spiked with BaP-dG analyte, one before and one after protein 

precipitation (ethanol wash). This simple test was intended to show that ion suppression by 

the matrix, rather than co-precipitation of BaP-dG with protein (during ethanol wash) was 

the principal cause for loss of signal. Results are also shown in Figure 3 (panels E and F). 

Since no BaP-dG analyte was observed when spiked into the matrix after all cleanup steps it 

was ascertained that ion suppression due to matrix interferences, rather than analyte 

recovery was the likely problem.

In view of these observations, a systematic study was undertaken in order to identify the 

degree or extent to which individual components associated with the processing of the 

sample may have contributed to signal suppression.

3.2. Determination of the specific causes of ion suppression: examination of sample 
components

To determine which component or components were responsible for loss of signal, the 

analyte was spiked into each component of the final sample including buffer, DNA, and 

enzymes. These components were washed with ethanol, dried and resuspended as per the 

standard protocol. In each experiment, analyte peak areas from LC-MS/MS analysis were 

compared to an appropriate control or to a neat, unprocessed dilution of BaP-dG analyte. 
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Internal standard was in very short supply, and therefore was used sparingly in method 

development. However, these experiments were designed for relative (qualitative) 

comparison, with each component being tested for suppression of the BaP- dG analyte ion 

signal.

3.2.1. Buffer—The DNA digestion buffer (5 mM Tris, 10 mM MgCl2, pH 8) was 

developed for enzyme cocktails capable of hydrolyzing DNA to monomeric nucleo(sides/

tides) [36, 37]. The buffer provides the essential divalent cations required for DNase I 

activity and buffers the solution to a pH at or near optimal for each enzyme. The impact of 

the buffer on the LC-MS/MS analysis was negligible when comparing standard BaP-dG in 

5% MeOH vs. buffer and cleanup with ethanol precipitation.

3.2.2. DNA—DNA matrix effects were tested in two ways using both polymeric DNA and 

an equivalent mixture of deoxynucleosides, as would be produced by digestion of the DNA. 

Intact DNA was tested for two reasons: first, because the purified ctDNA purchased from 

Sigma has been reported to contain protein impurities (up to 21% protein by some 

measurements) [38], it was necessary to measure the effects of these impurities on the 

analyte signal, and second, to assess the impact of undigested DNA on the BaP-dG analyte 

(ion suppression or interactions such as base stacking) since there may be undigested DNA 

in the final sample.

To test matrix effects from deoxynucleosides, an equimolar (1:1:1:1) mixture of dA, dC, dT, 

dG equivalent to 5 μg of polymeric DNA (1.8 × 105 nucleosides/μg DNA) was prepared in 

100 μL of digestion buffer. BaP-dG was spiked into the mixture to a final concentration of 

10 fmol/μL followed by ethanol precipitation, evaporative drying in a speed-vac, and 

resuspension in 5% MeOH before LC-MS/MS analysis. To test matrix effects from 

polymeric DNA, 5 μL of ctDNA stock solution (1 mg/mL in 5 mM Tris, 10 mM MgCl2, pH 

8) was diluted to 100 μL in digestion buffer and processed in the same way. The BaP-dG 

analyte signal in the presence of the mononucleoside mixture was reduced by 2-fold 

compared to neat analyte (10 fmol/μL in 5% MeOH), which is a reasonable depletion. A 

similar result was found with polymeric DNA, which showed a 4-fold depletion of BaP-dG 

analyte signal. Commonly, analytes spiked into sample matrix (followed by cleanup steps) 

will have signals decreased by at least 10-fold compared to a neat standard. It may be 

therefore concluded that the presence of unmodified nucleotides and undigested polymeric 

DNA is likely not a major contributor to ion suppression.

3.2.3. Enzymes—In comparison to the BaP-dG spiked DNA sample described above, 

when the 3- enzyme cocktail alone (no DNA or incubation) was spiked with BaP-dG 

analyte, a dramatic 380-fold decrease in analyte signal was observed relative to a neat 

sample, as well as an approximately three-fold decrease in S/N (Table 1). Therefore, it was 

determined that one or more of the enzymes was causing the overwhelming suppression of 

analyte signal. To determine which specific enzyme(s) were responsible, each enzyme was 

prepared separately in the digestion buffer and spiked with 10 fmol/μL BaP-dG analyte. 

Also, binary mixtures of each enzyme were prepared and spiked in the same way. Samples 

were ethanol washed, dried, reconstituted, and analyzed by LC-MS/MS and the results are 

summarized in Table 1. As the table shows, the strongest signal (largest peak area of BaP-
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dG) was obtained from alkaline phosphatase. However, when the DNase I or the SVP I 

enzymes were present in the sample, the analyte signal was only weak or moderate in 

comparison, ranging from 9- to 80-fold weaker, relative to the neat reference sample (10 

fmol/μL BaP-dG).

