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Abstract

The rapid release of new tobacco products requires high-throughput quantitative methods to
support tobacco research. Sample preparation for LC-MS and GC-MS is time consuming and
limits throughput. Paper spray tandem mass spectrometry (PS-MS/MS) is proposed and validated
as a simple and rapid method for quantification of nicotine and cotinine in complex matrices to
support tobacco-related research. Air liquid interface (ALI) human tracheobronchial epithelial cell
(HTBEC) cultures were exposed to tobacco smoke using a Vitrocell VC-10 smoking machine.
Apical culture washes (phosphate buffered saline, PBS) and basolateral media were analyzed with
the PS-MS/MS method. GC-MS/MS was used as a comparative quantitative technique. The PS-
MS/MS approach allowed for direct spotting of samples on the paper substrate, whereas the GC-
MS/MS method required additional sample preparation in the form of solvent-solvent extraction.
Limits of quantitation (LOQs) were higher with the PS-MS/MS approach than GC-MS/MS, but
still below the relevant concentrations found in HTBEC smoke exposure experiments as well as
most clinical applications. PS-MS/MS is readily achieved on mass spectrometers that include
atmospheric pressure inlets, and allows for convenient quantification from complex matrices that
would otherwise require additional sample preparation and chromatographic separation.

Introduction

Mass spectrometry provides a highly sensitive and selective method of quantification for a
wide variety of analyte molecules. In tobacco-related research, quantification of small
molecules, especially those related to nicotine through structure or metabolism, is of
particular interest, and has been well-established.1~3 Traditionally, the complexity of sample
matrices relevant to tobacco research has required pre-treatment and/or chromatographic
separation prior to mass spectrometric analysis.*> Gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography-mass spectrometry (LC-MS) are powerful techniques
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for separating analytes and interfering compounds, but are incompatible with high salt
concentrations and matrix interferents inherent to the analysis of biological fluids. The use
of chromatography also increases analysis time and adds complexity to the analytical
system, requiring additional reagents and maintenance beyond what is required for mass
spectrometry alone.

For rapid and convenient quantification it is preferable to bypass sample cleanup and
chromatographic separations and introduce samples directly to the mass spectrometer. The
recent development of ambient ionization techniques has made this possible, and
consequently these techniques have garnered a great deal of attention.6.” Many of these
techniques, including direct analysis in real time (DART) and desorption electrospray
ionization (DESI), make it possible to directly analyze solids and surfaces.8:9 However, the
nature of solid samples makes these ionization methods more suitable for qualitative or
semi-quantitative measurements than absolute quantification due to difficulty in preparing
calibration standards. Paper spray ionization has been recognized as a powerful ambient
ionization technique for direct analysis of solutions of complex matrices.10:11.17

The mechanism of paper spray is analogous to the widely-used electrospray ionization, with
formation of a Taylor cone following application of solvent and high voltage to a sharp-
tipped piece of paper.}2 Droplet size and internal energy distributions of ions resulting from
paper spray have been shown to be most similar to those generated by nano-electrospray
ionization.13 Sample (1-50 pL) is spotted directly on a rigid piece of paper, allowed to dry,
and analyzed following application of spray solvent (10-100 pL) and high voltage (3.5-7
kV). Analyte is wicked towards the paper tip through multiple porous pathways via capillary
action based on extraction compatibility with the spray solvent. Analyte wicking provides
significant tolerance for interfering compounds and salts in the matrix and adds an extra
degree of chemical specificity to the method. Single-use paper substrates mitigate carry-over
often encountered in GC-MS and LC-MS approaches. This can improve limits of

quantitation when working with analytes prone to carry-over on chromatographic systems.
14,15

