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ABSTRACT
We recently developed an in vitro system for quantification of deposited mass of labeled
aerosol constituents in the human airway under realistic inhalation conditions including tem-
perature and humidity control. The in vitro system consists of the upper respiratory airway
cast with separate flow controls within distinct branches of the cast. The complete workflow
including generation of the labeled aerosol particles, flow setup, and scanning deposited
labeled constituent using positron emission tomography is presented. The system was used
for evaluating deposition of 11C-radiolabeled nicotine from pH-modified liquid formulations
generated by a typical tank electronic nicotine delivery system. The airway deposition pat-
terns were modulated by adjusted liquid pH-value, suggesting modified gas-liquid aerosol
partitioning. This can be visually assessed in a qualitative manner, but more importantly
measured in a quantitative manner by evaluating the total administered dose. The effects of
temperature and humidity were separately assessed, showing significant influence of realistic
inhalation conditions (temperature of 37 �C and nearly 100% relative humidity) on total nico-
tine deposition in the airway cast. Developed capabilities allow their future applications in
generating validation data for modeling purposes as well as for conducting further studies
concerning understanding of challenges in aerosol delivery and dosimetry assessments.
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1. Introduction

Efficient aerosol inhalation requires its pulmonary
delivery and subsequent deposition/absorption in the
lungs. Lung morphometry with its functional capacity
(respiratory physiology) and inhaled aerosol character-
istics (particle size distribution) comprise the main
pillars allowing the inhalation process to deliver sub-
stances to the lungs and further into systemic circula-
tion (Kolli et al. 2019). Due to the overall complexity
of the in vivo aerosol delivery and its intrinsic charac-
ter, existing studies concerning aerosol deposition in
the lungs are sparse, and their outcomes are rather
challenging for generalization as they are subject to
particular aerosol characteristics (Sanchez-Crespo
2019). For better understanding of the processes gov-
erning aerosol lung delivery, simplified in vitro models
have been created (Cei et al. 2021; Ahookhosh et al.

2020; Gallagher et al. 2020), and simultaneously there
are growing computational modeling capabilities that
advance development of detailed or reduced-order
models predicting aerosol flows and deposition
(Schroeter et al. 2013). In the next paragraphs, we
briefly summarize main challenges and needs (Phalen
et al. 2021) in the aerosol dosimetry field, giving the
introduction and background for the conducted work.

Aerosol lung delivery is very complex as it consists
of multiple interconnected processes (Tsuda, Henry,
and Butler 2013). Initially, the generated aerosol
enters the upper respiratory tract where it is often
subject to immediate alterations of humidity and tem-
perature. Along the conducting airways (Bordas et al.
2015) the airflow becomes modified as it passes
through growing geometrical complexities that gener-
ate a variety of local flow structures with regions of
possible transitions from laminar to turbulent flow.
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Such flow alterations in the conducting airways con-
tribute to overall aerosol delivery to the deep lungs
and—depending on the aerosol characteristics—
sequentially contribute to its deposition (filtration),
which can limit availability of the delivered substance
in the lower respiratory tract. Due to accompanied
changes of flow conditions (e.g., flowrate, pressure)
when an aerosol is inhaled, the aerosol particles evolve
during airway transit (Haddrell et al. 2017).

