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ARTICLE INFO ABSTRACT
Keywords: Today various tobacco and nicotine products are available, many of them can be regarded as potentially risk-
Nicotine reduced products when compared to the most frequently used product, combustible cigarettes (CCs). A com-
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monality of these products is that they deliver nicotine, although in quite different amounts and uptake routes,
the most common of which are inhalation through the lung and absorption through the oral mucosa. Product-
specific nicotine delivery as well as the subject-related use patterns are important factors which determine the
pharmacokinetics and achieved internal dose levels of the alkaloid. The latter two parameters are highly rel-
evant for the long-term product loyalty and, consequently, for the implicated health risks, since the risk-
reduced products will replace CCs in the long-term only when users will experience a similar level of satisfac-
tion. We measured nicotine and its major metabolites in plasma, saliva and urine samples collected in a con-
trolled clinical study with habitual users (10 per group) of CCs, electronic cigarettes (ECs), heated tobacco
products (HTP), oral tobacco (OT), and nicotine replacement therapy (NRT). Non-users (NU) of any
tobacco/nicotine products served as (negative) control group. Moderate to strong correlations were observed
between the daily consumption and the urinary nicotine equivalents (comprising nicotine and its 10 major
metabolites, Nic + 10) or plasma and saliva cotinine concentrations. The average daily nicotine dose as mea-
sured by the urinary excretion of Nic + 10 (reflecting approximately 95 % of the absorbed nicotine) amounted
to 17 and 22 mg/24 h for smokers (CC) and OT users, respectively, while it was in the range of 6-12 mg/24 h
for users of ECs, HTP and NRT products, with high inter-individual variations in each user group. The individ-
ual daily nicotine intake, which was calculated by applying product-specific models, showed none to good
agreement with the corresponding internal nicotine dose measured by Nic + 10 excretion. Possible reasons
for the observed deviations between calculated and objectively measured nicotine doses are discussed.

1. Introduction

Tobacco use, particularly smoking of combustible cigarettes (CCs),
is associated with an increased risk for diseases such as cancer, cardio-
vascular (CVD) and chronic obstructive pulmonary diseases (COPD)
(US Department of Health and Human Services, 1986, 2010). Efforts
of the tobacco industry to reduce the smoking-related health risks,
which include the introduction of cigarette filter tips, application of

various filter materials (cellulose acetate, char coal), filter ventilation,
reconstituted and expanded tobacco, application of additives, have
been of only limited success, as long as tobacco is combusted prior
to inhalation (Hoffmann et al., 2001; Parascandola, 2005). Reductions
of the incriminated toxicants (Fowles and Dybing, 2003; Rodgman and
Green, 2003) have to be substantial in order to result in potentially
reduced risk products, acceptable by the public health community
(Institute of Medicine (IOM), 2001). There is ample evidence that nico-
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tine is probably not the only, but a major factor for indulging in the
tobacco habit (Jarvis, 2004; US Department of Health and Human
Services, 1988). Neurological effects of nicotine cover a broad spec-
trum, including pleasure, appetite suppression, arousal, cognitive,
learning and memory enhancement, mood modulation, reduction of
anxiety and tension (Benowitz, 2008). All these effects are presumably
evoked by the release of a variety of neurotransmitters after activation
of nicotinic cholinergic receptors by nicotine (Benowitz, 2008). On the
other hand, there is no scientific evidence that, for healthy adults,
nicotine is involved in the major smoking and tobacco use-related dis-
eases such as cancer, CVD and COPD (Adlkofer, 1995; Benowitz,
1997).

For centuries (or even for millennia, if the origin of tobacco in
South America is considered), humans use tobacco in all conceivable
forms of application (Gately, 2007), all of which allow the systemic
uptake of nicotine, although via various routes and in quite different
velocities. The rate of nicotine delivery to the consumer was found
to be important for the rewarding effects of the alkaloid, e.g. reduction
of urge to smoke (Jensen et al., 2020). The puff-wise nicotine flux for
CC users was estimated to amount to 100 ug/s (World Health
Organization, 2021). It can be assumed that modern tobacco/nicotine
inhalation products such as HTPs and ECs can deliver nicotine at sim-
ilar rates. Oral nicotine products such as snus, nicotine gum or
tobacco-free nicotine delivery pouches exhibit much slower nicotine
fluxes in the range of a few pg/s (Lunell et al., 2020). The modern mar-
ket of recreational tobacco and nicotine products in essence comprises
the uptake routes via the lung (after either combustion or heating of a
tobacco or a nicotine-containing matrix) or the oral mucosa (after
depositing a tobacco or nicotine-containing matrix in the oral cavity
for a time period ranging from minutes to hours). It is interesting to
note that oral tobacco/nicotine products such as snus can replace
cigarettes to a large extent even in the long run, as the prevalence of
the two habits in Sweden impressively show, despite the differences
in nicotine flux (Ramstrom et al., 2016). Taken together, these obser-
vations may lead to the conclusion that nicotine uptake is important
for picking up and maintaining the habit, but the product-related rate
of delivery and the uptake route appears of less importance. This
observation is in agreement with the results of an internet poll, in
which the dependence on cigarettes and snus was rated about similar,
while that on NRT was rated significantly lower (Fagerstrom, 2018).

The objectives of this investigation were to compare the internal
nicotine doses measured by suitable biomarkers in a controlled clinical
study over 3 days in habitual users of CCs, ECs, HTPs, OT (primarily
snus) and NRTs (primarily nicotine gum). In addition, the estimated
daily nicotine intake was compared to the daily urinary nicotine excre-
tion assessed by measuring nicotine and 10 of its major metabolites
(termed Nic + 10 or nicotine equivalents, Nequ). The results are dis-
cussed with respect to suitable daily use frequency and consumption
indicators. In particular, the following questions were addressed: (i)
Are the time courses for the users of the various products comparable,
or are there characteristic differences? (ii) Are there statistically differ-
ent levels in the nicotine biomarkers between the groups and do the
levels compare to those reported in the literature? (iii) Are there signif-
icant correlations between nicotine biomarker levels and commonly
used daily consumption measures? (iv) Is there an acceptable agree-
ment between the estimated daily intake of nicotine (by applying
adjusted intake models (Scherer et al., 2021)) and the excretion of
Nequ? If not, what are plausible reasons for the observed deviations?