Paper spray mass spectrometry (PS-MS) has previously been applied to the analysis of
nicotine and related alkaloids in biofluids including blood, urine, and saliva.16 /n vitro
cytotoxicity assays are an important tool in tobacco research, enabling the testing of a large
number of tobacco products over a range of experimental conditions that wouldn’t be
practical in vivo.1’-19 Herein, quantification of nicotine and cotinine in matrices relevant to
in vitro human tracheobronchial epithelial cell (HTBEC) tobacco exposure experiments was
performed to further demonstrate the applicability of paper spray to tobacco research. These
matrices, including the media for air-liquid interface (ALI) cultures (termed “ALI media”)
and phosphate-buffered saline (PBS), contain high salt concentrations (mM range) and the
ALI media contains many cell growth supplements and additives, making them unsuitable
for LC and GC, as well as direct analysis by most MS techniques. The compatibility of PS
and complex matrices enabled the development of quantification methods using paper spray
ionization and tandem mass spectrometry (MS/MS) for rapid and selective analysis of
nicotine and cotinine. The developed PS-MS/MS methods were applied to samples from

Anal Methods. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Keating et al. Page 3

HTBEC cultures exposed to whole gas phase tobacco smoke in a high-throughput Vitrocell
VC-10 smoking machine and compared to an extraction-based GC-MS/MS method.

Experimental

Calibrators and Samples

Nicotine was purchased from MilliporeSigma (St. Louis, MO), and nicotine-d,, cotinine,
and cotinine-d3 were purchased from Cerilliant (Round Rock, TX). Water (Optima grade),
acetonitrile (Optima grade), and acetic acid (Optima grade) were purchased from Fisher
Scientific (Hampton, NH). PBS and ALI media were prepared (ALI media protocol is given
in Supplementary Information) and used in pre-exposure HTBEC smoke exposure
experiments as an apical lavage and basolateral cell media, respectively, to provide true
matrix blanks for method development. Calibrators for nicotine, cotinine, and isotopically
labeled standards were prepared in acetonitrile. To 60 pL of pre-exposure PBS or ALI
sample, 10 uL of each standard was added and vortexed (30 s) for final nicotine and cotinine
concentrations ranging from 10 to 1500 ng/mL and isotopically labeled standard
concentrations of 1000 ng/mL. Nicotine and cotinine in pre-exposure PBS and ALI were
used directly in PS-MS/MS. Nicotine calibrators for GC-MS/MS were prepared by adjusting
the pH to 13 by addition of 2.5M NaOH followed by liquid-liquid extraction of PBS and
ALI samples with 1 mL of 30:30:40 methyl tert-butyl ether:dichloromethane:ethyl acetate,
sample drying, and reconstitution in 80 pL of acetonitrile.20

Smoke Exposures

Briefly, ALI HTBEC 6.5mm Transwell (Costar, 3470) cell cultures were created as
previously described?! Exposure to 3R4F reference cigarette smoke was performed in a
Vitrocell VC10 exposure system under 1ISO 3402 standard conditions (https://www.iso.org/
standard/28324.html). Tobacco smoke was diluted with humidified air to final smoke
percentages of 58.3%, 35.9%, 21.9%, 15.7%, 12.3%, and 0% (air only). Cells from four
non-smoking lung donors, procured under UNC Biomedical IRB-approved protocol # 12—
2293, were exposed to each smoke dilution in quadruplicate. Apical culture washings with
PBS and conditioned ALI basolateral media were collected following tobacco smoke
exposure. Samples were prepared for analysis by adding nicotine-d4 and cotinine-ds to final
concentrations of 1000 ng/mL. The solvent-solvent extraction method described above was
used to further prepare exposure samples for GC-MS/MS analysis.

Instrumentation

PS-MS/MS experiments were performed with a Prosolia Velox 360 coupled to a Thermo
Scientific LTQ-FT mass spectrometer. The mass spectrometer was set to recognize the Velox
360 as a nano-electrospray ionization source. GC-MS/MS experiments were performed on a
Bruker EVOQ gas chromatograph-triple quadrupole mass spectrometer. A Vitrocell VC-10
smoking machine was used for /n vitro HTBEC smoke exposure experiments.