Aerosol particle evolution is often related to poten-
tial condensational growth present for solid (powder)
and liquid particles, while the gas-liquid partitioning
for liquid aerosols adds to the complexity of their
delivery. Gas-liquid partitioning of present aerosol
substances directly modulates the aerosol delivery and
manipulates their absorption potential; this is mainly
driven by the physical processes of impaction, sedi-
mentation, or diffusion, depending on the particle size
or gas phase deposition/absorption (diffusion) when
considering the substances in this phase (Ahn, Rao,
and Vejerano 2021; Pankow 2001). Gas-liquid aerosol
partitioning is directly linked with (saturation) pres-
sure surrounding the particles and may depend on the
physical dynamics and chemical composition of the
delivered aerosol (Sosnowski and Odziomek 2018; Li
et al. 2020; Pichelstorfer et al. 2021). Non-ideality of
liquid mixture behavior with respect to ideal vapor
pressure curves predicted by Raoult’s (or Henry’s) law
strictly depends on the chemical composition, while
the chemical effects (e.g., pH modulation, El-Hellani
et al. 2015) or physical particle size (e.g., Kelvin effect
for very small droplets (Lewis 2006)) ultimately define
the dynamics of aerosol droplets and their potential
for effective delivery (David et al. 2020; Tackman,
Grady, and Freedman 2022). Additional effects related
to coupling of gas and liquid phases in the case of
significant liquid mass fraction may further compli-
cate already intricate physico-chemical processes
(Pichelstorfer et al. 2016; Soni and Nayak 2019). In
addition to the described characteristics of liquid aero-
sol delivery, the physico-chemical properties of a
liquid mixture versus its components (active substance
and carrier liquid) also deserve attention. Often, the
mixture properties drive the dynamics of aerosol gen-
eration and transport as predominantly created from
the carrier components, while the low mass fraction
of the active substance does not significantly influence
the bulk mixture properties (e.g., density, boiling tem-
perature). In contrast, selected properties (e.g., surface
tension (Laaksonen and Kulmala 1991)) are driven
even by low mass fraction amounts of substances
(Romakkaniemi et al. 2011).

All these elements contribute to various extents
and predicting their overall contributions in the pro-
cess of aerosol lung delivery is difficult, even for well-
defined mixture compositions. Performing invasive
clinical studies is usually impossible and/or requires
substantial financial investments. Potential contribu-
tions from in vivo animal exposure studies cannot be
directly translated to human aerosol lung delivery due
to distinct flow rates, aerosol respirability, and overall
airway structuring. They can serve as supplementary
validation data for in silico computational fluid
dynamics (CFD) simulations that can now deliver
detailed understanding and predictions of aerosol
delivery (Feng, Kleinstreuer, and Rostami 2015;
Asgari, Lucci, and Kuczaj 2021). To be computation-
ally feasible, they require sub-models built from non
first-principles driven mechanisms (e.g., single par-
ticles evaporation by D2-law). Even the most sophisti-
cated computational models require substantial
verification/validation data to be used with confidence
and within their range of verified applications. This
situation opens an avenue for the development and
application of in vitro models in which aerosol deliv-
ery can be performed in controlled conditions (Asgari
et al. 2019).

In vitro airway cast models have mostly been used
for measuring the deposition potential of solid par-
ticles (Ahookhosh et al. 2020; Patel et al. 2012).
Offline measurements of liquid aerosol deposition are
possible but become problematic in the case of volatile
substances (Nordlund et al. 2017). Combining labeled-
substance aerosol deposition in the in vitro models
with almost instant scanning partially overcomes
some of these complexities and allows for studies that
may increase the understanding of complex aerosol
dynamics, as well as provide data for simulation valid-
ation purposes. In recent years, various casts models
with a variety of geometries and complexities were
developed (Ahookhosh et al. 2020) using 3D printing
techniques (Lim et al. 2018) and the ability to control
thermodynamic conditions like temperature and
humidity. Some of these casts were extensively bench-
marked and tested under various flow conditions
including experimental and computational work (Lizal
et al. 2018).

In this work, we developed an in vitro cast of the
human airway with controlled airflow conditions in
separate branches that can be thermally controlled and
under prescribed humidity conditions. These develop-
ments enable the study of aerosol deposition labeled by
the marker of interest, including effects linked to con-
densational particle growth. Measurement of the upper
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airways’ aerosol deposition provides indirect informa-
tion on possible aerosol delivery to the deep lungs. The
acquired data for various aerosol liquid mixtures (with
increased mixture complexity) confirm the influence of
pH on aerosol delivery and may be used to validate
computational models. We conducted nicotine labeling
following previous work (Solingapuram Sai et al. 2020)
and used a typical tank electronic nicotine delivery sys-
tem (ENDS) (Asgharian et al. 2018; Baassiri et al. 2017;
Feng, Kleinstreuer, and Rostami 2015) as the aerosol
generator. Section 2 presents and technically describes
the cast model, as well as the workflow for measuring
and analyzing labeled nicotine. In Section 3, the results
related to nicotine deposition at varying pH and ther-
modynamical conditions are shown, allowing for fur-
ther exploration with various mixtures and conditions
of interest. This is followed by concluding remarks in
Section 4.