To address the issue of excessive ion suppression caused by DNase I and SVP I, we 

considered two options. The first option was to decrease the enzyme quantity, which should 

in turn decrease the ion suppression. This would also require an activity assay to ensure that 

a change in enzyme quantity did not adversely affect DNA digestion. The second option was 

to substitute with different enzymes, if available.

To determine the quantity of DNase I capable of providing optimal digestion efficiency and 

minimal ion suppression, enzyme cocktails (3 enzymes) were prepared with decreasing 

quantities of DNase I and were used to digest a 5 μg aliquot of standardized BaP-adducted 

ctDNA with a nominal adduction level (see Materials and Methods). In this way, DNA 

digestion efficiency was determined by LC-MS/MS quantitation of the liberated BaP-dG 

adducts. In the standard protocol, DNase I was prepared in the cocktail at 3.1 KU/μg DNA. 

Enzyme cocktails were also prepared with the following concentrations of DNase1: 1.6, 

0.78, 0.39, 0.19 KU/μg DNA. These concentrations corresponded to 2, 4, 8, and 16-fold 

dilutions of the DNase I, while quantities of the other enzymes (SVP1 and alkaline 

phosphatase) remained constant. Results are shown in Figure 4, which includes data from 

the analogous experiment with SVP I (discussion follows). A small increase in signal (ratio 

of analyte:IS) was detected as the DNase I quantity was decreased. We interpret these results 

in the following way: DNA hydrolysis was complete in all preparations and the increasing 

ratio can be attributed to decreased suppression of the analyte ion.

The experiment with SVP I was conducted in the same manner. Enzyme cocktails were 

prepared with decreasing quantities of SVP I and used to digest 5 μg aliquots of standardized 

BaP-adducted ctDNA. In the standard protocol, SVP I is added to the DNA at a 

concentration of 0.003 U/μg DNA, or 3 mU/μg DNA. Enzyme cocktails were also prepared 

at the following concentrations of SVP I: 1.5, 0.8, 0.4, and 0.2 mU/μg DNA equating to 2, 4, 

8, and 16-fold dilutions, respectively. The digests were prepared in triplicate, spiked with IS 

and analyzed for liberated BaP-dG by LC-MS/MS. As Figure 4 (middle line) shows, 

decreasing the concentration of SVP I in the enzyme cocktail slightly increased the analyte 

signal up to an 8-fold dilution, but digestion efficiency may begin to decrease beyond this 

point.

A fourth experiment was also conducted in which quantities of DNase I and SVP I were 

both decreased in the enzyme cocktail while alkaline phosphatase remained constant. This 

ratio was then used to digest DNA in triplicate. The combined effects of decreasing both 

enzymes had a much more notable effect on ion suppression and digestion efficiency. A 3-

fold increase in the analyte signal was observed with an 8-fold dilution (ratio 3.05) 

compared to the standard preparation (no dilution, ratio 0.98). As a result, these optimized 

enzyme concentrations were adopted into the final protocol.
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As mentioned above, substitution of enzymes was also considered, but in the case of SVP I 

no alternative 5'-exonucleases were commercially available. Alternatives were available, 

however, for DNase I. The original digestion protocol developed in 1990 by Crain et al. 

utilized nuclease P1, rather than DNase I, as the endonuclease [37]. Unfortunately, nuclease 

P1 isn't ideal for this application because of its optimal pH (5-8), temperature (70 °C), and 

specificity (for ssDNA) which are generally incompatible with the other enzymes used in the 

cocktail. As a result, extra steps were required resulting in an overly complicated procedure 

that affects sample throughput. A more compatible and commercially available option was 

the recombinant endonuclease, benzonase. This enzyme is expressed in cell culture, in a 

controlled environment, and available in high (≥90%, SDS-PAGE) and ultra high (≥ 99%) 

purities. These higher purities would presumably impart less contamination than the DNase I 

purified from bovine pancreas (purity of ≥80%).

To test this latter hypothesis solutions of DNase I and benzonase were each prepared to 3.1 

U/μL (so 1 μL enzyme equals 1 equivalent, or 3.1 U enzyme/μg DNA). Three concentrations 

were prepared, in duplicate, in 50 μL of digestion buffer: 6, 12, and 18 U/50 μL. BaP-dG 

(4.0 fmol/μL) was spiked into each aliquot and analyzed by LC- MS/MS. DNA, SVP I, and 

AP were excluded from the sample. The signal (peak area) for BaP-dG increased by 19%, 6 

U; 33%, 12 U; and 97%, 18 U when ultrapure benzonase was used in place of DNase I. 

