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ARTICLE INFO ABSTRACT

Keywords: Polycyclic Aromatic Hydrocarbons (PAHs) are persistent and toxic organic pollutants to which humans are
Phenanthrene exposed via inhalation, dermal absorption, and ingestion, increasing cancer risk, particularly among smokers and
Pyrene

Benzo(a)Pyrene
Oromucosal absorption
PAHs solubility

occupationally exposed individuals. This research aims to expand current knowledge by identifying the oral
mucosae as an additional gateway for PAHs, owing to their high lipophilicity and the greater permeability of oral
mucosae to xenobiotics, a finding that is particularly relevant given the established correlation between tobacco-

derived PAHs and oral, head, and neck cancers. Here, ex vivo permeation studies were carefully designed using
vertical Franz diffusion cells and porcine buccal and sublingual mucosae, a widely used ex vivo model for
permeability studies. Five PAHs congeners were selected as representative of those highlighted from the US EPA
as priority control pollutants: fluorene, acenaphthene, phenanthrene, pyrene and benzo(a)pyrene. The studied
PAHs were found to permeate the oral mucosae, likely via passive diffusion (permeation « logP), suggesting a
potential relevant contribution to the overall systemic PAHs burden and thus toxicity, especially for individuals
with pronounced oromucosal exposure, such as smokers. Additionally, all PAHs exhibited significant retention in
the mucosal tissues, suggesting possible loco-regional toxicity. Specifically, the observed BaP accumulation in the
buccal and sublingual mucosae (1781.27 + 397.64 and 1338.78 + 269.47 ng/cm?, respectively) may support its
correlation with oral cancers. Despite the experimental model not fully mimic the complexity of living system (e.
g., enzymatic activity, active transport processes, blood perfusion, real-life exposure scenario), these findings
address a major gap in the literature by identifying the oral mucosae as a previously unrecognized entry route for
PAHs, a key point since the oral cavity is part of both the gastrointestinal and respiratory systems, already
recognized PAHs exposure routes. The evidence reported here provides both a foundation for further multidis-
ciplinary investigations as well as a rationale for developing cosmetic/medical devices aimed at detoxifying the

oral cavity from PAHs.

Environmental implication: This study aims to expand knowledge on PAHs permeation and accumulation through
oral mucosal tissues. Demonstrating PAHs permeation and accumulation through this route would have major
clinical and toxicological implications, including identifying a new exposure route, refining toxicokinetic,
elucidating mechanisms linking tobacco-derived PAHs to head and neck carcinogenesis, and guiding preventive
interventions to limit oral exposure (e.g., development of PAHs-sequestering cosmetics or medical devices).

1. Introduction organic compounds comprising over one hundred molecules composed
exclusively of two or more fused aromatic rings. Based on the number of
Polycyclic Aromatic Hydrocarbons (PAHs) constitute a broad class of rings, PAHs are generally classified as light PAHs (containing up to four
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rings) and heavy PAHs (containing more than four rings) (Lawal, 2017).
The molecular structure of PAHs significantly influences a range of
physicochemical and biological properties, including environmental
persistence, corrosion resistance, photosensitivity, vapor pressure, and
physical state at ambient temperature. Most PAHs appear as coloured
crystalline solids. These compounds can absorb UV-Vis radiation and
emit fluorescence, which allows their detection using UV or
fluorescence-based analytical systems. Moreover, an increase in the
number of aromatic rings and molecular angularity is associated with
enhanced hydrophobicity and electrochemical stability. Structural var-
iations are also important due to the strong correlation between charge
density and chemical reactivity (Kim et al., 2013). Given these charac-
teristics, PAHs are classified as persistent organic pollutants
(Ontiveros-Cuadras et al., 2019). In particular, high-molecular-weight
PAHs are recognized as associated with significant risks to both the
environment and the human health. Their pronounced lipophilicity
might facilitates their translocation across biological membranes and
their entry into the bloodstream, where they can associate with plasma
lipoproteins determining toxic effects at both systemic and local levels
(Ewa and Danuta, 2016). In general, acute effects resulting from PAHs
exposure include nausea, vomiting, diarrhoea, and irritation of the eyes
or skin, as well as inflammation in cases of contact with anthracene and
naphthalene. Chronic effects are associated with the formation of DNA
adducts, leading to a significant incidence of severe respiratory tumours
(particularly lung cancer) following occupational exposure among
workers in iron and steel foundries and in coal and silicon production
(Ewa and Danuta, 2016). Moreover, an increased risk and/or predis-
posing factors for cardiovascular diseases and Attention Deficit/-
Hyperactivity Disorder (ADHD) in children have also been reported
(Yang et al., 2021). PAHs are primarily generated through incomplete
combustion and pyrolysis (thermal degradation in oxygen-deficient
conditions) of organic matter. These compounds are ubiquitous in
environmental matrices such as air, water, and soil, originating from
both natural and anthropogenic sources — including metabolic activity of
plants, algae, and humus-degrading microorganisms; volcanic erup-
tions; forest fires; open-flame cooking; cigarette smoke; oil spills;
municipal wastewater; and industrial processes such as aluminium
production and coal tar processing (Bansal and Kim, 2015; Boehm,
1964). As a result, exposure to PAHs affects the general population, with
elevated risks reported among smokers and workers with occupational
exposure (e.g., firefighters, asphalt workers, traffic police). The expo-
sure pathways to PAHs considered to date are as follows.