2. Materials and methods

2.1. Study design, products and biological samples

The presented investigation is part of a research project on
biomarkers of exposure to be analyzed by targeted and untargeted
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methods in various biological matrices in users of five tobacco/ni-
cotine products (Sibul et al., 2021). The project aims to distinguish dif-
ferent nicotine user groups by either specific biomarkers or biomarker
patterns. As a first step towards achieving this aim, this paper
describes the results of the nicotine biomarkers of the 6 study groups.
A controlled, single-center, open label trial was conducted comparing
five nicotine product user groups, namely exclusive users (by defini-
tion, sole use of a respective nicotine product, no dual or multiple
use) of CC, EC, HTP, OT, NRT with a control group of non-users
(NU). Detailed information regarding the study design and the study
population is provided by Sibul et al. (Sibul et al., 2021). The study
protocol was approved by the ethics committee of the Medical Associ-
ation Hamburg, Germany. The study was primarily aimed to identify
specific biomarkers or biomarker patterns for the different nicotine
user groups by means of targeted and untargeted analytical methods.
Briefly, 10 subjects per group stating that they were exclusive users
of the respective products since at least 6 months (or at least 3 months
in case of NRT) prior to the study start, were confined for 76 h to a
clinic, during which free use of the products (own brands) was
allowed. Users were handed out their product prior to each single
use by the clinic staff. In addition, user groups were spatially separated
upon product use.

The 10 smokers (CC) smoked manufactured cigarettes with ISO
nicotine yields of 0.8 (N = 8), 0.7 (N = 1) and 0.5 (N = 1) mg/ci-
garette. In the EC group, 9 subjects used refillable tank systems, one
vaper used a pod-type e-cigarette. A broad range of flavors were
applied in this group. Nicotine concentrations in e-liquid were in the
range 3-12 (mean: 5.1 mg/ml). All 10 users of heated tobacco prod-
ucts (HTP) used the device of the main supplier with sticks varying
in the flavor type. Nominal nicotine release was 0.5 mg/stick for all
users in this group. In the NRT group, two subjects used nicotine spray
(also in the confinement period) with 1 mg nicotine per stroke. The
other group members applied nicotine gums with 2 (N = 4) and
4 mg nicotine (N = 4) per piece. Eight of the 10 OT users utilized
bagged snus, two participants applied loose snus products. The nico-
tine content was in the range of 14-43 mg/g (mean: 18.3, N = 9,
one unknown).

Blood samples were collected at 7 am and 5 pm on each day start-
ing in the evening of Day — 1, when the subjects were admitted to the
clinic (Fig. 1). Tobacco/nicotine products were not allowed to be used
at least 20 min prior to blood or saliva collection. In total, 420 plasma
and saliva samples were analyzed for nicotine (Nic, in plasma only),
cotinine (Cot) and trans-3'-hydroxycotinine (3-OH-Cot). All urine voids
were collected separately throughout the course of the study. The total
volume of each void was determined gravimetrically together with the
time of void. Urine fractions were pooled, yielding six 12 h urines (UO,
Ul/2, U3, U4/5, U6, U7/8; pooled according to Fig. 1) and analyzed
for total nicotine equivalents (Nequ). For the 24-h-urine of Day 3, con-
sisting of U6, and U7/8 (Fig. 1), Nequ was calculated (mg/24 h) and
compared with the estimated daily nicotine intake on that day.

2.2. Analytical methods

Urinary Nequ, comprising the molar sum of Nic and its 10 major
metabolites (Nic + 10), namely Cot, 3-OH-Cot, nicotine-N-
glucuronide (Nic-gluc), Cot-gluc, 3-OH-Cot-gluc, 4-OH-4-(3-pyridyl)-
butanoic acid (Hypybut), nornicotine (NNic), norcotinine (NCot),
nicotine N-oxide (NNO), and cotinine N-oxide (CNO) were determined
by liquid chromatography with tandem mass spectrometry (LC-MS/
MS) according to Piller et al. after major modifications (Piller et al.,
2014). To 50 uL urine, 10 pL of deuterated internal standard (IS)
mix (containing 7.5 ng Nic-gluc-D3, 10 ng of each Nic-D,, Cot-D3, 3-
OH-Cot-gluc-D3, 12.5 ng NNic-D4, 20 ng NCot-D4, 35 ng NNO-Ds,
50 ng 3-OH-Cot-D3, 50 ng CNO-D3, 100 ng Hypybut-Ds, 250 ng Cot-
gluc-D3) and 600 pL 0.5 % formic acid were added. Nic-D,, 3-OH-
Cot-D3, Nic-gluc-D3, Cot-gluc-D; were obtained from Aptochem, Mon-
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B — Blood draw (processedto receive plasma)
S — Saliva collection
U — Urine fraction
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Fig. 1. Time schedule for sample collection.