Next, the quantity of benzonase was optimized by preparing 3 concentrations of benzonase 

in the 3-enzyme cocktail according to the standard protocol. Aliquots of 5 μg of standard 

BaP-adducted ctDNA were treated with each of these cocktails in duplicate. No significant 

difference in liberated BaP-dG was detected by LC-MS/MS indicating that 6 U benzonase 

was sufficient to completely hydrolyze 5 μg of DNA and this condition was adopted into the 

final protocol.

3.3. Optimization of offline sample cleanup to address ion suppression

Offline cleanup of digested DNA for LC-MS analysis is typically a multi-step process. In 

the first step, after incubation with DNA, the hydrolytic enzymes are removed by ethanol 

precipitation. Other organic solvents such as acetonitrile are occasionally substituted for 

ethanol. In the second step, small molecules such as salts and unmodified nucleosides are 

removed by solid phase extraction (SPE) on a reversed-phase medium. For analysis of small 

samples containing trace analytes, such as PAH-DNA adducts present at ppm-ppb levels, it 

is advantageous to perform this step online with the LC separation and MS detection in 

order to minimize sample loss.

3.3.1. Protein precipitation solvents—Protein precipitation is a key step in sample 

cleanup of digested DNA to remove the enzymes that were added in the previous step. 

Siuzdak et al. conducted a thorough examination of various organic solvents and acids for 

protein precipitation in serum samples [39]. Their area of study, metabolomic profiling, was 

quite different but shared a common goal with our current application, namely protein 

depletion from a biological sample for the LC-MS/MS analysis of small molecule analytes. 

In a similar way, we tested the effectiveness of many of these solvents for the following 

criteria: first, removal of contaminants such as protein; and second, retention of the analyte 

(BaP-dG).
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The first step was to test the effectiveness of the different solvents toward decreasing the 

background signal in a ctDNA digest. The solvents methanol, ethanol, isopropanol, and 

acetonitrile, as well as 50/50 (v/v) mixtures of each combination (e.g. MeOH/IPA, ACN/

IPA, EtOH/IPA, and so on) were prepared at room temperature and cold (just above their 

freezing points). Aliquots of 5 μg ctDNA digest were prepared by digesting the DNA 

overnight with the standard 3-enzyme cocktail. BaP-dG was spiked into each sample before 

adding 5 volumes of the appropriate solvent. Samples were centrifuged, dried, resuspended 

in 5% MeOH and analyzed by LC-MS/MS according to the standard protocol. A 

comparison of the resulting chromatograms (some are excluded if TIC pattern is redundant) 

is shown in Figure 5. The background signal from contaminating ions can be compared by 

referring to the TICs that are aligned (x-axis, retention time) for visualization. The dashed 

vertical line indicates the retention time of the BaP-dG analyte. While subtle differences can 

be observed in the TICs of the different solvents, the BaP-dG signal did not exceed a S/N 

ratio of 5 in any of the precipitation experiments, which is likely due to the presence of high 

background signal spanning the range from 7-10 minutes (retention time of BaP-dG analyte 

is 8.6 min). By contrast, Panel F shows the resulting TIC after butanol extraction, which is 

much more effective at removing matrix components eluting between 7-9.5 minutes. A large 

background signal is still present, however it is shifted to 9.5-10.5 minutes, after elution of 

the BaP-dG analyte. This likely explains the much higher signals obtained when butanol 

extraction was used for offline cleanup rather than precipitation with organic solvents.

3.3.2. Butanol extraction—After observing that extraction in butanol introduced the 

lowest matrix effects, the second step was to verify that the BaP-dG analyte was also 

extracted efficiently from the matrix using the same solvent. Determination of analyte 

extraction efficiency independent from other factors such as ion suppression, adsorptive 

loss, etc. was difficult. The evaluation could be done by preparing numerous samples of 

matrix with analyte and spiking internal standard at each step along the sample preparation 

process. For quantitative results, this would have to be done as a single experiment and was 

determined to be excessively time-consuming for our purposes. Therefore, a simple 

comparison was conducted in which BaP-dG was prepared in digestion buffer and extracted 

with butanol; and conversely spiked into 5 μg of ctDNA digest and extracted with butanol. 

Both samples were analyzed by LC-MS/MS after drying and reconstitution. Peak areas were 

compared with a neat preparation of BaP-dG (no sample processing) to determine recovery. 