e Inhalation, which is particularly significant due to the widespread
presence of PAHs in ambient air. This route is especially relevant for
smokers, individuals exposed to second-hand smoke, and those near
combustion sources (Lao et al., 2018). Firefighters, in particular,
experienced PAHs levels far exceeding those found in the general
environment. However, these exposures can be substantially reduced
using appropriate personal protective equipment, which markedly
decreases the potential inhalation of PAHs (Teixeira et al., 2025).
Dermal absorption, as PAHs can penetrate the skin, diffuse through
the dermis, and be either metabolized locally (potentially inducing
local toxicity and carcinogenesis) or reach systemic circulation (Luo
et al., 2020; Williams-Clayson et al., 2024). Specifically, PAHs have
been identified on firefighters' skin even when personal protective
equipment is worn, indicating that such equipment can mitigate, but
not completely prevent, dermal exposure (Sousa et al., 2022).
e Oral ingestion, primarily through consumption of contaminated
food, demonstrating the compounds' ability to be rapidly absorbed in
the gastrointestinal tract (Kim et al., 2013).

Given the ubiquity of PAHs leading to several human exposure
pathways, nowadays numerous studies focus on remediation and
bioremediation strategies aimed at reducing upstream exposure through
mitigation approaches designed to decrease the concentration of such

Environmental Pollution 397 (2026) 127904

pollutants in environmental matrices, e.g., water and sediments. These
include enzymatic degradation using metabolizing enzymes (Naveed
et al., 2025a; Naveed et al., 2025b) as well as electrochemical systems
designed to remediate contaminated marine sediments (Proietto et al.,
2024).

Despite some studies on systemic PAHs absorption through inhala-
tion, skin and gastrointestinal tract, no data exist, to the best of our
knowledge, regarding oromucosal permeation and/or accumulation, an
underexplored exposure route that may be relevant due to the oral
cavity's anatomical involvement in both inhalation and ingestion pro-
cesses. The relevance of oromucosal absorption pathway is demon-
strated by the extensive researchers' attention it has garnered over the
past two decades in the field of drug delivery (El-Say and Ahmed, 2022).
Due to their lipophilic nature, PAHs are likely capable of penetrating the
oral mucosa, yet no quantitative assessments of this absorption route are
currently available. Compared with healthy skin, the oral cavity mucosa
shares a stratified epithelial architecture, including keratinocytes, me-
lanocytes, Merkel cells, and Langerhans cells, which protect against fluid
loss, toxins, and microbes. However, notable differences exist: the oral
epithelium is generally thinner, with less cell layers and higher basal
proliferation than skin. Additionally, while the epidermis is fully kera-
tinized, the oral cavity exhibits regional variation, with keratinized
epithelium in the hard palate and gingiva and non-keratinized epithe-
lium in the buccal mucosa to accommodate mechanical demands
(Waasdorp et al., 2021). Epithelial permeability is largely determined by
lipid content: the skin's ceramide-, fatty acid-, and cholesterol-rich
stratum corneum forms a strong barrier against water loss and toxins,
while oral epithelia, with lower lipid levels in keratinized regions and
lipid-supported protection in non-keratinized regions, provide a more
permeable barrier against harmful substances and microbial products
(Wertz, 2021). In both skin and oral mucosa, substances seem to cross
the barrier primarily via passive diffusion (Squier and Lesch, 1988).
Furthermore, the buccal route, via the cheek lining, allows delivery of
significantly larger molecules, such as peptides and proteins, compared
to transdermal delivery, which is generally limited to molecules below
~350 Da. Overall, the oral mucosa's higher permeability (4 to 4000
times that of the skin) combined with its rich vascularization and lower
enzymatic activity, enables rapid systemic absorption while bypassing
first-pass hepatic metabolism (Caon et al., 2015).

Additionally, numerous indirect evidence already supports the hy-
pothesis of an interaction between PAHs and the oral mucosa. Indeed,
the literature clearly reports about the correlation between tobacco-
derived PAHs exposure and presence of PAH-DNA adductions poten-
tially leading to oral, head and neck cancers (Foki et al., 2020; Khariwala
et al., 2017; Chen et al., 2022; Besarati et al., 2000).

Given the daily exposure to PAHs among both highly exposed in-
dividuals (e.g., smokers and firefighters) and the general population
(Teixeira et al., 2025; Martin Santos et al., 2020), it is essential to
minimize the potential local and systemic health impacts of these
compounds.

Therefore, this study aims to elucidate the actual permeability/
accumulation of PAHs upon contact with the most permeable oral
mucosae namely buccal and sublingual mucosae by using porcine tissues
as valid ex vivo models and Franz diffusion cells as two-compartment
open model. The demonstration of PAHs permeation/accumulation
would have future significant clinical and toxicological implications,
including: i) identification of a previously unrecognized exposure route;
ii) revision of toxicokinetic and risk assessment models; iii) elucidation
of mechanisms underlying the association between tobacco-related
PAHs and head and neck cancers (Foki et al., 2020); iv) development
of preventive or protective strategies to limit oral exposure; V)
improving public health protection and risk mitigation strategies.
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2. Material and methods
2.1. Materials