Instrument Parameters

Paper spray was performed by manually pipetting 10 uL of sample onto the Velox sample
cartridge. A solvent pump on the Velox 360 dispenses 100 uL of 90:10:0.1%
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acetonitrile:water:acetic acid spray solution and spray voltage (7.5kV for PBS, 5.5kV for
AL is applied. MS/MS analysis was performed for 2 minutes per cartridge by monitoring
the following transitions: m/z163.2 to m/z132.2 for nicotine, m/z167.2 to m/z136.2 for
nicotine-dy, m/z177.2 to m/z98.2 for cotinine, and m/z 180.2 to m/z 101.2 for cotinine-ds.
The inlet capillary of the Thermo LTQ-FT was held at 200°C, the curtain gas was set to 20
psi, and the sheath, auxiliary, and sweep gases were turned off. Mass spectrometer settings
were chosen based on standard nESI source parameters.

GC-MS/MS was performed with 1 pL splitless injections with an injector temperature of
280°C, transfer line temperature of 250°C, and electron ionization source temperature of
200°C. Helium (Airgas, 99.999% purity) was used as a carrier gas with a flow rate of 30
cm/s. The oven temperature was ramped from 70 to 260°C for a total run-time of 14
minutes. MS/MS analysis was performed by monitoring the following transitions: m/z 162.2
to m/z84.1 for nicotine and /m/z 166.2 to m/z 84.1 for nicotine-d,.

Results and Discussion

PS-MS/MS Method Development

The duration of a PS-MS/MS analysis is defined by application of high voltage to the Velox
sample cartridge for the formation of electrospray. At the end of an experiment the voltage is
turned off and the cartridge is discarded. Signal stability of the nicotine-d4 product ion (m/z
136.2) during PS-MS/MS analysis is shown in Figure 1. Signal intensity reaches a maximum
rapidly upon application of high voltage (HV) and decreases during analysis, eventually
reaching zero intensity if HV remains on.

Application of 100 pL of spray solvent generates signal for approximately 5 minutes before
reaching zero intensity. This is attributed to loss and evaporation of the 90/10/0.1%
acetonitrile:water:acetic acid spray solvent from the cartridge. Replenishing the spray
solvent restores the signal intensity, and some custom-built paper spray sources include the
ability to continuously add spray solvent for longer run times.22 The variation in signal
intensity over time is corrected by using the ratio of analyte to isotopically labeled standard
product ions for quantification, and for single-use cartridges a short run time is sufficient.
Data analysis is performed by integrating the signal intensity over the 2 minute analysis for
each analyte and isotopically labeled standard.

PS-MS/MS and GC-MS/MS Calibration

Quantification of nicotine and cotinine in pre-exposure PBS and ALI was completed in
triplicate using the PS-MS/MS methods developed and outlined above. Calibration (pre-
exposure) matrices were designed to match the exposure sample matrices by collecting
apical washes (PBS) and basal media (ALI) from HTBEC cells that had not been exposed to
tobacco smoke. Matrix matching ensures consistency between calibrators and exposure
samples, as materials from the cells are likely to be present after contact between the cells
and solution. Calibrators for each analyte/matrix combination exhibited linearity within the
entire calibration region found to be relevant to the HTBEC smoke exposure experiments.
Plots for each are shown in Figure 2. Limits of quantitation (LOQs) are calculated as 100/,
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where oy is the standard deviation of the blank (internal standard only) measurements and s
is the sensitivity of the method. Quantification of nicotine using the GC-MS/MS method was
completed to provide results from a standard method to compare PS-MS/MS performance.
LOQ’s from the two methods are as follows: 79.17 ng/mL (PS-MS/MS) vs. 24.35 ng/mL
(GC-MS/MS) for nicotine in PBS and 7.39 ng/mL (PS-MS/MS) vs. 5.42 ng/mL (GC-
MS/MS) for nicotine in ALI.

An indirect comparison of the PS-MS/MS method to a clinically applicable test to
distinguish smokers from non-smokers using cotinine concentrations in urine reports a
cutoff of 49.7 ng/mL, which is well above LOQ’s for cotinine in PBS (10.79 ng/mL) and
ALI (13.05 ng/mL).23 Urine was selected for comparison with ALI and PBS due to its high
salt concentration, which is believed to be the main contributor to higher LOQs for the PS-
MS/MS method over the GC-MS/MS method. As the relevant nicotine concentrations for
the tobacco smoke exposure experiments are well above the LOQ’s of both methods we
conclude that PS-MS/MS is a suitable quantitative technique for these analyses. Unless an
application requires the lower LOQ provided by the GC-MS/MS calibration experiment then
the dramatically reduced sample preparation and analysis time of the PS-MS/MS method is
preferable.