In a separate experiment (not shown), the relative signal of dG-C8-4-ABP as a model 

analyte was determined in the presence of different matrices. Equal quantities of analyte 

were spiked into equal volumes of 5% MeOH in water solvent (i.e. neat), 5 mM Tris / 10 

mM MgCl2 digestion buffer, and 5 μg of ctDNA digest. Respectively, the ratio observed 

was 1:0.33:0.033. Because the neat BaP-dG control was not comparable to the matrix-

containing samples and % recoveries would appear artificially low, a correction factor was 

also applied to account for signal loss due to the presence of matrix (normalize for matrix 

effects) as follows: buffer only: % recovery × 3; ctDNA digest: % recovery × 30. Butanol 

extraction recovered 56% of BaP-dG analyte prepared in buffer, and 45% of BaP-dG analyte 

in ctDNA digest. These values indicate that BaP-dG is being adequately extracted from the 

matrix. Butanol extraction also showed a significant 4.1-fold improvement over ethanol 

precipitation (Figure 6). Some fraction of this improvement is likely attributed to decreased 
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matrix effects in butanol extraction because of the more efficient removal of co-eluting 

matrix ions, as discussed above.

3.3.3. Sample drying—Before LC-MS/MS analysis, samples of digested DNA are 

typically dissolved in a solvent incompatible with MS, and excessively diluted from the 

preceding cleanup step (e.g. EtOH wash or butanol extraction). Evaporative drying using a 

speed-vac allows samples to be reconstituted in a desirable solvent of specific volume for 

LC-MS/MS analysis. However, this step generally reduces analyte recovery to some degree 

due to adsorption of the analyte to the walls of the tube in which the samples are dried. To 

minimize this loss, drying steps are another parameter that should also be optimized. Since 

DNA digests are prepared in polypropylene microcentrifuge tubes (1.5 or 0.6 mL, silylated 

or non-silylated), samples are also dried in these tubes, then resuspended in mobile phase 

and transferred to an autosampler vial. This extra sample-transfer step can result in some 

loss due to analyte adsorption to the tube walls, depending on their composition, or 

incomplete sample transfers due to pipetting errors. Therefore, in an effort to eliminate this 

step, we decided to dry the samples directly into the autosampler vials.

Three different glass inserts that were used in combination with the standard 2.0 mL, 12 mm 

× 32 mm screw-thread glass vials after evaporative speed-vac drying were compared for the 

recovery efficiency of Bap-dG. While these 2.0 mL vials are accommodated by most 

autosamplers, their large volume is not compatible with the low sample quantities required 

for our analyses and these inserts are used to reduce the volume of the vial to 300 μL. They 

are specially designed to be conical in shape with a drawn tip to ensure maximal sample 

recovery by the autosampler needle. Two inserts were obtained from Microliter (Wheaton, 

Millville, NJ), one standard glass and one silylated; and the third insert was also standard 

glass and was purchased from Supelco (Sigma, St. Louis, MO). All inserts were very 

similar: borosilicate glass, silylated or non-silylated, 300 μL volumes with conical point tips.

To test recovery in these inserts, both neat and 5 μg ctDNA digest preparations of BaP-dG 

were prepared in duplicate. Butanol extraction was done on neat and matrix samples and the 

extract (< 300 μL) was collected and dried directly in the glass inserts. Samples were 

reconstituted in 5% MeOH and analyzed by LC-MS/MS. As shown in Table 2, in the 

Microliter brand insert, silylation had very little effect on BaP-dG recovery in both neat and 

spiked matrix preparations. Interestingly, a considerable difference was observed between 

Microliter brand and Supelco brand inserts, the latter resulting in significant reduction of 

analyte recovery. Compared to non-silylated Microliter inserts, Supelco inserts recovered 

3.8-times less analyte in neat and matrix preparations. Since both inserts have nearly 

identical specifications, it is difficult to identify the specific causes of this discrepancy but 

clearly the manufacture process varies in some way, and this experiment indicates the 

importance of keeping consistent supplies of consumables.

3.3.4. Reconstitution solvent—An important parameter that is easily overlooked is the 

solvent used for sample reconstitution after drying. For HPLC analysis, dry samples are 

typically reconstituted in mobile phase, with equal or lesser percentage of the organic 

component. In the present case, the sample containing the analyte standard and its 

isotopically labeled analog was loaded on the enrichment column with 10% B, which was 
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0.1% acetic acid in methanol and samples were reconstituted in 5% acid-free methanol. The 

analyte, BaP-dG, is fairly hydrophobic (logP ≈ 3.6, BP-7,8- dihydrodiol) thus it seemed 

plausible that a solvent with a higher percent organic was necessary for reconstitution. Acid 

is generally excluded from our sample preparation due to the labile ribose moiety, but acidic 

solvent could also help solubilize the analyte through protonation/ionization, and it was 

decided to test this as well.