Standard solutions of Polycyclic Aromatic Hydrocarbons (PAHs)
containing respectively Fluorene (FLUO), Acenaphthene (ACE), Phen-
anthrene (PHEN), Pyrene (PYR), and Benzo(a)Pyrene (BaP) in acetoni-
trile (ACN) at a concentration of 1000 mg/L were supplied from 02si
Smart Solutions® (North Charleston, South Carolina, U.S.A.). Propylene
Glycol (PGL) was purchased from A.C.E.F. Spa (Fiorenzuola D'Arda,
Piacenza, Italy). Polyethylene Glycol 200 (PEG) was obtained from
Thermo Fisher Scientific (Segrate, Milan, Italy). The isotonic solution
was prepared by dissolving 9 g of NaCl in 1 L of distilled water. The
isotonic solution containing trehalose (5% w/v) was prepared by dis-
solving 50 g of trehalose and 9 g of NaCl in 1 L of distilled water. The
non-enzymatic artificial saliva pH 6.8 was prepared by dissolving 0.126
g of NaCl, 0.937 g of KCl, 0.189 g of KSCN, 0.655 g of KH,PO4, 0.200 g of
urea, 0.154 g of NayS0O4, 0.178 g of NH4Cl, 0.130 g of CaCly, and 0.631 g
of NaHCOj3 in 1 L of HPLC-grade water (Gal et al., 2001). The phosphate
buffer saline (PBS) pH 7.4 was prepared by dissolving 1.81 g of NayH-
PO4-2H20, 0.24 g of KH2POy, 0.20 g of KCI, and 8 g of NaCl in 1 L of
HPLC-grade water. All chemicals and solvents used, either HPLC or
analytical grade, were purchased from Carlo Erba Reagents S.r.l. (Milan,
Italy) and VWR International (Leuven, Belgium). The buccal and sub-
lingual mucosae were kindly provided by “Azienda Agricola Mulinello S.
r.l.” (Enna, Italy) and derived from animals intended for human con-
sumption. Therefore, their use does not require ethics committee
approval. All chemicals used for the histological analyses were pur-
chased from Merck Life Science S.r.l. (Milan, Italy).

2.2. Methods

2.2.1. Solubility studies of PAHs in aqueous media in absence or presence
of cosolvents

Solubility tests were performed to update outdated data on PAHs
solubility in water and to assess their behaviour in the aqueous media
generally used to perform ex vivo permeation studies e.g., PBS pH 7.4
and non-enzymatic artificial saliva pH 6.8. To 1 mL of each solvent, 50
pL of either a FLUO:PHEN mixture in ACN (1000 mg/L standards mixed
in the 2:3 v/v ratio) or an ACE:PYR:BaP mixture in ACN (1000 mg/L
standards mixed in the 3:1:1 v/v ratio) were added. Mixtures were
vortexed (LLG-uniTEXER 1) and shaken overnight at room temperature,
protected from light (Shaker PS-M3D Variable Speed/Angle). Subse-
quently, samples were centrifuged for 10 min at 14000 rpm (Eppendorf
centrifuge 5415 C), and the supernatant was filtered (syringe filter; 0.45
pm; PTFE) and analysed by HPLC-DAD and/or HPLC-FLR, as described
below. The same tests were conducted in PGL-PBS and PEG-PBS mix-
tures containing 5, 10, and 20% w/w of the chosen cosolvents and then
indicated as PBS-PGL-5, PBS-PGL-10, PBS-PGL-20 and PBS-PEG-5, PBS-
PEG-10, PBS-PEG-20, respectively. Each experiment was performed in
duplicate and results are reported in terms of concentration (pg/mL) as
means (n=2) + standard error (SE).

2.2.2. Preparation and conditioning of porcine oromucosal tissues

The porcine buccal mucosa was obtained from the vestibular area of
the retromandibular trigone, while the sublingual mucosa was collected
from the ventral surface of the tongue of domestic pigs intended for
human consumption, with an average age of 12 months. Both tissues
were excised immediately after the animal's sacrifice and transported to
the laboratory within 2 h into refrigerated boxes, then washed with
isotonic solution, cleaned of any excess tissue, and treated for about 1 h
with an isotonic solution containing trehalose 5% (w/v), used as a
cryoprotectant. The tissues were then drained and stored at —80 + 1 °C
(Thermo Forma ultra-freezer —86 °C mod. 902, Thermo Scientific,
Waltham, MA, USA) for at least two weeks before use. Prior to the ex
vivo experiments, the tissues were subjected to thermal shock to
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facilitate separation of both the buccal and sublingual mucosae from the
underlying tissue. Frozen samples were immersed in isotonic solution at
70.0 £ 0.5 °C for 1 min. Buccal or sublingual mucosae were then
manually detached from the underlying tissue and stored overnight at
4 °C in isotonic solution. Previous studies have shown that this heat
treatment does not affect the permeability or integrity of the oral
mucosae (Di Prima et al., 2021; Angellotti et al., 2022).

2.2.3. Permeation studies of PAHs through porcine buccal and sublingual
mucosae

The permeation studies were performed using vertical Franz-type
diffusion cells, employed as a two-compartment open model. The
porcine mucosae were mounted between the two compartments,
providing an effective permeation area of 0.636 cm?. During assembly,
the acceptor compartment was filled with 15 mL of PBS-PEG-20 and
equilibrated at 37.0 + 0.5 °C in a thermostatic water bath. Vigorous
stirring and brief sonication were applied to remove trapped air bubbles.
Appropriate sections of the mucosa were then positioned and the donor
compartment placed and filled with distilled water. The assembled cells
were further conditioned at 37.0 + 0.5 °C for 15 min. Subsequently, the
donor compartment was emptied and loaded with 1 mL of artificial
saliva pH 6.8 containing 50 pL of a PAHs mixture in ACN (prepared by
mixing 1000 mg/L standard solutions of FLUO, ACE, PHEN, PYR, and
BaP in the 2:4:2:1:1 v/v ratio), and sealed with Parafilm® to minimize
solvent evaporation and prevent PAHs volatilization. The system was
maintained at 37.0 £ 0.5 °C for 24 h under constant magnetic stirring
and protected from light. Aliquots of 400 pL were collected from the
acceptor chamber at predetermined time points (hourly up to 6 h, with
an additional sampling at 24 h). Each removed volume was immediately
replaced with fresh acceptor medium to maintain sink conditions.
Samples were analysed by HPLC-FLR, as described below. All experi-
ments were repeated eight times, and results are expressed as means
(n=8) + SE. Blank reference samples (n=3) were obtained by loading
into the donor chamber 1 mL of artificial saliva pH 6.8 supplemented
with 50 pL of ACN but in absence of PAHs.

