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Abstract

Formaldehyde (FA) is an environmental chemical classified as a human carcinogen. It is highly
reactive and can bind covalently with hemoglobin (Hb) to produce Hb adducts. Measurement of
these Hb adducts provides valuable information about exposure to this chemical. We developed a
robust, ultraperformance liquid chromatography—-tandem mass spectrometry (UPLC-MS/MS)
method for quantifying FA-Hb adducts in red blood cells. The method measures the FA-
VHLTPEEK peptide after trypic digestion. The peptide is a FA adduct at the N-terminus of the
beta chain of human Hb. Method mean (£SD) accuracy, determined by recovery in quality control
and blank material was 103.2% + 8.11. The mean among-day and within-day coefficients of
variation determined at three concentration levels (%CV) were 9.2% (range: 7.2-10.2%) and 4.9%
(range 3.1-7.3%), respectively. The limit of detection was 3.4 nmol/g Hb. This method was
applied to the analysis of 135 human blood samples, and FA-VHLTPEEK was detected in all study
samples. FA-VHLTPEEK concentrations were not significantly different between smokers and
nonsmokers. This work is the first validated UPLC-MS/MS method in which a FA peptide derived
from a FA-Hb adduct could be used to monitor exposure to FA in population studies.
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1. INTRODUCTION

Formaldehyde (FA) is a chemical frequently used in the preparation of building materials
and furniture,! and it is a major byproduct of combustion processes including tobacco
smoke.23 Inhalation of FA released from these materials and processes is assumed to be one
of the exposure paths in the general population.? FA is also produced in the body as part of
normal metabolism of serine, glycine, and choline® from the demethylation of N,O- and S-
methyl xenobiotics such as p-methoxyacetophenone, and dimethylsulfate, and from
methanol oxidation by ADH1.36 The International Agency for Research on Cancer (IARC)
classified FA as a human carcinogen (Group 1),3 and the National Toxicology Program
(NTP) listed it as “known to be a human carcinogen”.# Research studies found FA exposure
is associated with increased risks of nasopharyngeal, sinonasal, and lymphohematopoietic
cancers* and increased mortality rate from certain types of leukemia.” However, the role of
endogenous FA on cancer risk as well as the exact mode of action and toxicokinetics of FA
from inhalation exposure is still subject to discussions.8 One reason is the lack of analytical
methods for measuring FA exposure in humans.

In the human body, FA is metabolized to formate and then excreted. However, it is highly
reactive and also forms covalent bonds with DNA and proteins (so-called “adducts”). FA
adducts with albumin,? insulin,10 and hemoglobin (Hb)11:12 were reported. Hb adducts can
accumulate in the blood during the life span of the red blood cells (RBCs), allowing for an
exposure assessment covering the past three months.12 These adducts, especially adducts at
the N-terminus, have been used successfully as biomarkers of exposure to reactive chemicals
such as acrylamide, butadiene, ethylene oxide, and acrylonitrile.13-18 The N-terminal FA
adduct to Hb showed a positive correlation with occupational exposure to FA, suggesting
that such adducts are suitable biomarkers for assessing exposure to FA.1920 However, the
adducts reported in these studies are known to be susceptible to hydrolysis!®-2! and require
stabilization by reduction with NaBH,4 to A-methylenvaline. The stabilized adduct must then
undergo a modified Edman reaction prior to analysis. We recently identified an
imidazolidone ring formed as a result of the reaction of FA with the N-terminal valine of Hb
and described the fragmentation patterns by presenting the MS/MS spectra of the N-terminal
peptide control and the FA—peptide adduct.2? This adduct is very stable and does not require
additional chemical modifications for stabilization. However, it will not undergo the Edman
reaction and requires a new analytical approach for analysis. Analytical methods based on
enzymatic digestion of Hb and subsequent measurement of the resulting N-terminal peptide
adduct by liquid chromatography—tandem mass spectrometry (LC-MS/MS) have been
described for acetaldehyde,?3 1,2:3,4-diepoxybutane,242° and isoprene diepoxide.16 These
methods provide an alternative approach for the quantitative analysis of N-terminal adducts,
especially for adducts not reacting with the Edman reagents.