Three reconstitution solvents were evaluated: Water containing 5% methanol with and 

without 0.1% formic acid and a 50/50 (v/v) mixture of DMSO/water (no acid), as DMSO is 

commonly used for solubilizing various nucleoside adducts [40]. In each case BaP-dG was 

spiked into 5 μg aliquots of DNA digest before protein precipitation and analyzed by LC-

MS/MS and the results from duplicate analyses are summarized in Table 3. Peak areas of 

BaP-dG analyte in each sample were compared to a neat preparation of BaP-dG in order to 

calculate percent recoveries. In addition, because the neat BaP-dG control was not 

comparable to the matrix-containing samples and % recoveries would appear artificially 

low, a correction factor was also applied (% recovery × 30). As discussed above, this table 

includes a comparison of two different protein precipitation solvents, EtOH (−80 °C) and 

ACN (−20 °C) used in combination with the three different reconstitution solvents. The 

highest recoveries, 54- 55% were obtained when ACN was used in combination with 5% 

MeOH, either with or without 0.1% formic acid. To avoid potential complications from 

resolubilizing with acid (hydrolysis of ribose from nucleobase after extended incubation in 

autosampler), 5% MeOH was chosen as the reconstitution solvent.

Sample dilution is often recommended as a means for reducing ion suppression. [41]. If the 

injection volume remains constant, sample dilution effectively results in less matrix entering 

the mass spectrometer. In turn, this also results in less analyte entering the mass 

spectrometer and so the dilution factor must be optimized to balance analyte signal with 

matrix effects. To examine the effect of dilution on the LC-MS/MS analysis of BaP-dG in 

DNA digest, five aliquots of 5 μg ctDNA digest were washed with ethanol, dried and spiked 

with standard BaP-dG (prepared in duplicate) in 20 μL of 5% MeOH. Subsequently, 

duplicate samples were diluted with 5% MeOH to final volumes of 40, 80, 160, and 250 μL. 

Five μL of each sample were injected and analyzed by LC-MS/MS. Figure 7 shows 

representative EICs overlaid for comparison. The peak areas increased linearly with 

increasing volume from 20 (S/N 23) to 80 μL (S/N 47). At a volume of 160 μL (S/N 35), the 

analyte signal decreased in intensity (not shown, approx. equal to 20 μL point, S/N 34 μL) 

and at 250 μL (S/N 4.1), the sample was excessively dilute resulting in virtually complete 

loss of signal.

3.4. Optimization of online cleanup and chromatography to further address ion 
suppression

3.4.1. Online enrichment—When combined with optimized sample preparation, the 

microfluidic HPLC Chip from Agilent Technologies enables highly sensitive LC-MS/MS 

assays for DNA adducts using very small quantities of sample (2 μg DNA). The HPLC Chip 

combines online SPE with nanoLC and ESI via column switching, in which the sample is 

loaded on a C18 trap column and washed with mobile phase (10% B, methanol with 0.1% 
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acetic acid) with effluent directed to waste, then after a defined time (4 min, original 

protocol) the trap column is linked to the analytical column via a switching valve, the 

analytical gradient begins and effluent is electrosprayed into the mass spectrometer. Online 

SPE improves throughput and, most significantly, increases recovery. For instance, offline 

SPE, which typically includes an evaporative speed-vac drying step, often has a recovery in 

the range of 50% [42]. For example, in previous studies dealing with the analysis of the 

deoxyguanosisne adduct of 4-aminobiphenyl (dG-ABP) using on-line SPE cleanup with the 

SPE with the HPLC Chip, analyte recoveries ranged from 71-95% [12].

To ensure maximal cleanup of the sample after injection onto the trap column, sample 

loading/washing time was varied from 4 to 8 minutes, with mobile phase compositions of 

10% B and 30% B; the latter condition was used for offline SPE of dG- BaP by Feng et al. 

[43]. Despite the fact that two binary pumps are used, one for sample loading (online SPE), 

the other for analytical separation, the solvents used for sample loading/washing matched 

the solvent system used for the analytical pump.

BaP-dG was spiked into 5 μg of digested ctDNA matrix and analyzed by LC- MS/MS under 

these variable conditions. With sample loading/washing at 30% B, some peak broadening 

was observed compared to loading/washing at 10% B at all enrichment times tested. Figure 
8 shows the effect of varying the loading/washing time using 30% B on the analyte signal. 

After 6 minutes of isocratic washing with 30% B, the analyte signal is considerably reduced 

and at 8 minutes the signal is nearly undetectable (S/N < 3). This is likely due to elution of 

the BaP-dG from the trapping column, a presumption supported by the peak broadening 

observed at 30% B compared to 10% B. The signal intensity was not significantly affected 

by loading/washing time at 10% B, thus the original conditions were kept, namely 4 minutes 

of loading/washing with 10% B (methanol with 0.1% acetic acid).