treal, QC, Canada; Cot-D3, NNic-D,, NCot-D4, CNO-D3, Hypybut-D5
were obtained from TRC, Toronto, ON, Canada; 3-OH-Cot-gluc-D3
was obtained from Dr. Mark, Worms, Germany and NNO-D; was
obtained from Santa Cruz Biotechnology, Dallas, Texas, USA. The mix-
ture was loaded on a Strata™-X-C 96-SPE-Well-Plate (30 mg sorbent)
which was pre-conditioned sequentially with 1 mL methanol followed
by 1 mL water and 1 mL ammonium formate buffer (20 mM, pH 2.5).
The SPE-Well-Plate was washed with 1 mL ammonium formate buffer
(20 mM, pH 2.5), 1 mL water, 1 mL methanol and 1 mL acetonitrile/
methanol (6:4, vol/vol). After drying the plate with a vaccum mani-
fold, the analytes were eluted with 0.5 mL 10 % ammonium hydroxide
in methanol into a 96-Well-Collection Plate (1 mL) (96-Well-SPE-Plate,
Vacuum Manifold and Collection Plate were purchased from Phenom-
enex, Aschaffenburg, Germany). The eluates were evaporated in a
SpeedVac (Jouan RV10.22, Thermo Scientific, Dreieich, Germany) to
complete dryness and reconstituted in 100 pL 10% water in acetoni-
trile. Ten uL of the solution was injected into an UPLC-MS/MS instru-
ment (Waters GmbH, Eschborn, Germany: Acquity UPLC Class-I
coupled to a Xevo TQ-S) equipped with an Acquity BEH HILIC column
(150 x 2.1 mm, 1.7 pm). Chromatographic separation was achieved
by gradient elution with 10 mM ammonium formate buffer in water
(pH 4.5, solvent A) and 10 mm ammonium formate buffer in acetoni-
trile (solvent B). Gradient elution started with 4 % A for 2 min, fol-
lowed by a linear increase to 35 % A until 11 min and held until
12 min. Re-equilibration to 4 % A was ensued from 12.1 to 23 min.
The flow rate was 600 pL/min from O to 12 min, 700 pL/min from
12.1 to 22.91 min and 600 pL/min from 22.91 to 23 min. MS/MS anal-
ysis was conducted in the ESI positive mode, using the following m/z
transitions: Nic (quantifier, qualifier): 163/130, 163/132; Nic-D;:
170/135 (IS); Cot: 177/98, 177/80; Cot-D3: 180/101 (IS); 3-OH-Cot:
193/80, 193/134; OH-Cot-D3: 196/80 (IS); Nic-gluc: 339/163,
339/132; Nic-gluc-D3: 342/166 (IS); Cot-gluc: 353/177, 353/146;
Cot-gluc-D3: 356/180 (IS); 3-OH-Cot-gluc: 369/193, 369/118; 3-OH-
Cot-gluc-D3: 372/196 (IS); NNic: 149/130, 149/132; NNor-D4:
153/130 (IS); NCot: 163/80, 163/84; NCot-D,: 167/84 (IS); NNO:
179/132, 179/130; NNO-D3: 182/132 (IS); CNO: 193/96, 196/79;
CNO-D3: 196/96 (IS); Hypybut: 182/108, no qualifier; Hypybut-Ds:
185/109 (IS). Limits of quantification (LOQs) in urine were 5 ng/ml
for all analytes. For simplification, it is assumed that Nic + 10 in urine
represent virtually 100 % of the nicotine dose taken up (Tricker,
2006).

Nic, Cot and 3-OH-Cot in plasma (obtained after centrifugation of
the fresh EDTA blood samples at 2500 X g for 10 min) as well as
Cot and 3-OH-Cot in saliva were determined by applying the LC-MS/
MS method for Cot and 3-OH-Cot as described for saliva earlier
(Landmesser et al., 2019; Scherer et al., 2007), with modifications.
Briefly, to 100 pL plasma or saliva, 20 pL of internal standard (IS)
mix (containing 0.4 ng Nic-D7, 1 ng of each Cot-D3 and 3-OH-Cot-D3

in acetonitrile; and 1 mL ethyl acetate were added. After vortexing,
the organic phase was evaporated to almost dryness and the residue
was dissolved in 200 pL acetonitrile. Five pL of the solution was
injected into an UPLC-MS/MS instrument (Waters GmbH, Eschborn,
Germany: Acquity UPLC Class-I coupled to a Xevo TQ-S) equipped
with an Acquity BEH HILIC column (150 X 2.1 mm, 1.7 um). Isocratic
chromatography was performed using 20 % of 100 mM ammonium
formate buffer, pH 3.5 and 80 % acetonitrile at a flow of 0.4 mL/
min at 40 °C over 4.0 min. MS/MS analysis was conducted in the
ESI positive mode, using the following m/z transitions: Nic: 163/84
(quantifier), 163/132 (qualifier); Nic-D,: 170/135 (IS); Cot: 177/80
(quantifier), 177/98 (qualifier); Cot-Ds: 180/80 (IS); 3-OH-Cot:
193/80 (quantifier), 193/134 (qualifier); 3-OH-Cot-D5: 196/80 (IS).
Limits of quantification (LOQs) in plasma and saliva were 0.1, 0.5
and 0.5 ng/mL for Nic, Cot and 3-OH-Cot, respectively. Due to the pos-
sibility of external contamination of saliva by product use, Nic was not
determined in this matrix.

Usually single measurements were performed for each sample. Re-
analysis was conducted, if the tolerance (=15 %) of the corresponding
quality control (QC) sample was exceeded.

2.3. Estimations of the product use-related daily nicotine intake doses

The nicotine intake on Day 3 of this study was estimated by apply-
ing product-specific models as described in a recent review (Scherer
et al., 2021) with modifications as indicated below. Instead of using
ranges of values for the variables in the models, individual values
for each subject were plugged in the equations. If available, actual con-
sumption data for Day 3 were used for the estimation. Since for vapers
(EC), e-liquid consumption was only assessed as the sum of Day 1 to 3,
the average of 3 days was used for this group.

The calculation of the daily amount of nicotine taken in by smoking
(CC use) was based on the approach described by Logue et al. (Logue
et al., 2017) (Eq. (1)):

Icc = Yee x CPD x (1 — MSp) xR (1)

with: Icc = Intake (mg nicotine/d) by smoking conventional cigarettes
(CC); Yec = yield (mmg nicotine/cig), values on the cigarette package
were used (i.e. yields determined according to the ISO smoking regime
(International Standard Organisation (ISO, 1991)); CPD = cigarettes
smoked on Day 3 of the study (cig/d); MSp = mouth spill (fraction
of smoke immediately released from the mouth, not taken into the
lung); due to a general underestimation of ICC, MSp of 0 % was used;
R = respiratory retention (fraction of nicotine retained in the lung, not
exhaled immediately after inhalation), a value of 0.965 was used for the
calculation (Baker and Dixon, 2006; Feng et al., 2007; Logue et al.,
2017).
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The basic model of Logue et al. (Logue et al., 2017) was also used
for vapers (users of ECs). However, as will be shown in the results sec-
tion, the daily consumption was based on the consumption of e-liquid
(measured over 3 days), instead of using the recorded number of puffs
taken per day, which turned out to be a very poor indicator for actual
daily consumption. The model for estimating the individual daily nico-
tine intake is, therefore, represented by Eq. (2):

Iec = NCec x LPD x (1 — MSp) x R (2)

with: Iec = Intake (mg nicotine/d) by using electronic cigarettes (EC)
based on the amount of e-liquid consumed per day; NCec = nicotine
content in e-liquid (mg nicotine/mL); LPD = amount of e-liquid con-
sumed per day (mL), the amount measured in g for 3 days was divided
by 3, for conversion to volume a density of 1.11485 g/mL was assumed
(theoretical density of an e-liquid consisting of 1:1 mixture of 1,2-
propylene glycol and glycerol); MSp = mouth spill, a value of 0.6
was assumed. This assumption is presently not based on experimental
data, but rather on visual impression (vapers spill out large clouds of
vapor); R = respiratory retention, as for smokers, a value of 0.965
was used (Baker and Dixon, 2006; Feng et al., 2007; Logue et al.,
2017). We are well aware of the fact that the assumed mouth spill
for vapers has to be verified by future studies.