2.2.4. Assessment of PAHs accumulation within porcine buccal and
sublingual mucosae

At the end of the permeation experiments, Franz cells were dis-
assembled and the mucosal specimens were carefully removed and
rinsed with water to remove any trace of residual PAHs precipitated on
the mucosal surface. Each mucosa was then placed into a vial and sub-
jected to two consecutive hot-extraction cycles. Specifically, 2 mL of pre-
heated ACN at 82.0 £ 0.5 °C were inserted into the mucosa-containing
vial which was sealed with a screw cap fitted with Teflon-lined septa.
The mixture was kept at 82.0 + 0.5 °C for 2 min and then left to cool at
room temperature in the dark. Subsequently the extraction liquor was
collected and transferred into a 5 mL amber volumetric flask, while the
mucosa was subjected to a further extraction cycle with additional 2 mL
of ACN. Finally, the collected liquors were brought to volume with the
same solvent, and subsequently analysed by HPLC-DAD, as described
below. All experiments were repeated five times, and results are
expressed as means (n=>5) + SE. Blank reference samples (n=3) were
obtained by subjecting to the extraction procedure the mucosae coming
from the permeation assays conducted in absence of PAHs.

2.2.5. Determination of biopharmaceutical parameters: J;, Kp, tiag, PAH;
and Ac

Mathematical elaboration of the data obtained from the ex vivo
studies enabled the evaluation of the following biopharmaceutical pa-
rameters: PAHs flux across the buccal and sublingual mucosae (Js),
permeability coefficient (K;), lag time (tjag), PAHs retention per unit
surface area (PAH,), and accumulation constant (Ac) (Di Prima et al.,
2021).

The steady-state flux (Js) for each PAH was calculated using the
following equation:
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Js A 3 t (cngx h)

where Q is the amount (ng) of permeated pollutant over the time in-
terval t (h), and A is the mucosal surface area exposed to PAHs (0.636
cm?). At the steady state, J, corresponds to the slope of the linear portion
of the curve obtained by plotting the amount of each pollutant perme-
ated per unit surface area (ng/cmz) versus time (h).

K}, was then obtained as follows:

Js cm

K=z (%)
where Cq represents the initial concentration of each pollutant in the
donor compartment, which remained constant during the experiment as
it reflects the compound's equilibrium solubility in artificial saliva pH
6.8. Indeed, the study design involved the loading into the donor
chamber of an excess of PAHs which precipitate on the mucosal surface
ensuring saturation conditions over time in order to both maintain the
sink conditions until 24 h as well as being consistent with the in vivo
exposure circumstances.

The tjog was estimated by extrapolating the x-intercept from the
linear portion of the permeation profile.

The amount of PAHs retained within the mucosae per unit area
(PAH,) at the end of each experiment (24 h) was calculated as follows:

where Qr is the total amount of each pollutant extracted from the mu-

cosa at 24 h.

The Ac was then calculated using the following equation:

_ PAH,
d

Ac

(cm)
All results are reported as means (n=5) + SE.

2.2.6. Histological analysis

At the end of the permeation experiments, Franz cells were dis-
assembled and the mucosal specimens were carefully removed and
rinsed with water to remove any trace of residual PAHs precipitated on
the mucosal surface. Each mucosa was then preserved for microscopic
analysis by traditional histology. Three buccal and three sublingual
mucosae were preserved in 4% buffered formalin for traditional histo-
logical processing. Thus, the tissues were dehydrated using different
ethanol concentrations (i.e., 70%, 96%, and 100%) and toluene
(EMSURE® ACS, ISO). Embedding process was made by Paraplast,
composed of highly purified paraffin-containing plastic polymers of
regulated molecular weights (Basilone et al., 2018). Slied (thickness 4
pm) preparation for staining involved xylene (ACS REAGENT >98.5%)
and ethanol. Finally, Hemalum (Mayer's hemalum solution; Merck Life
Science S.r.l., Milan, Italy) and Eosin (B solution; Merck Life Science S.r.
1., Milan, Italy) were employed for staining tissues (Atlante di Istologia
GUP). Samples were then observed using a stereomicroscope (LEICA
DM2500), connected to a camera (LEICA Flexacam C5).

2.2.7. PAHs quantitative analysis

2.2.7.1. HPLC-DAD analysis. HPLC-DAD analyses were carried out
using an Agilent 1260 Infinity II system (Agilent Technologies, Santa
Clara, CA, USA), equipped with a G1311C quaternary pump, a G7129C
autosampler with integrated column thermostat, a 1260 Infinity II
G7117C Diode Array Detector (DAD), and interfaced with a computer
via the OpenLAB ChemStation 3D UV Workstation (Santa Clara, CA,
USA). Chromatographic separation of samples containing the five PAHs
was optimized using a reversed-phase Ace® Excel Super C18 column (5
pm, 100 A, 125 x 4.60 mm; VWR International, USA) as the stationary
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phase. The mobile phase consisted of water and acetonitrile under iso-
cratic conditions (20:80 v/v), at a flow rate of 1.1 mL/min. The column
temperature was maintained at 25 + 1 °C, the injection volume was set
at 20 pL, and the DAD monitored signals within the 190-640 nm
wavelength range. In order to quantify the five PAHs, eleven standard
solutions in ACN containing all five analytes were injected (concentra-
tion range: 0.05-20.00 pg/mL), and calibration curves were constructed
as reported in Table S1 (See Supplementary Material).