3.4.2 Separation gradient and mobile phases—The gradient and solvent systems 

were selected for optimal sensitivity when the method was originally developed. This was 

verified by adjusting the gradient. Because a single analyte was being chromatographed, a 

very steep gradient was used (from 10-90% B in 2 minutes equaling 40% B/min), to 

generate a very sharp peak. This fast chromatography may cause many components to co-

elute with the analyte resulting in ion suppression. To test this possibility, the gradient was 

slowed to 10-90% B in 4 min, 8 min, 16 min, and 32 min and BaP-dG spiked into ctDNA 

digest was resolved. The slower gradients resulted in lower S/N as the peak height decreased 

due to peak broadening. With a 4-minute gradient, broadening was slight, but this increased 

proportionally with time and at 16 and 32 minutes broadening became excessive. Figure 9 
shows the dramatic peak broadening that occurred as the gradient was slowed from 40% 

B/min (2 minute, fast gradient) to 2.5% B/min (32 minute, gradual gradient). While the peak 

areas are nearly identical (PA=1.3 × 107, 40% B/min; PA=1.0 × 107, 2.5% B/min), the wider 

peak associated with the slow gradient has a S/N approximately 4-fold lower in these neat 

preparations of BaP-dG analyte, which is expected to have an even greater impact on the 

sensitivity in the presence of matrix, as the peak edges will become indistinguishable from 

the noise.
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Two solvent systems were compared with the solvent system in place (A: water/0.1% formic 

acid and B: methanol/0.1% formic acid). When 0.1% acetic acid was used in place of formic 

acid, no difference was observed. Solvent prepared with 0.1% ammonium formate was also 

tested and slightly lower sensitivity was observed. When acetonitrile was substituted for 

methanol as the organic solvent, a dramatic decrease in signal intensity was observed. This 

may be due simply to the fact that the ESI parameters required optimization after switching 

to ACN, but at the time this was not considered because the ESI parameters are generally 

optimized during tuning and calibration of the MS.

3.5. Applications to Cell Dosing

As described above, the sensitivity of the LC-MS/MS assay was improved primarily by 

decreasing ion suppression caused by contaminating matrix ions. The next step was to apply 

the optimized method to the analysis of cultured human cells.

3.5.1. Calibration curve—A calibration curve was prepared in calf-thymus DNA matrix 

as follows. A two- fold serial dilution of a 12.5 μM stock solution of synthetic BaP-dG 

(stored at −20 °C, protected from light, in dry DMSO) was prepared at the following 

concentrations: 0.030, 0.061, 0.12, 0.24, 0.49, 0.98, 2.0, and 3.9 fmol/μL. Ten (10) 

microliters (μL) of each dilution was spiked into 5 μg of ctDNA digest resulting in samples 

with the following adduction levels: 8.20, 16.3 32.7, 65.4, 131, 261, 523, and 1046 BaP-dG 

adducts per 108 nucleosides. Internal standard (0.2 pmol/μL stock) was spiked into each 

sample to maintain a constant concentration of 1 fmol/μL. Each sample was reconstituted 

into a final volume of 20 μL and triplicate analyses were carried out by injecting 5 μL 

aliquots (i.e., 1.5 μg of DNA) on-column. A calibration curve was generated by plotting the 

number of femtomoles of analyte injected on-column vs. the ratio of analyte to IS peak 

areas. The linear range was plotted to generate a best-fit line and the equation y=0.136× + 

0.0776 (R2 = 0.995) was used to calculate the number of BaP-dG adducts. At the lowest 

point of the calibration curve this corresponded to the injection of 0.075 fmole (75 attomole 

per 1.5 μg of DNA) equivalent to an LOQ of 8.20 BaP-dG adducts per 108 nucleosides. 

These detection and quantitation limits are in line with previous reports on levels of dG-N2-

BaP adducts observed in humans [44, 45] and in principle could be further improved by 

processing larger quantities of DNA.

3.5.2. BaP-dG adducts detected in cell culture—The general applicability of the 

optimized process was next tested in a study in which cultured human BEAS-2B bronchial 

epithelial cells were dosed in triplicate with BPDE at the following concentrations: 1.0 × 

10−9, 5.0 × 10−9, 1.0 × 10−8, 5.0 × 10−8, 1.0 × 10−7, 5.0 × 10−7, 1.0 × 10−6, 2.0 × 10−6 M 

and a DMSO control. After 8 days of exposure (24 h for BPDE), cells were cultured in fresh 

medium for an additional 7 days (24 hours for BPDE) before the DNA was isolated from the 

cell cultures and dissolved in 5 mM Tris/10 mM MgCl2 buffer and quantified using 

Invitrogen's Qubit dsDNA BR assay kit according to the manufacturer's protocol. A volume 

corresponding to 2 μg of DNA was removed from each sample and diluted to 25 ng/uL in 5 

mM Tris/10 mM MgCl2. A single aliquot of 2 μg DNA was digested from each of 3 

biological replicates. The samples were digested and prepared for LC-MS/MS analysis using 

the optimized protocol.
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Results of LC-MS/MS quantitation are shown in Figure 10 (table included in figure). DNA 

adducts were not detected in the DMSO negative control or the lowest concentration, 1.0−9 