For estimating the daily nicotine take for the group of HTP product
users, the same model as for smokers was used (Eq. (3)):

Ihtp = Yhtp x StPD x (1 — MSp) x R (3)

with: I htp = Intake (mg nicotine/d) by using heated tobacco products
(HTP); Yhtp = yield (mg nicotine/stick), for all users in the study, a
value of 0.5 mg/stick was used (label on the stick package);
StPD = sticks consumed on Day 3; MSp = mouth spill, for the same
reasons as for smokers, a value of MSp = 0.0 was used; R = respiratory
retention, as for CCs and ECs, a value of 0.965 was used.

The estimation of the daily intake of nicotine by using snus or snus-
like oral tobacco (OT) products was performed by applying the follow-
ing relationship (Eq. (4)):

Iot = CNICot x PORot x PEXot x DCot (4)

with: Iot = Intake (mg/d) of a nicotine by using OT on Day 3;
CNICot = nicotine content in the OT (mg/g); PORot = amount of
tobacco (g) per portion used; PEXot = percentage of nicotine extracted
from the OT, a median extraction rate of 0.218 for tobacco-containing
pouches derived from various reports (Bishop et al., 2020; Digard et al.,
2013; Lunell and Curvall, 2011) was used; DCOT = consumption of OT
on Day 3 (portions of 1 g per day).

The estimation of the daily intake of nicotine by NRT users was lim-
ited to those using nicotine gums (NGs). Eight of the 10 NRT users con-
sumed NGs, 2 used nasal nicotine sprays. The following relationship
was used for the nicotine intake by chewing NGs (Equation (5)):.

Ing = CNICng x PEXng x DCng Q)

with: Ing = Intake (mg/d) of nicotine by using NGs on Day 3;
CNICng = content of nicotine in the NGs used (mg/piece), subjects
used either 2 mg or 4 mg products; PEXng = percentage of nicotine
extracted from NG, a median value of 0.70 was deduced from four lit-
erature reports (Benowitz et al., 1987; Bishop et al., 2020; Digard et al.,
2013; Lunell et al., 2020); DCng = consumption of NG on Day 3
(pieces/d).

2.4. Statistical analysis

Sample sizes were estimated on the basis of known differences in
biomarker levels of various toxicants between the groups of interest.
Normal distribution was tested using Shapiro-Wilk and D’Agostino
K-squared test. Since the nicotine biomarker levels in most of the
investigated 6 groups (NU, CC, EC, HTP, NRT, OT) were not normally
distributed, the non-parametric Mann-Whitney U test (comparison of
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two groups) and Kruskal-Wallis ANOVA (comparison of multiple
groups) was used to assess statistical significances between groups.
For correlations, the non-parametric Spearman rank test was utilized.
The significance level was set to p < 0.05. For statistical analysis and
generations of graphs, GraphPad Prism Software (San Diego, CA,
USA), Version 9.2.0 was applied.

3. Results

Subjects’ characteristics by group are summarized in Table 1. With
the exception of OT users, an about equal gender distribution was
achieved in all groups. Mean ages of groups ranged from 28.1 to
36.1 years and were not statistically different between the groups.
Reported average consumption rates were similar to those recorded
during the confined study phase for all groups.

The time courses of urinary Nequ, plasma Nic, Cot and 3-OH-Cot as
well as salivary Cot and 3-OH-Cot for the 6 study groups during the
confinement period of the study (74 h) are shown in Fig. 2(A-F).
The nicotine-related biomarkers can be assigned to three segments
in the graph: CC and OT users were at the highest end; HTP, EC and
NRT users were in the middle segment; NU were at the low end, show-
ing biomarker levels at or below the LOQ. The Nic plasma levels reflect
the short half-life of the compound (~2h) by showing the peak levels
in the evening and the trough level in the morning (after overnight
abstinence from using nicotine products) of each study day in all user
groups. The other nicotine biomarkers feature no typical circadian
changes, except for the urinary Nequ of smokers (CC). Smokers exhib-
ited elevated Nequ levels in the 12-h-urine collected over-night until
about 7 am of each study day compared to the 12-h-urine collected
during the day. OT users’ Nequ amount in the 12-h-urine samples
increased over the complete confined study period. This trend is also
observable for nicotine and cotinine in plasma as well as cotinine in
saliva. Interestingly, 3-OH-Cot in plasma and saliva of OT/HTP users
and CC smokers tended to be higher in the morning samples compared
to the evening samples. These were only trends which are not statisti-
cally significant.

Since the biomarker data for Day 3 of the study can be regarded as
those obtained under the most controlled conditions in terms of pro-
duct use and other factors such as food, results for Day 3 were used
for further evaluations. Descriptive statistics for the 6 nicotine-
related biomarkers analyzed (urinary Nequ (Nic + 10), plasma Nic,
Cot and 3-OH-Cot, salivary Cot and 3-OH-Cot) for all 6 study groups
(NU, CC, EC, HTP, NRT, OT) are shown in Table 2. As expected, nico-
tine biomarkers in NU were significantly different from all other
groups. As was seen with the time courses of these biomarkers, users
of CC and OT exhibited the highest levels (Fig. 2), which is confirmed
by the data in Table 2. These two groups were not found to be signif-
icantly different in any of the 6 biomarkers. Significant differences to
these two groups (CC and OT) were only occasionally observed,
namely for vapers (EC) and NRT users, but not for HTP users (Table 2).