In this study, a new analytical method is presented for quantifying the stable imidazolidone
ring Hb adduct in human blood samples. The method is based on the digestion of lyzed
RBCs with trypsin followed by UPLC-MS/MS analysis of the N-terminus, the FA-modified
octapeptide (FA-VHLTPEEK). To our knowledge, this is the first method using UPLC—
MS/MS for the determination of this new FA-Hb adduct in RBCs.
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2. MATERIALS AND METHODS

2.1. Chemicals and Reagents

Methanol and water, both LC-MS grade, and isotonic saline solution were obtained from
Fisher Scientific (Waltham, MA). Formic acid 98% was purchased from Sigma-Aldrich (St.
Louis, MO). Bovine, porcine, horse, mouse, and human EDTA-whole blood were purchased
from Bioreclamation IVT (Westbury, NY). 2,2,2-Trifluoroethanol (TFE) for protein
denaturation was procured from Acros Organics (Morris, NJ). Acetic acid, ACS grade, was
purchased from Fisher Scientific (Waltham, MA). Solvents and reagents were tested for
potential impurities that can produce FA adducts by processing a VHLTPEEK peptide
solutions in the same manner as a patient sample. No formation of adducts was observed.
Trypsin, MS grade, was obtained from Promega (Fitchburg, WI). Hb Reagent Set (HRS) for
the quantitative determination of Hb in RBCs by the cyanmethemoglobin method was
obtained from Teco Diagnostics (Anaheim, CA). FA-VHLTPEEK (purity 98.6%, peptide
content 70%) and the isotopically labeled internal standard (1S) FA-V (13Cs, 1°N)
HLTPEEK (purity 98.6%, peptide content 76%) were synthesized by CPC Scientific
(Sunnyvale, CA). All other chemicals and reagents were obtained from Sigma-Aldrich (St.
Louis, MO). RBC samples (135) from individuals 19-67 years of age were obtained from
Bioreclamation IVT (Westbury, NY). The company had IRB approval to collect blood and
urine and obtained informed consent from donors. CDC’s use of the blood and urine was
consistent with the IRB approval and donor consent. No personal identifiers were provided
to CDC.

2.2. Preparation of Standards

Eight calibrator solutions of the peptide FA-VHLTPEEK were prepared with deionized (DI)
water at concentrations ranging from 103-1091 nmol/L. The IS solutions (465 nmol/L)
contained FA-V (13Cs, 15N) HLTPEEK. All calibrator and IS solutions were stored at

—70 °C. Calibration curves were prepared daily by adding the calibrator solutions to bovine
RBCs as calibrator sample matrix.

For measuring total Hb in the sample solution, an eight point calibration curve with Hb
concentrations ranging from 71.7-3582.8 pmol/L was prepared according to manufacturer’s
instructions using a lyophilized Hb linearity standard from Analytical Control Systems
(Fishers, IN). FA-adduct measurement results are calculated by combining the results from
the adduct measurement and the total hemoglobin measurement and are expressed as nmol
FA adduct per gram hemoglobin (nmol/g Hb).

2.3. Preparation of Quality Control Materials

Quality control (QC) materials were prepared by selecting human RBCs isolated from
EDTA-whole blood with different human FA-Hb adduct concentrations. The QC materials
cover the concentration range typically observed in the general population. We analyzed QC
samples in duplicate over 20 days and calculated target values and limits using statistical
procedures described previously.26 Three QC materials were with concentrations of 60.71,
84.85, and 108.35 nmol FA-VHLTPEEK/g Hb, respectively. For total Hb measurements,
commercially available QCs from Pointe Scientific (Canton, MI) were used.
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2.4. Sample Preparation

RBCs were isolated from human and bovine EDTA-whole blood by centrifugation and
washed three times with isotonic saline solution. RBCs were lyzed with equal amounts of DI
water before storage at —70 °C. Samples were thawed before analysis, and the total Hb
content in the aliquot used for adduct measurements was determined spectrophotometrically
as cyanmethemoglobin.

Human and bovine RBCs including QCs were processed as outlined in Figure 1. In brief,
samples were diluted with saline to a total Hb concentration of approximately 1 g/dL. Fifty
microliter aliquots of either diluted human or bovine RBCs were transferred to a 96-well
plate. To denature the proteins and increase the efficiency of digestion, 80 wL of TFE was
added to all RBCs samples, and the plate was incubated in a Thermomixer from Eppendorf
(Westbury, NY) for 1 h at 70 °C and 700 rpm. The TFE was evaporated under vacuum in a
Genevac centrifugal evaporator from SP Scientific (Gardiner, NY).