M. Adducts were detected from treatment with 5.0 × 10−9 M, but were below the LOQ (<15 

fmol/uL) so could not be quantified. The range of BPDE treatments from 1.0 × 10-8 M to 

2.0 × 10−6 M suggested the possibility of a bimodal distribution with maxima at 5.0 × 10−8 

M (247 adducts/108) and 2.0 × 10−6M (603 adducts/108). However the limited sample size 

and the large amount of variability preclude any conclusion regarding the shape of the dose 

response curve. The dosing range from 1.0 × 10−7 M to 2.0 × 10−6 M showed a nearly linear 

increase in adduction levels (R2=0.980). It is not apparent whether the trend would continue 

for concentrations higher than 2.0 × 10−6 M BPDE because hydrolysis of the epoxide is a 

competing, deactivating reaction and expected to be rapid in the aqueous cell medium.

4. Conclusion

Sample preparation is a critical component in the development of a bioanalytical protocol 

which frequently involves several steps each one of which needs to be optimized in order to 

achieve the best results possible in the analysis. The preparation of a sample for analysis by 

LC-MS employing electrospray ionization is particularly susceptible to matrix effects which 

may interfere – generally reduce – with the signal of the analyte(s) of interest. In the analysis 

of DNA adducts, in addition to endogenous species already present in the biological sample, 

further complexities are introduced due to the use of enzymes to digest the DNA. Moreover, 

this is on top of the solvents used for analyte extraction and reconstitution, the LC mobile 

phase and buffer selection. These effects may be especially detrimental when dealing with 

trace level analyses such as those associated with the detection and quantification of DNA 

adducts and introduce errors in quantitation and precision. Indeed, the results presented 

above demonstrate that in the analysis of DNA adducts matrix effects may originate from a 

wide variety of sources any one of which may significantly compromise the results of the 

analysis. In the course of the development of a protocol for analysis of the deoxyguanosine 

adduct of benzo[a]pyrene, the individual matrix contribution of each one of these sources to 

analyte signal was systematically addressed as were any interactive effects. Moreover, as 

recommended [46] the analyte concentrations used for validation of matrix effects were in 

line with those that may be encountered under “real world” conditions. This comprehensive 

evaluation of matrix effects resulted in the development of an optimized protocol which was 

tested and shown to be applicable to a dose response study using metabolically competent 

cell cultures and achieve detection limits compatible with those observed in vivo. While the 

optimized parameters described above are specific for reduction of matrix effects associated 

with the analysis of the N2-BPDE-dG, the strategy employed is directly applicable to the 

analysis of DNA adducts and, in a broader sense, to the field of bioanalysis in general. It is 

envisioned that, despite the empirical approach that needs to be taken, an evaluation of 

matrix effects as presented in this paper can provide a further means for improving 

sensitivity in the area of targeted DNA adduct analysis.
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Highlights

• DNA adducts serve as important biomarkers of risk assessment from exposure 

to environmental carcinogens.

• Sample preparation for their analysis is a multistep process in which each step 

can introduce matrix interferences that may have a detrimental effect on the 

sensitivity of the analytical method.

• We show that systematic evaluation of matrix contribution associated with each 

step may be integrated toward the development of an optimized protocol for 

quantification of DNA adducts using low microgram quantities of DNA.
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Figure 1. 
The structures of BaP-N2-dG (left) and dG-C8-4-ABP (right) are shown along with the 

primary fragment ions produced by CID.
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Figure 2. 
Comparison of the original and optimized protocols. The steps of DNA digestion to LC-

MS/MS analysis are summarized with red boxes indicating steps that were modified. Sample 

chromatograms show the quality of BaP-dG analyte signal in a calf thymus (ctDNA) digest 

matrix.
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Figure 3. 
Analyte spiking experiments that were used to demonstrate that ion suppression by matrix 

components, rather than analyte recovery was the primary contributor to loss of signal. 