The correlation between the nicotine biomarkers Nequ (Nic + 10)
on Day 3, plasma and saliva cotinine at 5 pm of Day 3 and the recorded
consumption data for this day were also analyzed. The non-parametric
Spearman correlation coefficients and the significance levels for each
of the 5 user groups are shown in Table 3. Urinary Nequ was found
to significantly correlate with the daily consumption parameters for
all user groups, except for vapers (EC) when the number of recorded
puffs per day was used as a consumption measure. Amount of e-
liquid consumed was found to be a more suitable indicator for EC con-
sumption. Similar results were observed for the corresponding correla-
tions with plasma and saliva cotinine. Leaving out the puff numbers as
consumption marker of EC users, 12 of 15 correlation coefficients
were > 0.5. However, only those for smokers (CC) and HTP users
were found to be statistically significant for all 3 nicotine biomarkers.
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Table 1
Characteristics of the study subjects by group, means (min-max).
All NU CcC EC HTP NRT oT
N 60 10 10 10 10 10 10
Males/Females 38/22 6/4 6/4 6/4 6/4 5/5 9/1
Age (years) 35.1 (27-53) 36.1 (24-61) 35.3 (22-56) 35.3 (22-63) 28.1 (21-45)

34.3 (21-63) 32.9 (21-47)
Reported consumption - -
Recorded consumption on Day 1 > - -
Recorded consumption on Day 2 > — -
Recorded consumption on Day 3 > — -

13.7 cig/d (9-19)

11.8 cig/d (6-19)

16.1 cig/d (10-25)

14.8 cig/d (11-21)

9.75 mL/d (2-20)

162.5 puffs/d * (111-250)
156.1 puffs/d * (105-224)
137.7 puffs/d ® (108-176)

15.5 st/d (12-20)
14.3 st/d (5-25)
16.5 st/d (3-23)
13.3 st/d (1-22)

8.3p/d (4-16)
6.5p/d (3-17)
7.0p/d (3-22)
5.3p/d (2-16)

6.0 g/d (2.5-11)
6.9 g/d (2-10)
7.4 g/d (3-14)
6.7 g/d (2-10)

1 : Extracted from a general questionnaire completed by the subjects.

2 : Recorded by the clinical staff in the daily use protocols during the confined period of the study.

3. Consumption of e-liquid over 3 days was: 15.4 (3.1-36.2) mL.
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Fig. 2. Time courses of Nequ (A) in urine, Nic (B), Cot (C) and 3-OH-Cot (D) in plasma as well as Cot (E) and 3-OH-Cot (F) in saliva for all groups over the confined

study period of 74 h. Error bars represent SEMs.

The urinary Nequ comprising nicotine and its 10 major metabolites
(Nic + 10) represent virtually the complete nicotine dose taken up by
any route. This allows a direct comparison of the daily nicotine intake
doses estimated by the models described in Section 2.3 with the
Nic + 10 data (mg/24 h) for Day 3. A simple linear regression model
of the form y = ax was applied for this purpose (with y = individual
Nequ on Day 3; x = estimated individual nicotine intake on Day 3
using Egs. (1)-(5)). The slopes are measures of the agreement between
the intake estimates and the measured actual uptake dose of nicotine.
It is assumed that the lines for the linear regressions run through the
origin which is regarded as biologically plausible in terms of nicotine
absorption. The slopes for EC users (with the amount of consumed e-
liquid used as consumption parameter), NRT users (limited to the 8

nicotine gum users) and OT users (with one user excluded due to
unclear nicotine content of the product used) were found to be close
to 1.0, indicating that the applied models for the intake calculation
work fairly well (Fig. 3). Linear regressions for smokers (CC) and
HTP users showed more scattering with slopes approaching almost
2. Possible reasons for this finding are discussed in the Discussion
section.

4, Discussion

The first question to be answered by the study results is that of the
comparability of the time courses of the nicotine biomarker levels
between the 5 different user groups. The time courses of urinary Nequ,
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Table 2
Descriptive statistics of nicotine biomarkers on Day 3 by group (N = 10 subjects in each group).

Biomarker NU CcC EC HTP NRT oT

Nequ (Nic + 10) (mg/24 h) Mean *+ SD 0.06 = 0.09 16.87 + 9.66 6.79 + 4.92 12.47 = 6.80 6.53 * 6.35 22.10 * 12.73
Median 0.02 (0.01-0.07) 11.03 5.62 (3.55-7.75) 13.89 3.41 (2.07-9.31) 23.26
(IQR)® (9.92-25.24) (5.41-18.80) (11.82-28.03)
Min-Max 0.01-0.27 9.51-33.86 3.09-19.64 1.73-20.74 1.64-21.63 4.53-49.94
Different CC,EC,HTP,NRT,OT NU,EC,NRT NU,CC,0T NU NU,CC,0T NU,EC,NRT
from

Plasma nicotine ' (ng/mL) Mean + SD 0.05 = 0.07 19.2 = 13.1 91 72 12.8 = 89 9.4 =+ 8.1 19.1 = 79
Median 0.00 (0.00-0.10) 21.0 (4.3-28.4) 7.4 (3.6-12.5) 13.9 (5.3-19.5) 6.5 (2.3-16.4) 19.6 (11.6-27.4)
(IQR)®
Min-Max 0.00-0.20 2.8-39.0 2.5-26.7 0.02-27.4 0.3-21.9 7.3-30.9
Different CC,EC,HTP,NRT,OT NU NU NU NU NU
from

Plasma cotinine ' (ng/mL) Mean + SD 0.09 = 0.03 256.3 + 124.2 159.1 = 106.9 189.4 = 94.3 154.5 + 128.8 354.8 + 141.1
Median 0.10 (0.10-0.10) 257.5 125.0 217.2 121.3 371.2
(IQR)*® (116.1-367.6) (87.1-203.1) (106.4-252.1) (46.5-283.7) (225.0-578.3)
Min-Max 0.00-0.10 114.7-466.7 73.2-430.9 16.1-301.8 133.2-385.3 136.1-578.3
Different CC, EC, HTP, NRT, NU NU,OT NU NU,0T NU,EC,NRT
from oT

Plasma 3-OH-Cot ' (ng/mL) Mean * SD 0.07 = 0.12 60.6 = 30.3 48.7 = 34.5 53.4 = 26.4 39.4 + 37.81 90.5 + 49.3
Median 0.00 (0.00-0.20) 56.4 (39.4-119.1) 43.2 56.5 (38.3-80.4) 34.3 (14.5-49.5) 75.7 (43.9-139.9)
(IQR)® (20.6-128.4)
Min-Max 0.00-0.30 12.4-119.1 16.8-128.4 8.8-82.2 1.0-134.5 38.3-158.2
Different CC,EC,HTP,NRT,OT NU NU NU NU,0T NU,NRT
from