Eighty microliters of the calibrator solutions was added to the wells containing bovine
RBCs, and 80 yL DI water was added to all samples and QC materials. Eighty microliters of
200 mM ammonium bicarbonate, 50 4L of IS solutions, and 20 wL of trypsin solution (1 g/
L in 50 mM acetic acid) were added to all samples, QC materials, and calibrator solutions.
Digestion was performed in a Thermomixer for 48 h at 48 °C and 700 rpm and was stopped
by addition of 10 s of formic acid. The plate was transferred to the UPLC-MS/MS for
analysis.

2.5. UPLC-MS/MS Analysis

Chromatographic separation of the analytes was accomplished using an UPLC pump system
and autosampler from Thermo Fisher Scientific (Sunnyvale, CA), equipped with a Luna
C18(2), 100 x 2.1 mm, 3 4m column from Phenomenex (Torrance, CA) operated at 30 °C.
The mobile phase consisted of 1% formic acid in water (solvent A) and 1% formic acid in
methanol (solvent B). Peptides were eluted with a gradient from 10% to 40% B in 5 min at a
flow rate of 0.4 mL/min. At the end of the gradient, solvent B was increased to 100% for 1
min and held at 100% for additional 3 min, after which the system was re-equilibrated to the
starting conditions (total run time: 12 min). Samples were stored in the autosampler at 5 °C.
The analytes were monitored using a TSQ Vantage MS equipped with an electrospray
ionization (ESI) probe from Thermo Fisher Scientific (Sunnyvale, CA). Instrument
parameters were as follows: spray voltage, 4100 V; sheath gas, 40 psi; aux gas, 12 psi; ESI
vaporization temperature, 450 °C; capillary temperature, 270 °C; Q2 gas, 1.2 mTorr. The MS
was operated in positive ion multiple reaction monitoring (MRM) mode with quadrupole
mass filters Q1 and Q3 at unit resolution, and with argon as the collision-activated
dissociation gas.

The doubly charged ions for FA-VHLTPEEK (/7/2482.9) and IS (/2 485.9) were used as
precursor ions. Two transitions were monitored for both peptides. For the analyte, the
transition was m/z482.9 — 221.1 for quantitation (QI) and 77/2482.9 — 716.5 for the
confirmation ion (CI). For the IS, the transition was /m/z485.9 — 227.2 for Ql and m/z
485.9 — 716.4 for Cl. The MS/MS spectra from which these transitions are derived were
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described recently.22 These transitions correspond to fragments that appear to extend from
the N-terminal ((M+2H]?* — a,) and the C-terminal ([M+2H]?* — yj) of the FA-
VHLTPEEK and the IS peptides.

2.6. Method Validation

To evaluate among day precision, low, medium, and high QC materials (60.71, 84.85, and
108.35 nmol FA-VHLTPEEK/g Hb) were analyzed in duplicate over 20 days. Within-day
precision was evaluated by analyzing these three QC materials in eight replicates each.

The limit of detection (LOD) and the limit of quantitation (LOQ) were determined as
described earlier.2” Serial dilutions of the low QC material using bovine RBCs as diluent
were created and analyzed in multiple replicates as described above. The SD values for each
dilution level were plotted against the concentration, and the data points were extrapolated to
zero concentration (). The LOD was defined as 35 and the LOQ as 105,.

The accuracy was evaluated by “spike” recovery?8 because no certified reference materials
are available for this analyte. Bovine RBCs and medium QC material were mixed with 0,
1.4, and 5.6 nmol of FA-VHLTPEEK per mL of RBCs, and each level was analyzed in five
replicates. The recovery in percent was calculated as the difference between the samples
after and before the addition of the FA-VHLTPEEK solutions, divided by the nominal
amount added and multiplied by 100. The overall accuracy was defined as the mean
accuracy calculated across bovine RBC, QC material, spiked levels (1.4 and 5.6 nmol of FA-
VHLTPEEK per mL of RBCs), and replicates.