2. Method development

2.1. The in vitro model of nicotine deposition in
the human respiratory tract

We developed an in vitro method to assess nicotine
deposition at 37 �C and 100% relative humidity (RH),
which combines positron emission tomography (PET)
imaging with 11C-nicotine and an in vitro model of the
human respiratory tract (Sul et al. 2018; Zuo et al. 2017).

In the available literature various airway cast geo-
metries are used. Apart from the geometrical aspects,
various approaches for construction of the casts are
proposed enhanced by recent developments in the 3D
printing technologies (see Ahookhosh et al. 2020).
Often segmentation of the cast branches is used for
the ability of analytical extraction of deposited com-
pounds from selected regions of the airways (Lizal
et al. 2018; Nordlund, et al. 2017). Additional features
like humidification and temperature control are added
(Asgari et al. 2019) as important parameters modify-
ing transported aerosols. In our work we have used
the patient-derived cast introduced to the scientific
community in (Sul et al. 2018). The 3D geometry was
planarly projected for simplicity of manufacturing and
possibility of future simultaneous assessments of the
particle image velocimetry and deposition (Sul et al.
2018) following also the rationale that the rotation out
of the plane is not generally appreciable for the first
three airway generations (see Sauret et al. 2002) con-
sidering significant impact on aerosol deposition.
Geometric airways structures ultimately link the aero-
sol inhalation and deposition in a quantitative (aerosol
dosimetry) manner. Bridging predictive aerosol

dosimetry by subject-specific airways geometry and
inhalation potential is crucial. Our intention in the
performed research was to concentrate on compara-
tive differences of aerosol transported and deposited
in a fixed model of the airways. From this perspective,
we selected the airway model that resembles the vol-
ume and generally flow and time-scales present in
reality (Sul et al. 2018). The airway cast was produced
using a 3D printer and consisted of the polymer
Somos#WaterShed XC 11122 (manufactured by
Royal DSM). Planar approach allowed us to generate
it as single element from the mouth to the last consid-
ered generation avoiding any issues with fitting multi-
segmented parts and validation concerning potential
leakage.

The in vitro model of the human respiratory tract
consists of a thermostat chamber with a respiratory
tract cast, a puff/inhalation controller, a vacuum
pump, and an air pressure pump for operation of a
puff pinch valve (see Figure 1). Developed system
allows to prefill the cast (see Figure 2) with the
humidified air, then by switching the controller/valve,
take the aerosol puff of the considered product into
the mouth cavity of the cast and by further flow
manipulations bring eventually the transient inhal-
ation flow into the cast at controlled temperature con-
ditions. In the system the humidification is achieved
by bringing the humidified air to the cast upfront and
by humidification of the inhalation flow. A single 2-s,
35-mL puff of electronic cigarette (e-cigarette) aerosol
or smoke containing 11C-nicotine was delivered to the
respiratory tract cast by applying a negative pressure.
Puff duration was controlled by an air pressure-oper-
ated pinch valve, and unretained smoke or vapor was
collected on GFB glass fiber filters (see Figures 1 and
2). Each of five filter holders (one for each lobar
bronchus) contained two GFB filters. One to 3min
before a puff delivery, the respiratory tract cast was
filled with 300mL of humidified air (37 �C and 100%
RH) generated in the humidification chamber.
Immediately after the puff, a 2-s, 700-mL air wash-in
volume was administered to the respiratory tract cast
using negative pressure. The segmental bronchi of the
respiratory tract cast outlets corresponding to each of
the five lobar bronchi were connected with five vari-
able area flowmeters (see Figures 1 and 2), allowing
regulated air flow through the five lobar bronchi.