Panels A-D show increasing analyte signal with increasing dilution of matrix. Panels E-F 

show that analyte was not detected even when spiked into matrix after cleanup, just prior to 

analysis. Panel G shows the LC-MS/MS analysis of 5 fmol of analyte and internal standard 

for comparison.
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Figure 4. 
Correlation of enzyme quantity and analyte signal. Concentrations of DNase I (bottom) and 

SVP I (middle) were varied in the 3-enzyme cocktail to determine the optimal conditions for 

DNA digestion. In the top line, DNase I and SVP I were both diluted in the enzyme cocktail 

to determine the combined effects. Ion suppression is believed to cause the smaller ratios of 

analyte:IS at the lower dilutions (higher concentrations). For comparison, the standard 3-

enzyme cocktail is included, labeled “Standard Prep.” and gave the weakest signal (closest 

to origin).
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Figure 5. 
Protein precipitation solvents. TIC chromatograms show how solvent choice used in offline 

cleanup affects the background ions that may contribute to analyte ion suppression. The 

dashed vertical line indicates the retention time of BaP-dG. Note that the BaP-dG EIC is not 

shown in these chromatograms and “peaks” are due to background matrix ions, not the 

analyte.
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Figure 6. 
Comparison of cleanup strategies. TICs are overlaid with EICs of BaP-dG analyte and 

clearly show that butanol enrichment is more effective at removing co-eluting background 

ions than protein precipitation with ethanol. The single BaP-dG peak is indicated by an 

arrow. Multiple peaks in the top trace (ethanol precipitation) are from coeluting 

contaminants.
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Figure 7. 
Matrix effect reduction via sample dilution. ctDNA digest was spiked with 4 fmol BaP-dG 

standard, dried and reconstituted in different volumes of 5% MeOH. As this figure 

demonstrates, injection of a more concentrated sample does not produce the strongest signal. 

Dilution of sample from 20-80 μL produced stronger analyte signals, likely due to 

decreasing ion suppression by the more dilute matrix. Above 80 μL, the signal deteriorated, 

likely due to over dilution, where too little analyte was being introduced into the mass 

spectrometer.
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Figure 8. 
DNA digests were enriched on the HPLC chip by online SPE. Here the washing time (and 

volume) is varied to determine the effect on analyte signal. Flow rate is 4 μL/min with 30% 

methanol in water containing 0.1% acetic acid. Data show that the analyte begins to elute (to 

waste) after 6 minutes (24 μL) or more of enrichment. Note the enrichment column has a 

volume of 40 nL, therefore 6 minutes of washing equals 600 column volumes. Also note that 

the separation gradient was started after enrichment, therefore the increasing retention time 

observed is artificial (BaP-dG elutes at 45% B in each case).
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Figure 9. 
Effect of separation gradient on peak shape. As the gradient is slowed from 40% B/min to 

2.5% B/min, the analyte peak broadens reducing the S/N approximately 4-fold when 

analyzed in the absence of matrix (neat BaP-dG analyte).
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Figure 10. 
Quantitation of dG-BaP IN BEAS-2B cells exposed to varying concentrations of BPDE. The 

bar graph shows BaP-dG adduct levels and data are tabulated in the table below. A sample 

chromatogram with integrated BaP-dG analyte and IS peaks is shown in the top right corner. 

Error bars represent biological variation from triplicate cell dosings of biological replicates, 
each analyzed once by LC-MS/MS.
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Table 1

Comparison of analyte signal when BaP-dG was spiked into preparations of each enzyme separately, and in 

combination with others. AP has the smallest impact on analyte signal whereas SVP I caused the largest 

decrease in analyte signal.

Enzyme

DNase I SVP I AP Peak Area Analyte Signal

+ + + 1.18 × 105 Weak

+ + - 4.53 × 104 Weak

- + - 1.09 × 105 Weak

- + + 1.15 × 105 Weak

+ - + 4.06 × 105 Moderate

+ - - 4.13 × 105 Moderate

- - + 3.63 × 106 Strong

Peak areas are average of duplicate analyses.

Analyte signals are listed as weak, moderate, and strong for facile comparison.
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Table 2

Effect of silylation on analyte recovery. BaP-dG recovery after speed-vac evaporative drying was only 

minimally affected by silylation but a significant difference was observed between brands. The presence of 

matrix (DNA digest) had no significant effect. Inserts from both manufacturers of similar shape: pulled-point 

conical, borosilicate glass. “Avg PA”, average peak area from duplicate analyses.

Average PA BaP-dG

Brand Silylation Neat Matrix

Microliter Slz 6.02 × 106 4.72 × 105

Microliter non-Slz 4.54 × 106 4.51 × 105

Supelco non-Slz 1.25 × 106 1.17 × 105
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Table 3

Dependence of analyte recovery on resuspension solvent. Common solvents were tested for their ability to 

resolvate the analyte after evaporative drying by speed-vac. The combined effects with two protein 

precipitation solvents, ethanol and acetonitrile, are shown. Protein precipitation with acetonitrile followed by 

resuspension with 5% MeOH provided the best recovery in this comparison. FA, formic acid.

Solvent Resuspended In % Recovery

EtOH 5% MeOH 9.6

50/50 DMSO / H2O 13

0.1% FA / 5% MeOH 17

ACN

5% MeOH 55

50/50 DMSO / H2O 17

0.1% FA / 5% MeOH 54

% Recovery calculated from duplicate analyses
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