2.2.7.2. HPLC-FLR analysis. HPLC-FLR analyses were carried out using
a Shimadzu LC20AD system (Shimadzu Corporation, Kyoto, Japan),
equipped with a quadrupole channel pump, a SIL-20AC-HT autosam-
pler, a SPD-M20A Diode Array Detector (DAD), a RF-10A fluorescence
detector (FLR) and interfaced with a computer via the LabSolution
software. Chromatographic separation of samples containing the five
PAHs was optimized using a reversed-phase Hypersil™ Green PAH
Columns (5 pm, 120 10\, 250 x 4.60 mm; Thermo Fisher Scientific) as the
stationary phase. The mobile phase consisted of water (eluent A) and
acetonitrile (eluent B) under gradient condition, going from 5% to 90%
of eluent B in a total of 36 min, at a flow rate of 1.0 mL/min. In order to
quantify the five PAHs, standard solutions in ACN containing all five
analytes were injected (concentration range: 1-200 ng/mL; FLR detector
gain 1x; sensitivity: medium; detection frequency: 3.33 Hz), and cali-
bration curves were constructed as reported in Table S2 (See Supple-
mentary Material).

2.2.8. Data analysis

The data are expressed as means + standard error (SE). All differ-
ences were statistically evaluated with Student's t-test (to evaluate the
significance of the highlighted differences among two samples: e.g.,
comparing buccal and sublingual accumulation of the same PAH) or the
one-way analysis of variance (ANOVA or F-test; to evaluate the signifi-
cance of the highlighted differences among the complete set of data: e.g.,
accumulation of the five PAHs). Data were considered statistically sig-
nificant when p < 0.05.

3. Results and discussion
3.1. Rational of the study

Polycyclic aromatic hydrocarbons (PAHs) are widely recognized as
persistent organic pollutants with harmful effects. Nevertheless, only a
limited number of studies have investigated their ability to permeate
epithelial barriers, and these have focused primarily on the skin (Sousa
et al.,, 2022), the gastrointestinal and respiratory mucosae (Ewa and
Danuta, 2016; Lao et al., 2018). However, the oral cavity is anatomically
part of both the digestive and respiratory tracts and its surface is covered
by a total of ~200 cm? of distinct mucosal types: i) masticatory mucosa
(~25%), located at the level of the gingivae and hard palate, charac-
terised by a keratinized stratified squamous epithelium and therefore
exhibiting low permeability; ii) specialised mucosa (=15%), localised on
the dorsal surface of the tongue and characterised by a variable degree of
keratinisation, which is unsuitable for xenobiotic absorption; iii) lining
mucosa (~60%), comprising the buccal and sublingual mucosae, which
are non-keratinized tissues characterized by variable thickness
(~100-200 pm in the sublingual mucosa and ~500-800 pm in the
buccal mucosa), and permeability. Specifically, the latter sites have
lower mechanical resistance and favour xenobiotic penetration and
accumulation. After crossing the epithelium, xenobiotics reach the
basement membrane, which does not pose a significant barrier due to its
high permeability to nutrients and bioactive molecules. This process is
further facilitated by the dense capillary network of the lamina propria,
which is responsible for systemic distribution of xenobiotics bypassing
hepatic first-pass metabolism (Winning and Townsend, 2000; Mazzinelli
et al., 2023a; Dawson et al., 2013). Permeation across the buccal and
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sublingual mucosae occurs predominantly by passive diffusion through
paracellular or transcellular pathways, depending on the physico-
chemical properties of the compounds, including molecular size and
structure, molecular weight, lipophilicity (log P), and degree of ioniza-
tion, which is strongly influenced by salivary pH (Sabra et al., 2024).
Despite the anatomical characteristics of buccal and sublingual mucosae
are particularly favourable for the permeation and accumulation of xe-
nobiotics, no information is currently available regarding PAHs capa-
bility of penetrating these oral mucosae and/or accumulating within
them. However, several indirect evidence suggests that PAHs can
interact with and accumulate within oromucosal tissues, and may also
diffuse from the oral cavity to adjacent anatomical sites. Indeed, the
literature clearly documents a correlation between exposure to
tobacco-derived PAHs and the formation of PAH-DNA adducts, which
may contribute to the development of oral, head and neck cancers (Foki
et al., 2020; Khariwala et al., 2017; Chen et al., 2022; Besarati et al.,
2000).

3.1.1. Rational for PAHs selection

Although sixteen PAHs have been identified by the US EPA as pri-
ority control pollutants, in this study five compounds were selected and
tested, differing in terms of lipophilicity and chemical structure so as to
be representative of the group of sixteen. The chosen PAHs and their
main characteristics are reported in Table 1.

3.1.2. Rational for ex vivo permeation study design

The assessment of xenobiotics permeability through mucosal tissues
involves different in vitro and ex vivo methods which, with their limi-
tations and advantages, can provide the fundamental scientific knowl-
edge as well as the rationale for the further development and
optimization of pharmaceutical products to be used in the oral cavity
(Macartney et al., 2025; Pinto et al., 2020).

Since drug permeation through the mucosa is the rate-determining
step for systemic absorption, in this study, PAHs ability to cross the
buccal and sublingual tissues was assessed using vertical Franz type
diffusion cells, a well-established two-compartment open model for
permeation studies. The parameters to be considered for the design of an
accurate permeation test are numerous and related to the different
components of the system: donor and acceptor chambers as well as
mucosal membrane.