In the existing literature various inspiratory flow
rates are reported spanning a broad spectrum of val-
ues. As they depend on the gender, age, body size
(oxygen needs), in addition to the physico-mental
state of the breathing subject (e.g., fitness or stress

AEROSOL SCIENCE AND TECHNOLOGY 1059



levels), it is common to express them as respiratory
minute volume flow rates that combine both the tidal
volumes and/or their frequency measured over one
minute. It must be noted that from the physiological
perspective, the average 500mL tidal volume flow
with 12 breathing cycles per minute will lead to a
6 L/min flowrate (respiratory minute ventilation).
Simultaneously, the same situation in which the actual
transient flow rate is calculated as representative
minute average will lead to a study of 500mL breath
volumes taken in 2s, which eventually leads to a flow-
rate of 250mL/s (15 L/min). This value is considered
as typical at rest conditions and it was applied in
(Nordlund et al. 2017). It must be noted that respira-
tory flow rates are also distinct from the inhalation
flow rates (Zacny et al. 1987; Pearson et al. 1985;
Herning, Hunt, and Jones 1983). Despite significant
amount of data on volumes, frequencies and duration
of puffing of the consumer products, sparse informa-
tion is available about the subsequent inhalation of
them (see Gregg et al. 2013). We technically followed
the approach presented in (Nordlund et al. 2017) for
calibrating the flowmeters in order to control the flow
in each of the cast branch individually using negative
pressure, but collectively achieve required total flowrate.
It is naturally to assume that the inhalation volume is
larger than a typical breath volume at rest conditions
(500mL). For this reason, we selected slightly larger
transient flowrate of 700mL in 2s for our experiments
leading to a representative average of 21L/min. The
flowrates were distributed accordingly through the
upper respiratory airways assuming minimal contrac-
tion/expansion in reality during the breathing/inhala-
tion cycles and taking into account respective effective
diameters of the branches. The air flow rates through

the left superior, left inferior, right superior, right mid-
dle, and right inferior lobar bronchi were 2.3, 3.9, 4.8,
4.7, and 5.3 L/min, respectively. Transient flow condi-
tions were applied and average values are just reported
for the sake of eventual future comparisons. The puff
and inhalation durations were controlled by a pro-
grammable valve controller (see Figure 1). Schematic
diagrams of the human respiratory tract in vitro model
are presented in Figure 2.

2.2. The investigated nicotine aerosol delivery
systems

The in vitro human respiratory tract model was used
to assess nicotine deposition from three aerosol nico-
tine delivery systems: (1) e-cigarettes with 5% nico-
tine, 20% vegetable glycerin (VG), 6% water, and 69%
propylene glycol (PG) (BLN-5%NIC); (2) e-cigarettes
with 5% nicotine, 3.75% lactic acid, 20% VG, 6%
water, and 65.25% PG (BLN-5%NIC-LA); and (3)
combustible reference research cigarettes 1R6F (C-
cig). Nicotine-containing e-liquids 1 and 2 were pre-
pared in house, while 1R6F research cigarettes were
purchased from the Kentucky Tobacco Research and
Development Center (Lexington, KY, USA). The aero-
sol for the e-cigarette products was generated using a
Mig 21 Clear Fusion Tank with a 2.5-Ohm coil and a
Joyetech eVic (Joyetech, Shenzhen, China) at power
6W. The combustible reference cigarette was lit by a
Coleman type butane lighter to generate a puff.

2.3. Procedures

All experiments were performed at 37 �C temperature
and RH 100%. One to three minutes before a puff

Figure 1. The in vitro model of the human respiratory tract. (A) Thermostat chamber with a respiratory tract cast, (B) puff pinch
valve, (C) variable area flowmeters, (D) GFB glass fiber filter holders, (E) programmable valve controller.
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delivery, a respiratory tract cast was filled with 300mL
of humidified air (37 �C and 100% RH). A single 2-s,
35-mL puff of e-cigarette aerosol or smoke containing
11C-nicotine was delivered to the respiratory tract cast
by applying negative pressure. Immediately after the
puff, a 2-s, 700-mL air wash-in volume was adminis-
tered using negative pressure. Nicotine not deposited
in the respiratory tract cast was collected using five
47-mm filter holders (Figures 1 and 2), each of which
contained two GFB glass fiber filters. Deposition
(retention) of 11C-nicotine in the respiratory tract cast
was assessed using a GE Discovery MI DR PET/CT
scanner. After each PET scan, GFB glass fiber filters
were replaced with new filters and the respiratory
tract cast was rinsed with 99.5% isopropyl alcohol
(BDHVR ) and dried using air flow through the cast.