Saliva cotinine > (ng/mL) Mean + SD 0.17 = 0.13 144.2 = 79.7 102.1 = 51.9 168.1 = 125.3 127.5 = 122.1 267.7 * 106.8
Median 0.21 (0.04-0.26) 127.0 84.9 174.2 108.8 264.9
(IQR)3 (83.0-210.5) (60.7-136.2) (43.7-292.1) (35.2-167.0) (191.0-350.3)
Min-Max 0.00-0.37 41.3-271.8 51.6-217.8 1.76-353.4 27.3-388.8 97.7-431.0
Different CC,EC,HTP,NRT,OT NU NU,OT NU NU,OT NU,EC,NRT
from

Saliva 3-OH-Cot > (ng/mL) Mean *+ SD 0.05 *= 0.12 32.1 + 22.0 26.7 + 14.1 31.6 =+ 19.8 34.4 + 41.5 49.2 + 21.5
Median 0.00 (0.00-0.02) 26.7 (15.8-45.5) 33.0 (10.2-39.0) 33.2(11.8-46.9) 14.8 (8.9-54.3) 46.6 (27.6-67.1)
(IQR)®
Min-Max 0.00-0.37 9.5-83.2 5.6-41.3 1.0-61.8 0.7-134.4 21.9-82.1
Different CC,EC,HTP,NRT,OT NU NU NU NU NU
from

Estimated nicotine intake * Mean + SD 6.17 = 0.76 9.38 = 5.63 4.49 = 2.30 7.70 = 4.67 17.31 = 10.28

(mg/d) Median 6.22 (4.18-7.84) 8.39 4.56 (2.62-7.09) 7.00 15.57

(IQR)*® (5.12-11.51) (3.50-10.50) (10.27-20.54)
Min-Max 2.03-10.27 4.41-23.31 0.34-7.43 2.80-16.80 3.66-39.37
Different oT HTP
from

! Plasma sample from Day 3 at 5 pm (B6, Fig. 1).
2 Saliva sample from Day 3 at 5 pm (S6).
3 IQR: Inter quartile range (25th — 75th percentile).
4 Calculated for Day 3 by applying the models described in Section 2.3.

Table 3
Spearman correlation coefficients between three selected nicotine biomarker levels and the recorded consumption on Day 3 for ten users of 5 different nicotine
products.
User group (consumption variable) N Nequ (mg/24 h) for Day 3 Plasma cotinine (ng/mL) in B6 Saliva cotinine (ng/mL) in S6
CC (cigarettes/Day 3) 10 0.845** 0.802** 0.754*
EC (puffs on Day 3) 10 —0.236 0.007 —0.042
EC (mL e-liquid/d) 10 0.661* 0.236 0.624%
HTP (sticks/Day 3) 10 0.683* 0.841%** 0.854**
NRT (pieces NG/Day 3) 8 0.714% 0.605 0.457
OT (g/Day 3) 9 0.809* 0.514 0.174

Statistical significance levels: *: p < 0.05; **: p < 0.01; “: borderline significance, p < 0.06.

plasma Nic, Cot and 3-OH-Cot, as well as salivary Cot and 3-OH-Cot for
the 6 study groups during the confined period of the study (74 h) show
the expected patterns. Relatively stable levels over time were achieved
for urinary Nequ as well as plasma and saliva Cot and 3-OH-Cot in all
groups except for smokers (CC); plasma Nic levels were highest in the
samples collected at 5 pm on each day (Fig. 2). The observed time
courses in plasma and saliva are in accordance with the half-life of
Nic (1-3 h, (Rosenberg et al., 1980; Scherer et al., 1988), Cot

(16-18 h, (Benowitz et al., 1983; Curvall et al., 1990; Scherer et al.,
1988)) and 3-OH-Cot (~6h, (Scherer et al., 1988)). Somewhat surpris-
ing is the finding that the nicotine plasma concentrations at about
5 pm in smokers and OT users are almost identical (Fig. 2B). This,
however, is due to the fact that blood sampling took place at least
20 min after product use, which lead to missing the smoking-related
plasma nicotine peak. The putative circadian rhythm for Nequ in
smokers (higher levels in the 12-h-urine collected over-night com-
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Fig. 3. Linear regressions between estimated nicotine intake and urinary excretion of Nequ (Nic + 10) for individual smokers (A), vapers (B) and users of HTP (C),
NRT (D) and OT (E) on Day 3. Note that for vapers the intake was calculated with the daily average of consumed e-liquid from Day 1 to 3. CI is the 95 % confidence
interval for the slope. R? (square of the Pearson coefficient of correlation) is used as an indicator for the goodness of fit.

pared to that collected during the day, Fig. 2A) could best be explained
by the fact that more cigarettes were consumed in the time period
which is reflected in the 12-h-urine finalized in the morning than dur-
ing the period reflected in the 12-h-urine until the early evening.
Hourly records for the cigarette consumption show 15 % higher con-
sumption in the period from 3 pm of to midnight than between 7
am and 3 pm. All nicotine biomarkers showed a separation into two
groupings: users of CCs and OTs consistently exhibited the highest
levels, whereas users of ECs, HTPs and NRTs showed lower but similar
levels. Concentrations of nicotine biomarkers in NU were at or below
the LOQ throughout the study. It is interesting to note that in all
groups the levels at admission to the clinic (reflecting the product
use behavior under field conditions a few days prior to the study) were
similar to that observed during the study. However, this does not
imply that all subjects are compliant to the reported nicotine/tobacco
product in the days prior to the study, since all those product cate-
gories contain nicotine. For example, by evaluating a biomarker of a
typical combustion chemical such as acrylonitrile, we found evidence
that some self-reported NRT only users probably also smoked cigar-
ettes (Rogner et al., 2021). This issue is presently investigated system-
atically with the biomarker data from this study. Furthermore,

nicotine biomarker levels for OT users were observed to consistently
increase during the course of the study (Fig. 2). Average OT consump-
tion was relative stable during the study (6.9, 7.4 and 6.7 pouches/d
on Day 1, 2 and 3, respectively, Table 1). Perhaps other use parameters
(e.g. the time period the products were kept in the mouth) increased
from Day 1 to Day 3. This parameter, however, was not assessed in this
study. The observed time courses (Fig. 2) allow the conclusion that,
although only a rough timely resolution was applied (blood and saliva
samples were only collected in the morning and late afternoon), Cot in
plasma and saliva as well as urinary Nequ are suitable biomarkers for
nicotine uptake in users of these products with sampling time being
uncritical, provided the product use pattern has achieved about
steady-state. In answering the first question, the time courses for the
various nicotine biomarker levels were found to be similar between
the 5 product user groups with levels somewhat high in smokers
(CC) and OT users.