The donor compartment is generally filled with non-enzymatic
artificial saliva pH 6.8 to mimic in vivo conditions. However, to repro-
duce normal exposure conditions to PAHs, it is necessary to evaluate the
amount of each pollutant to be loaded into this compartment. PAHs are
generally environmentally present in gaseous, semi-volatile, or partic-
ulate forms. In particular, PAHs are generally associated with

Table 1
Selected PAHs and their main characteristics.
PAH Molecular MW log IARC classification Chemical
Formula (Da) P (group nr.) Structure
FLUO Ci3Hio 166.22 4.16 3 ! . !
ACE Ci2Hio 154.21 4.19 3 .
PHEN Ci4H10 178.23 4.68 3 \7 7/:\/>
N\ / ’
PYR Ci6H10 202.25 5.17 3
L0
X ‘ =
BaP CgoHiz 252.31 6.00 1

7\
o
os
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atmospheric particulate matter which, owing to its colloidal dimensions
and consequently large specific surface area, enables the adsorption of
substantial amounts of PAHs, delivering them to humans as solids (Kelly
and Fussell, 2012). It is thus essential to consider the solubility of PAHs
in artificial saliva pH 6.8 to ensure the presence of PAHs precipitate
throughout the duration of the experiment.

The acceptor compartment is generally filled with PBS pH 7.4 to
simulate plasma. The choice of the acceptor fluid, however, should be
guided by the solubility of the molecules under investigation, in order to
maintain sink conditions. Indeed, the permeation process must not be
limited by the poor solubility of the PAHs in the acceptor compartment.
For this purpose, the use of cosolvents that maintain a high concentra-
tion gradient while preserving membrane integrity are well established
in the literature (Sitovs and Mohylyuk, 2024).

Finally, the ex vivo mucosal membrane should closely resemble
human tissues. To this aim, rabbit and porcine mucosae are the mainly
used. However, rabbit oral mucosae present the major drawback of
providing limited amounts of tissue (Sa et al., 2016), whereas porcine
oromucosal tissues are characterized by an extended surface, and it is
widely recognized that their permeability values are comparable to
those observed across human oral mucosa (Mazzinelli et al., 2023a).
Consequently, PAHs passage will be evaluated using porcine buccal
mucosal specimens obtained from tissue removed from the inner cheek
(buccal) or the ventral surface of the tongue (sublingual) of freshly
slaughtered domestic pigs (Mazzinelli et al., 2023b). Moreover, the
buccal and sublingual mucosae were selected as previously discussed
because they are the most permeable mucosae of the oral cavity (non--
keratinized epithelium) (Kulkarni et al., 2010a). Specifically, the
porcine buccal and sublingual mucosae are widely regarded as a suitable
ex vivo model for human oral mucosa due to substantial anatomical,
morphological and permeability similarities. Histological comparisons
demonstrate non-keratinized stratified squamous epithelia with com-
parable epithelial thickness and lipid composition, while permeability
assays report analogous flux and permeability coefficients for both hy-
drophilic and lipophilic compounds. However, minor differences in
keratinisation patterns and regional microstructure may influence
certain permeation outcomes (Sayed, 2024; Itin et al., 2021; Del Con-
suelo et al., 2005).

3.2. Preliminary PAHs solubility tests

In view of these considerations, prior to perform the ex vivo
permeation assays, PAHs solubility in water, artificial saliva pH 6.8 and
PBS pH 7.4 was evaluated. Although conceptually straightforward, the
solubility studies posed several challenges. Initial attempts, based on
evaporating ACN from PAH standard solutions to obtain solid residues,
have been proven to be unsuitable due to light and heat exposure during
evaporation, which caused PAHs loss while also leading to the formation
of compact residues with limited solid-liquid contact, ultimately
resulting in solubility values in water markedly lower than those re-
ported in the literature (Fu and Zou, 2008).

To overcome these limitations, PAH standard solutions in ACN were
directly loaded into the studied aqueous media. To minimize ACN
cosolvent effects, the water:ACN ratio was kept constant at 1 mL:50 pL.
Results are reported in Table 2 and compared with those reported in the
literature.

As expected, due to their lipophilic nature, the solubility of PAHs in
aqueous media is extremely low. In agreement with the literature (Fu
and Zou, 2008), ACE is the most soluble among the PAHs considered. It
is interesting to note that, despite the presence of ACN, which may act as
a co-solvent, the experimental solubility values in water differ from
those reported in the literature, which are found to be two to three times
higher. Moreover, significant differences in the experimental results
were observed in the presence of salts compared to distilled water. While
the composition of the artificial saliva displayed only weak effects on the
solubility of most of the studied PAHs, in presence of PBS a marked
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Table 2

PAHs solubility in distilled water, non-enzymatic artificial saliva pH 6.8, and
PBS pH 7.4, compared to the literature data in terms of water solubility. Means
+ SE (n=2).

PAH Water - literature [Fu Water — Artificial saliva PBS pH
and Zou, 2008] experimental pH6.8 7.4
pg/mL

FLUO 2.000 0.517 + 0.024 0.508 £ 0.044 0.105 +
0.008

ACE 3.900 1.328 £ 0.112 1.304 + 0.135 0.250 +
0.007

PHEN 1.200 0.641 + 0.034 0.418 + 0.021 0.250 +
0.011

PYR 0.130 0.083 + 0.007 0.069 =+ 0.001 0.104 +
0.014

BaP 0.004 0.019 + 0.004 <LOQ <LOQ

reduction of all the PAHs solubility was observed. In both cases, going
from simple distilled water to salts-containing water-solutions lowered
the solubility of BaP below the quantification limits. This phenomenon
could be due to the salting-out effect, whereby the solubility of an
organic compound in water decreases in the presence of dissolved salts.
This effect is exploited in salting-out assisted liquid-liquid extraction,
where the anions in the aqueous phase enhance phase separation pro-
moting the partitioning of PAHs into the organic solvent (Bressan et al.,
2017).