11C-nicotine was synthesized following an estab-
lished protocol (Halldin et al. 1992). After evaporation
of the high-performance liquid chromatography mobile
phase, 11C-nicotine was dissolved in 20mL of the
appropriate e-liquid (for e-cigarettes) or ethyl alcohol
(EtOH) for the reference cigarette. Next, 5mL of e-
liquid containing 11C-nicotine was applied to the coil
of the Mig 21 Clear Fusion Tank, which was prefilled
with the same non-radioactive e-liquid. For the refer-
ence cigarettes, half of the tobacco rod was removed,
and 4mL of EtOH containing 11C-nicotine was applied
to the end of the tobacco rod. EtOH was evaporated
by air flow through the cigarette. For all studied prod-
ucts, the first single 35-mL puff was investigated.

2.4. PET scanning

Four bed positions of PET imaging were performed
over 8min (2min per bed position) using a GE

Discovery MI DRPET/CT scanner (GE Healthcare,
Chicago, IL, USA). Decay, attenuation, and scatter-cor-
rected images were reconstructed at the 256� 256
matrix size. Imaging data analysis was performed using
PMOD software v. 4.2 (PMOD Technologies LLC,
Zurich, Switzerland). For calculation of the total
administered dose (TAD) of 11C-nicotine, a rectangular
parallelepiped shape volume of interest (VOI) was
placed on the image to cover the respiratory tract cast,

Figure 2. Schematic diagram of the in vitro model of the human respiratory tract.

Figure 3. VOI placement for calculation of the total adminis-
tered dose (TAD). (A) VOI placement, (B) respiratory tract cast,
(C) connectors between the cast and filter holders, (D) GFB fil-
ter holders.
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GFB filter holders, and all connectors between the cast
and filter holders (see Figure 3). The PET images were
then normalized to TAD values, and the radioactivity
signal outside of the respiratory tract cast was masked.

2.5. Data analyses

Obtained images were co-registered, and average
product-specific 3D images were calculated using the
Image Registration and Fusion module of PMOD 4.2
software. To calculate the fraction of TAD retained in
the total cast and cast parts, nine standard regions of
interest (ROIs) were placed on the coronal projections
of normalized co-registered images (see Figure 4).

Between-group comparisons were analyzed by one-
way (single factor) or two-way (two factors) analysis
of variance (ANOVA). Tukey’s Honest Significant
Difference (HSD) tests or Bonferroni tests were used
as post hoc tests for between-group comparisons. The
threshold for statistical significance was set at
p< 0.05. Group mean values ± standard error (SE) are
reported unless otherwise specified.

3. Results

The average values ± SE for 11C-nicotine retention in
the respiratory tract cast from three nicotine-contain-
ing products are presented in Figure 5. The highest
retention was observed for BLN-5%NIC e-liquid (pH
¼ 9.7) and C-cig, and the lowest retention was
observed in the BLN-5%NIC-LA e-liquid with (pH ¼
5.3). The analysis of variance (One Way (Single
Factor) ANOVA) showed a significant effect of the
type of nicotine-containing product on nicotine

retention in the respiratory tract cast, F (2,28) ¼ 12.3,
p< 0.0001. The results of Tukey’s HSD post hoc tests
revealed significant differences between BLN-5%NIC
and BLN-5%NIC-LA (p< 0.0002) and between BLN-
5%NIC-LA and C-cig (p< 0.002).

Figure 6 shows the quantitative group-average
images of 11C-nicotine retention in the respiratory
tract cast from all three nicotine-containing products.
Individual images were normalized to the TAD. Each
pair of images shows the distribution of radioactivity
in a single (sagittal or coronal) slice of the respiratory
tract cast. In Figure 7, the same quantitative group-
average imaging data are shown as coronal projections
(sum of all coronal slices). This presentation enhances
the perception of the degree of nicotine retention due
to adsorption in the respiratory tract cast.

The results for nicotine deposition in the
Mouth/Pharynx, Larynx, Trachea, and Bronchi are
shown in Figure 8. The results for a two-way ANOVA
(with product as a between factor and respiratory tract
segment as a repeated (within) factor) indicated a sig-
nificant main effect for cast regions [F¼ 221.5 (5,140),
p< 0.0001] and a significant main effect for product
[F¼ 12.2 (2,140), p< 0.002]. Additionally, the results
showed a significant interaction between segment and
product [F¼ 9.09 (10,140), p< 0.001]. Since the inter-
action between segment and the product was signifi-
cant, we chose to ignore the product main effect and
instead examined the product simple main effects,
that is, the differences between seven products for
each of the six cast regions using six one-way
ANOVA analyses. To control for Type I error rate
across these analyses, we set the alpha level for each
at 0.00833 (a/6¼ 0.05/6). We found a statistically

Figure 4. Standard regional ROI placement. Main, main bron-
chi; Lobar, lobar bronchi; Segmental, segmental bronchi.