The second question to be answered was whether there were statis-
tically significant differences in the nicotine biomarker levels between
the groups and how the observed levels compare to those reported in
the literature. We assume that the study volunteers had reached
steady-state conditions in terms of product use on Day 3. Therefore,
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quantitative comparisons between groups as well as reported levels in
the literature were performed with the results for Day 3. A remarkable
finding of the present study was that the levels of the nicotine
biomarkers show a high variation within each group, indicated by
the high relative coefficients of variation (SD/mean: 50-100 %) and
the large min-max ranges for each biomarker in each group (Table 2).
A high variation was also observed in the daily consumption values in
each product group during the study (Table 1). This finding may
already suggest that nicotine uptake by product use is primarily deter-
mined by the use pattern and less so by the class of tobacco/nicotine
product consumed. Of course, all nicotine biomarker levels of all user
groups were significantly different from the non-user group (NU,
Table 2). Furthermore, smokers (CC), users of HTP and OT were not
found to be significantly different for any of the 6 measured nicotine
biomarkers on Day 3. Vapers (EC) and NRT users were found to exhibit
significantly lower plasma and saliva cotinine levels than OT users
(who showed the highest biomarker levels). In terms of urinary Nequ
excretion, EC and NRT users showed significantly lower levels than CC
and OT users. Of particular interest is the finding that the plasma nico-
tine concentrations, which indicate the bioavailability of the alkaloid,
were found to be in the mean range of 9-19 ng/mL and were not sig-
nificantly different between the 5 user groups (Table 2). It was
expected that user of the inhalation products (CC, EC, HTP) exhibit sig-
nificantly higher nicotine plasma concentration than users of the oral
products (NRT, OT). Two reasons might be responsible for this finding,
(i) the small sample size could have prevented to reach statistical sig-
nificance and (ii) the study design required at least 20 min between
last product use and blood sampling, which definitely resulted in miss-
ing the plasma nicotine peaks in the users of the inhalation products.

An evaluation of literature data for urinary nicotine equivalents as
well as cotinine in plasma and saliva of users of CC, EC, HTP, nicotine
gum (NG, as a representative of NRT products), OT and of NU of any
tobacco/nicotine products has recently been published (Scherer et al.,
2021). A comparison of the reported averages for Nequ (which have
been adjusted in the review to 100 % of the excreted nicotine dose)
and those for cotinine in plasma and saliva shows that the measured
mean or median levels of the groups in our study (Table 2) almost
completely fall into the ranges of the published values for the corre-
sponding groups (relevant literature cited in the review (Scherer
et al., 2021)).

Except for smokers (CC) and non-users (NU), we found no suitable
reports for plasma or saliva 3-OH-Cot concentrations in users of the
tobacco/nicotine products of interest (EC, HTP, NRT, OT). IQR of sali-
vary OH-Cot for 100 NUs and 260 smokers (CC) were reported to be
0.2-0.6 and 28-92 ng/mL for NU and CC, respectively (Scherer
etal., 2007), which is in good agreement with the 3-OH-Cot concentra-
tions in saliva and plasma of NU and CC in our study (Table 2).

With the limitations addressed above, plasma nicotine levels in
samples collected at 5 pm of Day 3 can be compared to published data
for the products of interest. The major restriction is due to the fact that
time since last product use prior to the blood drawing was not stipu-
lated, other than it had to be > 20 min. In smokers (CC), we found
an average plasma Nic concentration of 19.2 (range: 2.8-39.0) ng/
mL (Table 2). In some older publications, mean plasma Nic levels in
the range of 8.5-40 ng/mL were obtained under similar conditions
(blood sample drawn in the late afternoon of a smoking day) were
reported (Oates et al., 1988; Benowitz et al., 1987; Gupta et al.,
1995; Russell et al., 1976; Russell et al., 1975). Despite the mentioned
uncertainties, there is a good agreement between literature data and
our results. Vapers (EC) in our study exhibited mean plasma Nic con-
centrations (ranges) of 9.1 (2.5-26.7) ng/mL (Table 2). Corresponding
values for HTP users were 12.8 (0.02-27.4) ng/mL. No published
reports suitable for comparison with our data could be identified.
NRT users (mainly users of 4 mg nicotine gums) in our study exhibited
mean plasma Nic concentrations (ranges) of 9.4 (0.3-21.9) ng/mL
(Table 2). Comparable averages from the literature were in the range
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of 10-27 ng/mL (Benowitz et al., 1987; Hansson et al., 2017; Lunell
and Lunell, 2005; Russell et al., 1976), which is higher than in our
study. Lower consumption of gums as well as lower frequency of use
per unit of time can be reasons for this difference. With respect to
the latter factor, it was found that using 6 mg nicotine gums over
12 h at a frequency of 1/h led to significantly higher plasma Nic con-
centrations than at 1/1.5 h (37 versus 25 ng/mL) (Hansson et al.,
2017). Average plasma Nic levels (ranges) of OT users in our study
were 19.1 (7.3-30.9) ng/mL (Table 2). Lunell et al. (Lunell and
Lunell, 2005) reported a range of 10-30 ng/mL for users of 4 different
brands of snus consumed at an hourly basis over 11 h, which is in good
agreement with our findings. Taken together, comparisons of our nico-
tine biomarker data of the various users groups are in good accordance
with corresponding data reported in the literature. In answering the
second question, it can be stated that smokers (CC) and OT users
showed statistically higher nicotine biomarker levels compared to
the other user groups only for some of the biomarkers. In general, nico-
tine biomarker levels exhibited a high variability in all user groups and
show good agreement to data reported in the literature.