The results obtained allow several important conclusions to be
drawn for the accurate design of ex vivo permeation experiments.

e The low solubility of PAHs in artificial saliva pH 6.8 readily enables
the preparation of a saturated solution in presence of a PAHs pre-
cipitate by employing relatively small amounts of each PAH. This
aspect is particularly important considering that the purchased
starting PAH stock solutions are in ACN at a standard concentration
of 1 mg/ml, as it will prevent the introduction of excessive amounts
of ACN into the donor compartment, thereby maintaining the pre-
viously tested water:ACN v/v ratio of 1 mL:50 pL.

The extremely low solubility of PAHs in PBS pH 7.4 prevents its use
as acceptor solvent, as it would not ensure the maintenance of sink
conditions.

In view of the latter consideration, the use of a cosolvent to be added
to PBS in order to obtain a suitable acceptor medium was exploited. The
ideal cosolvent should increase PAHs solubilization without interfering
with the permeation process (Lane, 2024). Therefore, Propylene Glycol
(PGL) and Polyethylene Glycol 200 (PEG200) were tested at three
different w/w ratios. Results are reported in Table 3 and highlighted that
the presence of cosolvents significantly enhanced PAHs solubility in PBS

Table 3
Solubility of the five PAHs in PBS in presence of PGL and PEG200 as co-solvents
employed in the 5, 10, and 20% w/w ratios. Means + SE (n=2).

PAH Propylene Glycol (PGL) Polyethylene glycol 200 (PEG200)
PBS- PBS- PBS- PBS- PBS- PBS-PEG-
PGL-5 PGL-10 PGL-20 PEG-5 PEG-10 20
pg/mL
FLUO  0.519 + 1.093 + 3.110 + 0.599 + 1.713 + 7.846 +
0.030 0.080 0.349 0.011 0.049 0.247
ACE 1.301 + 2.416 + 6.499 + 1.476 + 3.183 + 11.994 +
0.044 0.102 0.056 0.060 0.023 0.526
PHEN  0.707 + 1.891 + 3.931 + 0.854 + 2.972 + 11.348 +
0.030 0.302 0.045 0.022 0.079 0.123
PYR 0.117 + 0.310 + 0.891 + 0.171 + 0.878 + 2.339 +
0.002 0.005 0.111 0.003 0.012 0.123
BaP 0.023 + 0.050 + 0.068 + 0.021 + 0.062 + 0.589 +
0.002 0.001 0.004 0.001 0.010 0.024
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in a dose-dependent manner. In particular, PEG-solutions showed su-
perior ability to solubilize PAHs when compared to PGL-solutions.
Actually, the PBS-PEG-20 mixture solubilises twice the amount of
FLUO and ACE, three times the amount of PHEN and PYR, and nine
times the amount of BaP compared with the PBS-PGL-20 mixture,
overall resulting in an increase in the solubility of FLUO, ACE, PHEN,
and PYR in PBS of approximately 75-, 48-, 45-, and 23-fold, respectively.
To estimate the increase in BaP solubility — considering that the chro-
matographic peak observed when evaluating PBS as solvent was below
the quantification limit — it is possible to refer to the solubility value
reported in the literature for water: this allowed to observe an approx-
imately 150-fold increase in BaP solubility with the PBS-PEG-20
mixture.

3.3. Ex vivo permeation and accumulation studies

3.3.1. Experimental set up

The previously reported results, together with a careful study of the
existing literature, allowed the definition of the proper experimental
setup for subsequent permeation studies across buccal and sublingual
mucosae. Specifically, to maintain sink conditions the chosen acceptor
fluid was PBS-PEG-20. Indeed, an apparent increase in the plasma sol-
ubility of highly lipophilic and poorly water-soluble molecules can be
observed in blood, primarily due to the presence of endogenous com-
ponents capable of binding, sequestering, or solubilising them, such as
plasma proteins, plasma phospholipids, cellular components, and
plasma lipoproteins. Specifically, owing to their pronounced lip-
ophilicity, PAHs, once in the bloodstream, tend to associate with plasma
lipid fractions rather than remaining dissolved in the aqueous phase. In
vitro studies have demonstrated that PAHSs, including BaP, are trans-
ported in substantial amounts by plasma lipoproteins, with LDL carrying
a significant fraction of PAHs mass under equilibrium conditions
(National Research Council and United, 1983). Moreover, the use of an
acceptor fluid capable of enhancing the solubility of PAHs may also be
beneficial in mitigating the limitations associated with the static nature
of the Franz vertical diffusion cells. The plasma compartment, in fact,
not only presents a volume markedly greater than that of a typical
acceptor chamber, but is also characterised by continuous flow, which
constantly dilutes the permeated compounds, thereby maximizing the
concentration gradient and promoting the permeation process.