To assess analyte loss during the digestion step, we performed an analyte recovery
experiment by comparing two sets of eight replicates of low and high QC materials. The first
set was spiked with IS before enzymatic digestion, and the second set was spiked with 1S
after enzymatic digestion. The difference in analyte concentration between both experiments
was calculated as percent of analyte recovered during this process.

Matrix effects (ME) and cross-talk for this method were evaluated according to the
procedures described by Matuszewski et al.2%30 The impact of the matrix on signal intensity
was evaluated using bovine, pig, horse, and mouse RBCs. These nonhuman RBCs contain
Hb with amino acid sequences different from the human Hb and do not produce the peptides
used in our method for analysis. These RBCs can be assumed to sufficiently mimic a human
blood sample. The sample ME was evaluated by comparing the area ratios of each
calibration point prepared in the alternative matrix to the matrix-free calibration curve.

Cross-talk experiments were conducted to identify contributions from the analyte signal to
the 1S signal and vice versa. Three samples with high levels of FA-VHLTPEEK and no IS
were analyzed in eight replicates. In a separate experiment, eight samples containing only IS
were analyzed.

The mean QI/CI ratio was calculated for each run using the calibrator samples. QI/CI ratios
in individual study samples outside £20% of the mean values from the calibrators indicates
the presence of interferences (CLSI C50-A).3! Identification and validity of the analyte and
IS signals were performed based on retention times and the QI/ClI ratios.
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The linearity of the calibration curve was determined for a range of 12 nmol/g Hb to 199.7
nmol/g Hb by assessing whether polynomial terms in a regression equation are statistically
significant as outlined in CLSI document EP6-A.32 Nine concentration levels were created
by mixing a RBC sample with 199.7 nmol FA-VHLTPEEK/g Hb with one sample that
contained 12 nmol FA-VHLTPEEK/g Hb at different volume ratios. Area ratios of the
analyte to IS were plotted against the concentration levels. Linearity calculations were
performed using Analyze-it for Microsoft Excel software version 4.60.4 (Leeds, UK). We
considered several unweighted and weighted calibration curves and the best fit was obtained
using an unweighted linear curve.

The method robustness was evaluated by determining the impact of pH 8.0, 8.5, and 9.0;
ammonium bicarbonate concentrations of 150, 200, and 250 mM; trypsin amounts with
12.5, 16.7, and 23.5 wg/sample; and hemoglobin amounts with 425, 500, and 575 mg using
the low QC material. The optimum enzymatic digestion time was determined by performing
digestions of seven replicates per sample for 4, 6, 20, 22, 24, 28, 30, 44, and 50 h. The
stability of the analyte was evaluated by measuring the same sample at different conditions
and time points (=70 °C fresh and after 1 year, 20 °C fresh and after 4 h, and 4 °C fresh and
after 48 h) using unprocessed low and high QC materials, calibrator stock solutions, and the
digested samples.

2.7. Data Analysis

Data were acquired and integrated using Xcalibur software version 2.2 SP1.48. An
instrument suitability standard was analyzed at the beginning and the end of each sequence
to confirm acceptable chromatography, retention time, peak shapes, and mass spectral
sensitivity. The calibration curve was obtained by plotting the peak area ratios of the analyte
to IS over the amount of analyte in the calibrator solutions. This calibration curve was used
to calculate the amount of analyte in the samples. The final adduct concentrations were
obtained by adjusting for the amount of Hb used in each sample.

A two-way ANOVA model was used to test for an overall effect of different times between
sample preparation and analysis time, the effect of the pH and concentration of ammonium
bicarbonate, the effect of varying the trypsin amount and the amount of Hb used for the
experiment. A pvalue of <0.05 was considered significant for all tests. SAS/STAT software
version 9.3 from SAS Institute (Cary, NC) was used for two-way ANOVA.

2.8. Applicability to Human Samples

The method was applied to the measurement of FA adducts in 135 human RBCs obtained
from 89 self-reported smokers and 46 self-reported nonsmokers. We measured the QI/CI
ratio in each blood sample and evaluated for possible interferences as described above. FA
adduct levels were assessed for self-reported smokers and nonsmokers.