PS-MS/MS and GC-MS/MS HTBEC Smoke Exposure Results

Nicotine in PBS apical lavages from the HTBEC smoke exposure experiments were
quantified using the PS-MS/MS and GC-MS/MS methods. Average concentrations (n=4) for
each dilution of tobacco smoke for each method along with associated uncertainty values
(RSDs) appear in Table 1.

High RSD values (>20%) are related to inconsistency of smoke exposure, rather than the
quantitative methods. This is supported by the low RSD’s (2-13%) observed during
calibration experiments using process matrix blanks of PBS.

To verify that the PS-MS/MS and GC-MS/MS methods are equivalent, a Passing-Bablok
regression was used.24 Passing-Bablok tests for statistically significant differences in the
slope and intercept from 1 and 0, respectively, of a linear regression between results from
two analytical methods. The linear relationship between the calibration results from each
apical lavage sample (n = 24) from GC-MS/MS and PS-MS/MS (x and y variables,
respectively) was confirmed using a cumulative sum test (p = 0.249).

Results from the Passing-Bablok model calculations are as follows: Slope = 1.125 (0.998 to
1.292, 95% CI) and Intercept = 8.4 (—22.1 to 33.5, 95% CI). The bounds of the slope and
intercept at the 95% confidence include the ideal values of 1 and 0, suggesting that the
results from the PS-MS/MS and GC-MS/MS nicotine quantification from PBS apical
lavages are statistically equivalent in the concentration range relevant to HTBEC smoke
exposure.
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Conclusions

Coupling high-throughput quantification with PS-MS/MS to high-throughput tobacco smoke
exposure experiments with the Vitrocell VC-10 greatly increases the number of experiments
that can be completed in a set period of time. Reducing the time required for sample
preparation as well as analysis time of the method itself can permit screening of additional
parameters for /n vitro as well as in vivo studies (i.e. greater diversity of tobacco-product
brands, concentration of tobacco smoke, etc.) to allow tobacco research to keep pace with
the growing number of products. New and emerging tobacco products, especially electronic
cigarettes (e-cigarettes) are of particular interest, in part because of the rapid release of new
products as well as the relative lack of toxicity data.2>-28

The validation of PS-MS/MS as a quantitative technique for analysis of nicotine and cotinine
in complex matrices is a step towards a comprehensive toxicity screening platform with
greater sampling capacity than what is available with current chromatography-based mass
spectrometry methods. The simplicity of coupling PS to mass spectrometers with
atmospheric pressure interfaces, which includes the vast majority of LC-MS instruments,
makes it an attractive option for increasing sample throughput in tobacco-related research.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Extracted ion chronogram of nicotine-d4 product ion (/m/z 136.2) showing signal intensity

over 2 minute PS-MS/MS analysis.
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Figure 2.
Calibration curves (unweighted) of nicotine and cotinine in ALI and PBS from the pre-

exposure HTBECs experiments using the Velox 360 and Thermo LTQ-FT. Bars represent
standard deviation of triplicate measurements at each concentration. Limit of quantitation

100,
(LOQ) were calculated as TO where oy is the standard deviation of the 0 ng/mL
measurements and s is the sensitivity of the method.
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Table 1

Quantification of nicotine in the PBS apical lavages from HTBEC tobacco smoke exposure experiments using
the developed PS-MS/MS and GC-MS/MS methods. ALI cultures from four donors were exposed to each
concentration of tobacco smoke in quadruplicate and averaged to provide nicotine concentration and RSD
values for each method. (* = % of tobacco smoke after dilution with laboratory air)

PS-MSMS GC-MSMS
Tobacco Smoke Concentration* | Concentration (ng/mL) | RSD (%) | Concentration (ng/mL) | RSD (%)

58.3% 999 5.9 1060 28
35.9% 487 11 426 13
21.9% 234 16 175 21
15.7% 258 28 188 22
12.3% 112 54 117 36

0% 26 85 49 18
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