Figure 5. Nicotine retention in the respiratory tract cast at
37 �C and 100% relative humidity (RH), expressed as % of total
administered dose (%TAD). ��p< 0.002, ��� p< 0.0002.
Mean± SE. The numbers of independent experiments are the
following: BLN-5%NIC n¼ 15, BLN-5%NIC-LA n¼ 8, and
C-cig n¼ 8.
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significant difference in average nicotine deposition
according to nicotine-containing product type in each
of six cast regions. For the Mouth/Pharynx, Larynx,
Trachea, Main Bronchi, Lobar Bronchi, and Segmental
Bronchi, the F (2,28) values were 10.3, 11.3, 12.1, 13.4,
12.1, and 10.1, respectively (all p< 0.001). In each of
the six cast regions, nicotine deposition from BLN-
5%NIC-LA e-liquid was significantly lower than those
from BLN-5%NIC-LA e-liquid or C-cig (Figure 8).
This pattern corresponds to that observed for total
cast deposition (Figure 5).

To address possible between-product differences in
the pattern of nicotine distribution in the Larynx,
Trachea, and Bronchi, the individual cast images were
normalized to the total dose of 11C-nicotine radio-
activity deposited in the respiratory tract cast (TDRT).
The results of this analysis showed that �50% of

nicotine deposition in the respiratory tract cast
occurred in the mouth cavity and pharynx. No prod-
uct-specific pattern of nicotine retention distribution
was observed.

Following the visual (in two projections: Figures 6
and 7) and quantitative (Figure 8) presentations of the
nicotine deposition results coming from physiologically
relevant conditions of being generated by mixing the
puffed aerosol with the inhalation flow at 37 �C and
100% RH, we present in Figures 9–11 the results
obtained for the inhalation conditions at 22 �C and
51% RH (as similar to common room laboratory con-
ditions at which aerosol is generated). The aerosol for
these and former experiments was generated in the
same way (conditions) excluding any product perform-
ance influence on the obtained results. Following these
measurements, we were able to observe the influence

Figure 6. The average images, illustraitng the nicotine retention in the respiratory tract cast at 37 �C and 100% relative humidity
(RH), expressed as a fraction of the total administered dose (%TAD). In each pair, the left and right images show sagittal and cor-
onal slices, respectively. The numbers of independent experiments are the following: BLN-5%NIC n¼ 15, BLN-5%NIC-LA n¼ 8, and
C-cig n¼ 8.

Figure 7. The average coronal projection images of nicotine retention in the respiratory tract cast at 37 �C and 100% relative
humidity (RH), expressed as a fraction of the total administered dose (%TAD). The numbers of independent experiments are the
following: BLN-5%NIC n¼ 15, BLN-5%NIC-LA n¼ 8, and C-cig n¼ 8.
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of the inhalation conditions on the evolution and
deposition of the aerosol containing labeled nicotine.

In Figures 9 and 10 two cast projections illustrating
the nicotine retention at the laboratory conditions
(22 �C and 51% RH) are shown. Overall decreased lev-
els of nicotine in the presented heatmaps pictures are
visible in particular for a conventional cigarette
smoke. Significant alterations of the nicotine retention
in the mouth region are most likely caused by mixing
of two flows (in comparison to the previous dataset
obtained for 37 �C and 100% RH). These appear to be
largely present in the cigarette smoke and also aerosol
coming from the pH-modifed e-liquid. Quantification
of the nicotine deposits plotted in Figure 11 confirms
these visual observations, i.e., approximately doubled
nicotine retention (at 37 �C and 100% RH) in the
mouth/pharynx regions for cigarette smoke and aero-
sol coming from the pH-modifed e-liquid and slight
increase for a typical e-liquid aerosol. These results

Figure 9. The average images of nicotine retention in the respiratory tract cast at room temperature (22 �C) and 51% relative
humidity (RH), expressed as a fraction of the total administered dose (%TAD). In each pair, the left and right images show sagittal
and coronal slices, respectively. The averages are from four independent experiments per condition.