3. RESULTS AND DISCUSSION

The stable imidazolidone ring formed from the reaction of FA with the N-terminal amino
acid of Hb is a potential biomarker of FA exposure. However, this Hb adduct will not
undergo the Edman degradation commonly used for other Hb adducts. Therefore, we
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developed a new approach based on trypsin digestion of Hb and analysis of the resulting
adduct, FA-VHLTPEEK, using isotope dilution tandem-mass spectrometry. In this method,
the analytes are analyzed directly in the digestion solution without further isolation.

3.1. Analytical Method Performance

The method is highly specific for the measured FA adduct. No peaks were observed at the
retention time and transition of the IS neither when a sample with high FA-VHLTPEEK
concentration was digested (78 nmol FA-VHLTPEEK/g Hb) nor when analyzing the IS in
bovine RBCs. Therefore, no cross-talk was observed from the analyte to the IS and vice
versa. The chromatographic conditions employed in this method resulted in symmetrical
peaks with no potentially interfering compounds detected in the chromatogram (Figure 2).
The mean retention time of 2.9 min and variability, expressed as %CV, of 4.2% determined
from daily injections of QC materials over 44 days suggest that the chromatographic
procedure provides highly consistent and reliable separation. The fragment ions used for QI
were selected (ap at 77/2221.1 and 227.1) to contain the N-terminus of the peptide with the
FA modification. These ions resulted from fragmentation of the amide backbone and the loss
of CO. The yg ions (m/z716.5) used for CI contain the unmodified C-terminus of the
peptide. Using QI and CI ions from opposite ends of the same peptide provides an additional
level of specificity. The differences between the mean QI/CI ratio for the calibrators and
individual samples were within 3.5%, well within the suggested criterion (20%).3 These
findings demonstrate that no interferences were detectable in human blood samples.

The method is sufficiently precise and accurate for measuring FA adducts in epidemiological
studies. The among-day precision, expressed as %CV ranged between 7.2% and 10.2%,
while the within-day precision ranged between 3.1% and 7.3% (Table 1). Mean (SD) method
accuracy was 103.2% (8.11) ranging from 84.1-114.0%, which demonstrated that the loss of
analyte during sample preparation is negligible. The linear range and LOD were adequate
for measuring FA adduct concentrations commonly observed in the general population. The
analytical measurement from nine concentration levels of FA-VHLTPEEK showed a linear
relationship between instrument response and the analyte concentration for the range of 12
nmol/g Hb to 199.7 nmol/g Hb with no significant higher order (polynomial) relationship
detected. The LOD was 3.4 nmol FA-VHLTPEEK/g Hb, and the LOQ was 11.3 nmol FA-
VHLTPEEK/g Hb. FA adducts were clearly detectable in all human blood samples, and
adduct values were all within the linear range of the calibration curve.

The effects of sample matrix on the final measurement results can be considered negligible.
Because of the unavailability of FA adduct-free human RBCs, we determined ME using
calibration curves prepared in RBCs from several animals to mimic the effects of salts,
lipids, proteins, peptides, and small organic molecules present in human blood samples. We
found a mean ion suppression of 44.4% (range: 40.3-50.4%) and 45.9% (range: 42.2—
53.0%) for FA-VHLTPEEK and IS, respectively (Table 2). Even though the ion suppression
can be considered high, the 1S-normalized ME is still considered low, and %CV of ME is
4.7% (Table 2). This can be explained with the high signal intensity obtained in the
analytical measurement range and the use of an isotopically labeled IS that is similarly
affected by the ME. The MEs observed with RBCs from different animals and among
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different lots of RBCs from the same animal were very similar (Table 3). We selected bovine
RBCs as blank sample and calibrator matrix because of availability.

For the cross-talk experiments, we did not see any peaks at the IS transition and their
corresponding retention time in samples without IS; therefore, there is no contribution to the
IS trace from the analyte. The results show the IS is contributing to the analyte signal with
approximately 0.4 to 0.5 pmol of FA-VHLTPEEK in each sample. However, when
subtracting the blank sample, this contribution has no effects on quantitation.

Assessments of the impact of modifications on sample processing and storage conditions
show that the method is highly robust (Table 4). Of the parameter modifications tested, only
a variation in digestion buffer resulted in changes in measurement results by 10% when the
digestion buffer concentration was increased from 200 to 250 mM. The samples appeared
stable after digestion when stored at 4 °C for up to 30 days. The mean values from the
replicates in stability testing results were within 15% of the established values for each QC
material or stock solution. The unprocessed samples, calibrator stock solutions, and
processed samples did not show any detectable changes in analyte concentration over the
time intervals tested (unprocessed samples and stock solutions: 1 year at =70 °C,
unprocessed samples over 4 h at 20 °C, processed sample at 4 °C over 48 h).