The third question to be answered by the study results was how
well the nicotine biomarker levels correlated with commonly used
daily consumption measures in the various user groups. During the 3
study days, the subjects’ product use pattern was recorded in an hourly
structured timetable by the clinic staff. For vapers (EC) each puff they
drew from their device was recorded. It is assumed that this procedure
provided rather reliable daily consumption data (Table 1). Despite of
that, not all correlations between the 3 nicotine biomarkers (Nequ,
plasma Cot and saliva Cot) and the daily consumption on Day 3 were
found to be statistically significant (Table 3), indicating that other pro-
duct use factors, in addition to daily consumption, are pivotal for the
nicotine uptake. For the inhalation products (CC, EC, HTP), puffing
topography as well as extent of inhalation (depth and duration) are
assumed to be important determinants for the uptake of smoke/aero-
sol constituents (Appleton et al., 2015; Jones et al., 2020; Robinson
et al., 2020; Vansickel et al., 2018). A striking finding was that no cor-
relation at all was observed between the nicotine biomarkers and num-
ber of puffs in vapers (Table 3). This underlines that in addition to
mere number of puffs taken, also topographic parameters such as puff
volume and duration as well as mouth spill and depth of inhalation
would be required as nicotine dose determinants. A moderate to strong
correlation was, however, found for vapers when the amount of con-
sumed e-liquid was used as a consumption variable (Table 3). Similar
results were obtained, when 1,2-propylene glycol in plasma and urine
of vapers was correlated with various dose markers (Burkhardt et al.,
2021). For the oral products (nicotine gum, OT), the usage time of the
product in the mouth is regarded to be crucial for nicotine exposure
dose per unit used (Gale et al., 2012). The determination of these pro-
duct use parameters were, however, beyond the scope of this study. In
answering the third question, it can be stated that not all correlations
between the nicotine biomarker levels and product consumption were
found to be statistically significant (Table 3). This appears to be depen-
dent on the nicotine biomarker applied, the product under investiga-
tion and the consumption measure used. Furthermore, limited
number of users per group (8-10) certainly have prevented to reach
statistical significance. A clear finding was that number of puffs taken
by vapers is not a suitable measure of EC dose. On the other hand,
number of cigarettes (CC) or sticks (HTP) as well consumed amount
of e-liquid (EC) were observed to be well-suited consumption markers.

Finally (forth question), the predictability of the actually absorbed
nicotine dose (measured by the determination of urinary Nic + 10
(Piller et al., 2014)) by the product use-related nicotine intake (mod-
elled by the equations described in Section 2.3) was investigated.
Accordance between measurement and model calculations can be
directly deduced from the slopes of the linear regressions. Fig. 3 shows
that slopes of approximately 1.0 were obtained for use of ECs (apply-
ing the amount of e-liquid consumed as consumption variable), NRT
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(limited to the 8 nicotine gum users) and OT (with one user excluded
for an unclear nicotine content of the used product). For vapers, a
mouth spill of 60 % was assumed in Equation (3). It has to be stated
that this mouth spill rate is not based on experimental data, but best
fits with the measured nicotine uptake and also appears to be plausible
(vapers spill out large clouds of aerosol). Interestingly, a 60 % mouth
spill was observed at the upper end (90th-95th percentile) in a study
with 139 smokers (St Charles et al., 2013). Despite of that, the
assumed mouth spill for vapers has to be verified by suitable studies.
Significant deviations from slope values of 1.0 were found for smokers
(CC) and HTP users (slopes of 1.9 in both cases). As a possible reason
for the deviations between model and measurement, it could be spec-
ulated that the applied nicotine yields in the models (CC: 0.5-0.8 mg/-
cig according to ISO; HTP: 0.5 mg/stick for all 10 users) markedly
underestimate the actual, subject-derived nicotine yields. In a similar
estimate of daily nicotine doses with slightly different models and
application of data from the literature for consumption and products’
nicotine yields, median intakes of 11.7 and 9.0 mg/d for smokers
(CC) and HTP users, respectively were reported (Scherer et al.,
2021), approximately twice as high as the estimated intakes in this
study (Table 2). When comparing the values of the variables in the
two approaches, it becomes evident that for the main part the higher
nicotine yields (CC: 0.6-1.7 mg/cig, HTP: 0.4-1.2 mg/stick (Scherer
et al., 2021)) were responsible for the higher intake estimates based
on literature data compared to this study. More investigations are cer-
tainly required to substantiate this hypothesis. In answering the forth
question, it can be stated that the applied models lead to daily amounts
of nicotine intake that were in acceptable agreement with the daily
excretion of Nequ for users of EC, NRT (nicotine gum) and OT. Nico-
tine intakes for smokers (CC) and HTP users were underestimated by
almost a factor of 2, which is probably due to the too low nominal
nicotine yields.

Our study has a number of limitations, including: (a) small sample
size (10 subjects per group); (b) user groups are certainly not represen-
tative, this is due, on the one hand, to the small sample size and, on the
other hand, to the heterogeneity of the products within a group; (c)
rapid advancement in product development (particularly in ECs and
oral nicotine products) may have led to the fact that products used
in this study do not reflect the actual market situation; (d) a more
detailed characterization of the product use (e.g. puffing topography
and mouth spill for vapers or nicotine extraction efficiency in OT
users) could have improved the nicotine intake models.

5. Conclusions
The results of this study lead us to the following conclusions:.

(1) Users of five nicotine/tobacco products, although rather limited
in number per group (8-10), showed a broad range of estimated
nicotine intakes and measurable levels of nicotine biomarkers
during the confined phase of the study with ad libitum product
use.

(2) Although absorbed nicotine doses largely overlap between the
users of the different product classes, two clusters in terms of
nicotine biomarker levels can be differentiated: (a) smokers
(CC) and users of OT at the high end, (b) users of EC, HTP
and NRT in the center field.

(3) For all user groups significant correlation between the nicotine
biomarker levels and the recorded daily consumption data were
observed. In vapers, the nicotine biomarker levels significantly
correlated with the amount of e-liquid consumed, but not with
the number of recorded puffs, indicating that puffing topogra-
phy (e.g. puff volume and duration) as well as extent of inhala-
tion are probably important additional determinants for
estimating the nicotine uptake.
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(4) Urinary Nequ and cotinine in plasma and saliva are suitable
biomarkers of exposure to nicotine. Time to last using a nicotine
product is uncritical, as long as almost steady-state conditions
are achieved.

(5) Model calculations for the individual daily intake were found to
be in good agreement with the amount of excreted Nequ in the
urine for users of EC, NRT and OT, but underestimated the nico-
tine intake by almost a factor of 2 for users of CC and HTP. The
deviation is probably attributable to too low machine-derived
nicotine yields applied in the models.
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