Figure 10. The average coronal projection images of nicotine retention in the respiratory tract cast at room temperature (22 �C)
and 51% relative humidity (RH), expressed as a fraction of the total administered dose (%TAD). The averages are from four inde-
pendent experiments per condition.

Figure 8. Nicotine retention from nicotine-containing products
in the Mouth/Pharynx, Larynx, Trachea, and Bronchi at 37 �C
and 100% relative humidity (RH). Data expressed as % of total
administered dose (%TAD, Mean± SD). All P values were
Bonferroni corrected for 18 multiple comparisons. � p< 0.05,�� p< 0.01, ��� p< 0.005, and ���� p< 0.001. The numbers
of independent experiments are the following: BLN-5%NIC
n¼ 15, BLN-5%NIC-LA n¼ 8, and C-cig n¼ 8.
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suggest significant aerosol dynamics influence and
related heat and mass transfers occuring on a very
short time scales during the initial mixing of the
flows. Finally, we assessed the total nicotine retention
from these nicotine-containing products at room tem-
perature and humidity and compared these results
with those obtained under the 37 �C and 100% RH
condition (Figure 12). Two-way ANOVA indicated a
significant main effect for condition [F¼ 30 (1,37),
p< 0.001] and a significant main effect for product
[F¼ 24 (2,47), p< 0.0001]. No significant interaction
between condition and product was observed. The
results of Tukey’s HSD post hoc tests (Figure 12)
showed significant differences between conditions for

BLN-5%NIC-LA (p< 0.003) and C-cig (p< 0.01).
Taken together, these results suggest the importance
of performing nicotine deposition experiments at
37 �C and 100% RH.

4. Conclusions

Development of an in vitro cast of the airways with
controlled airflow, thermal, and humidity conditions
allowed us to study the deposition of 11C-nicotine-
labeled aerosols generated from the conventional
standard reference cigarette and an e-cigarette tank
system containing two similar formulations of e-liquid
with varying pH. This system can be further extended
with equipment measuring aerosol characteristics. By
comparison of deposited 11C-nicotine, we measured
the influence of pH on overall nicotine delivery in the
human airway represented by the in vitro cast model.
We obtained relatively similar nicotine deposition
results for two chemically distinct aerosols (cigarette
smoke and e-cigarette-generated aerosol from stand-
ard e-liquid mixtures). Decreasing the e-liquid pH sig-
nificantly reduced nicotine deposition in the
respiratory tract model, which is functionally aligned
with publicly available data on increased nicotine
transfer from low-pH nicotine-containing products
(Goldenson et al. 2022). Our results also corroborate
modeling predictions developed with the whole-lung
modeling approach in (Pichelstorfer et al. 2021) that
examined low-pH and no-acid cases and found sig-
nificant differences in nicotine deposition. Although
the collective results point toward increased nicotine
transfer to the deep lungs for low-pH liquid, the
detailed mechanisms governing nicotine transfer
remain to be elucidated.

Employing additional experimental techniques such
as particle size measurement, gas-liquid partitioning
using denuders, and measuring activity coefficients of
the nicotine may close existing gaps and clarify the
nature of the dominant mechanisms. Certainly,
the observed nicotine retention patterns are resulting
from complex aerosol processes including
aerosol particle size evolution combined with
condensation/evaporation of compounds occurring
along their transport in the airways. In our experi-
ments, we used the same airflow for generation of the
aerosol from the considered three products (conven-
tional cigarette and two e-liquid mixtures). Thus, vis-
ible alterations in nicotine retention are introduced
intrinsically by the aerosol chemistry and physics of
considered mixtures and externally by the inhalation
flow conditions. Due to rather insignificant changes

Figure 11. Nicotine retention from nicotine-containing prod-
ucts in the Mouth/Pharynx, Larynx, Trachea, and Bronchi at
room temperature (22 �C) and 51% relative humidity (RH).
Data are expressed as % of total administered dose (%TAD,
Mean± SE). All P values were Bonferroni corrected for 18 mul-
tiple comparisons. � p< 0.05, �� p< 0.01, ��� p< 0.005, and���� p< 0.001. The number of independent experiments per
product is n¼ 4.