3.2. Measurements in Human Samples

FA-VHLTPEEK was measured in 135 individual human RBCs samples (age range from 19—
67 years) and was detected in all samples, with concentrations ranging from 59.27-130.57
nmol/g Hb (mean, SD: 104.8 nmol/g Hb, 13.4). The observed values are lower than those
reported for a different FA adduct (A-methylenvaline) measured at the N-terminal valine of
the alpha- and beta-chains of Hb.19:20 These differences in adduct levels can be explained by
the different analytes measured in these studies. A-Methylenvaline is formed at the alpha-
and beta- chains of Hb, while the described method measures FA adducts only on the beta-
chain. Therefore, the FA adduct concentrations reported by these authors are expected to be
higher than those reported in our study. The range of hemoglobin adduct levels observed in
this study (ratio highest value/lowest value: 2.2) appears to be higher or similar to the ranges
reported in other studies (ratios ranged between 1.4 and 2.4).19:33.34 This observation
suggests that the range of individual exposures in this study is similar to those reported in
other studies.

FA-adducts levels were similar among self-reported smokers and nonsmokers. The mean
(SD) concentrations of FA-VHLTPEEK were 103.5 (12.5) nmol/g Hb (fifth to 95th
percentile: 68.7-118.7 nmol/g Hb,) in nonsmokers and 105.4 (13.8) nmol/g Hb (fifth to 95th
percentile: 65.8-119.8 nmol/g Hb) in smokers (Table 5). While tobacco smoke as well as use
of e-cigarettes is a known source of FA exposure,2:3:35:36 findings about FA-adduct levels in
smokers and nonsmokers are inconsistent.2%:20 Our findings appear consistent with those
reported in a study using DNA-adducts of FA as exposure biomarker.37 The authors report
that FA exposure from inhalation only reached the nose but not tissues distant to the site of
exposure. Larger studies with well-characterized participants and well-defined use of
tobacco products are needed to better assess the impact of smoking and use of other tobacco
products on FA-adduct levels.
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The adduct concentrations measured with this method do not provide information about FA
exposure sources but do provide information about the overall exposure of FA, including
endogenous production of FA. The method allows for processing of samples in 96-well
plates using automated sample handling systems, which enables measuring FA adducts in
large population studies.

4. CONCLUSIONS

The presented new isotope dilution UPLC-MS/MS method is highly reproducible, specific,
and accurate, with high throughput and thus is suitable for measuring FA adducts in the
general population. The analytical performance of this method is in agreement with those
suggested for bioanalytical methods.38:3% The use of tryptic digestion of RBCs followed by
measurement of N-terminal peptides containing the FA adduct offers an alternative to
methods using conventional Edman degradation procedures.
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Figure 1.
Flowchart for sample preparation and FA-Hb adducts measurement procedures.
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Figure 2.

Multiple reaction monitoring ion chromatograms of FA-VHLTPEEK and IS. Shown on the
top are the QI transitions for the analyte (482.8 — 221.1) and on the bottom the stable
isotope labeled internal standard peptide (485.8 — 227.1). From left to right: reagent blank
containing bovine RBCs and IS, calibrator at 103 nmol/L spiked into bovine RBCs, and the
low QC material at 60.7 nmol/g Hb.
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Table 1

Among- and within-Day Precision, Expressed as Percent Coefficient of Variation, Determined in Low,
Medium, and High QC Materials in Duplicates over 20 Days

QC material concentration FA-VHLTPEEK (nmol/g Hb) among-day precision (%CV)  within-day precision (%CV)

low 60.71 7.2 4.4
medium 84.85 10.1 3.1
high 108.35 10.2 7.3
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Table 5
FA-VHLTPEEK Concentrations in Blood from 135 Individual Donors by Self-Reported Smoking Status

FA-VHLTPEEK (nmol/g Hb)

smokers nonsmokers
median 107.3 106.3
mean 105.4 103.5
5th percentile 65.8 68.7
95th percentile 119.8 118.7
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