Figure 12. Nicotine deposition in the respiratory tract at room
temperature (22 �C) and 51% relative humidity (RH) vs. 37 �C
and 100% RH, expressed as % of total administered dose
(%TAD, Mean ± SE). �� p< 0.01, ��� p< 0.003. The numbers
of independent experiments at 37 �C are the following: BLN-
5%NIC n¼ 15, BLN-5%NIC-LA n¼ 8, and C-cig n¼ 8.
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(mass-fraction wise: <4%) of e-liquid composition
impacting the aerosol formation process, the resulting
particle size distribution from the e-vapor product are
not modulated at the generation time (product). This
was confirmed experimentally for similar e-liquid
mixture compositions in various external experiments
conducted separately for these types of e-liquid mix-
tures, but not specific to the considered ones. In add-
ition, most of the experimental techniques available
for measuring the particle size distribution (PSD) are
indirect and require additional flow dilution introduc-
ing measurements artifacts to such highly dynamic
and continuously evolving liquid aerosols at very
small average particle size and large particle number
density. For this reason, it can be further debated
whether the generally observed lack of significant PSD
modifications is guided by delivered above physics-
based rationale (small mass fraction of modulating
additives (acids)) or experimental measurements arti-
facts related to the aerosol evolution. In our opinion,
the computational methods have complementary and
growing potential to deliver in this domain more
detailed and reliable results than currently available
experimental methods.

Due to complexity and nature of evolving aerosols,
the understanding of the aerosol deposition in the
human lungs is still very limited. It is expected due to
convection-dominated flows in the first generations of
the airways that most of the aerosol deposition is due
to impaction and simultaneous hygroscopic growth of
the particles. Current state of the scientific knowledge
concerning nicotine containing aerosol mixtures can-
not differentiate between pure particle deposition
including potential hygroscopic growth of particles
containing nicotine or effects related to the gas-liquid
partitioning and evaporation of the nicotine to the gas
phase resulting in enhanced nicotine vapor deposition
in the respiratory tract (see various hypotheses in,
Pankow 2001). The mentioned previously gas-liquid
partitioning with enhanced evaporation can be the
major process governing the pH-modulated nicotine
transfer in the airways, but also other effects like for
example four-way coupling of aerosol particles in a
dense aerosol mixture, which causes drag reduction
for a motion of particles in “a dense cloud” as sug-
gested by (Martonen and Musante 2000). All men-
tioned affects are not contradictory and can take place
in parallel at different magnitudes. As the inhalation
flows are transient, intrinsic boundary-layer flow con-
siderations may also play an important role in affect-
ing mechanisms of nicotine deposition. Our nicotine
containing cigarette smoke retention data patterns in

the oral cavity are generally consistent with the mod-
eling predictions for smoke particles (see Paul et al.
2021). Combining computational methods, further
developing experimental techniques that would also
allow to study aerosol flow and deposition in smaller
branches of the tracheobronchial tree airways would
be beneficial. The limitations of the applied experi-
mental technique include relatively limited time for
experimentation due to the labeled compound and
decay kinetics, labeling itself that is specific to the
compound while it does not trace other compounds
in the mixture and last but not least, quite intensive
computational effort required for the analyzes of
obtained volumetric scan data.

Future experiments should combine investigations
of nicotine deposition/absorption with nicotine trans-
fer through human organotypic respiratory epithelial
tissue cultures. These investigations should be compu-
tationally linked with existing physiologically based
pharmacokinetic models to understand the whole pic-
ture of nicotine ADME (absorption, distribution,
metabolism, and excretion) profile cycles. In recently
published nicotine PBPK model (Kolli et al. 2023) the
deconvolution of upper and lower respiratory tract
nicotine absorption was required for accurate predic-
tion of the existing clinical literature data considering
nicotine disposition. Ultimate bridging of predictive
regional aerosol dosimetry with in vitro, in vivo
and clinical outcomes (Kolli et al. 2019) is required and
generated in vitro data are useful for verification and
validation of modeling predictions. Our in vitro human
respiratory tract model may also be used to investigate
the deposition of other molecules prior to performing
resource-intensive pharmacokinetics studies.
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