A further critical issue for the experimental design is the composition
of the donor compartment. To ensure an extremely low amount of ACN
(the solvent of PAHs standard solutions) in artificial saliva, so as not to
affect membrane permeability, while simultaneously allowing the for-
mation of a saturated solution of PAHs, the donor chamber was filled
with 1 mL of artificial saliva pH 6.8 supplemented with 50 pL of a PAHs
standard solutions mixture, corresponding to 20 pg of ACE, 10 ug of both
FLUO and PHEN and 5 pg of both PYR and BaP. These values were
chosen according to both PAHSs solubility in artificial saliva as well as
literature data on PAHs salivary concentration in smokers and non-
smokers (Martin Santos et al., 2020). Indeed, the objectives were: i) to
maintain a constant permeation gradient during the experiment, and ii)
to replicate, as closely as possible, real-life exposure scenarios under
both standard (e.g., non-smokers) and enhanced (e.g., smokers) condi-
tions. Therefore, to ensure a constant concentration gradient, the donor
compartment had to be loaded with each PAH in excess respect its sol-
ubility in artificial saliva. This excess, or “reservoir”, could maintain a
steady donor concentration throughout the experiment, theoretically
corresponding to the measured solubility. In Table 4, the amounts (pg)
of each PAH loaded into the donor compartment (containing 1 mL of
artificial saliva) and the corresponding saturation concentrations in
saliva are reported, compared with the reported salivary concentrations
of four of the five PAHs in non-smoker and smoker subjects, as docu-
mented in the literature (Martin Santos et al., 2020). As observable, the
amount (pg) of each PAH introduced into the donor compartment is
generally lower than the salivary concentration measured in smokers,
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Table 4
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ng of each PAH loaded into the donor compartment of the vertical Franz cells and corresponding salivary saturation concentrations, compared to the PAHs salivary

concentrations in non-smokers and smokers, as reported in the literature.

FLUO ACE PHEN PYR BaP
HEDONOR 10 10 5 5
[ng/mL]ponor 0.508 + 0.044 1.304 + 0.135 0.418 + 0.021 0.069 + 0.001 0.019 + 0.004"
[ng/mL] ponor Non-smokers” 5.5 3.1 2.8 N.E.
Smokers” 33.4 10.3 98.8 15.3 N.E

2 as the BaP salivary concentration was not quantifiable, for further mathematical evaluation the BaP aqueous solubility value was considered

b [Martin Santos P. et al., 2020]
¢ N.E.: Not Evaluated

yet higher than those observed in non-smokers. Nevertheless, the ob-
tained values are not markedly different from an average of the reported
real-life concentrations and can therefore be considered indicative of
realistic exposure levels.

3.3.2. Permeation profiles
The ex vivo behaviour of the five PAHs was monitored determining
their concentration hourly until 6 h and evaluating an additional sample
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recovered after 24 h. The experiments were not extended beyond 24 h,
as the maintenance of sink conditions could not have been ensured, nor
could mucosal integrity be preserved, particularly for the thinner sub-
lingual mucosa. Additionally, despite the experimental set up was aimed
at preventing pollutants loss, it should be considered that PAHs are
temperature-sensitive molecules and thus a very small fraction of them
may have decomposed or volatilized during the experiments. Never-
theless, this would at most lead to a slight underestimation of the
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Fig. 1. PAHs permeation profiles: ng/crn2 of (A) FLUO, (B) ACE, (C) PHEN and (D) PYR permeated through the buccal (black) and sublingual (red) mucosa as a
function of time. The linear portions highlighted correspond to the steady-state permeation fluxes. Means + SE (n=>5). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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measured values and does not compromise the significance of the re-
sults. The permeation profiles, reported as ng/cm2 of each PAH
permeated as a function of time, are depicted in Fig. 1, with the
exception of BaP, which was undetectable during the first 6 h and was
only observed in the 24-h sample. The reported lines represent the flux
under steady-state conditions (black line: flux through the buccal mu-
cosa; red line: flux through the sublingual mucosa).

It is noticeable that FLUO, ACE, PHEN and PYR are able to cross the
buccal and sublingual mucosae and that the experimental set-up
developed was indeed capable of ensuring the maintenance of sink
conditions, as the steady-state is generally preserved even when
considering the data point corresponding to the 24 h-sampling. To better
compare the obtained results, data from the permeation studies were
further processed to determine the following biopharmaceutical pa-
rameters: J; (flux), K, (permeability coefficient), and tj,; (lag time to
reach the steady state) for each PAH through both buccal and sublingual
mucosae, as reported in Table 5.

As observable, the four of five investigated PAHs which were proven
to permeate through the oral mucosae exhibited higher fluxes through
the buccal mucosa than across the sublingual one. The latter is opposite
to the general trend observed when studying xenobiotics oromucosal
permeation: usually, higher permeation fluxes are achieved through the
sublingual mucosa as it is thinner (100-200 pm) than the buccal one
(500-800 pm). However, this apparent discrepancy may be explained by
the higher lipophilicity of the buccal mucosa, which promotes stronger
interactions of the highly hydrophobic PAHs with the tissue, promoting
their penetration and entry into the mucosa as the initial step of
permeation. Considering the different solubility of the five PAHs in
artificial saliva pH 6.8, and thus their different concentrations into the
donor compartment, it is not possible to directly compare Jg values.
Comparison in terms of Kj, is therefore more meaningful. In particular,
K, resulted inversely proportional to the solubility in saliva and thus the
K, trend was ACE < FLUO < PHEN < PYR. As aqueous solubility in-
creases, PAHs lipophilicity (log P) decreases thus reducing PAH attitude
to interact with the lipophilic mucosal tissue and permeate through it.
Despite the ex vivo studies allow only a partial discrimination of the
mechanistic understanding of the mucosal permeation of the molecules
under investigation (e.g., paracellular or transcellular) and do not pro-
vide a direct or absolute assessment, the observed relationship between
the permeation attitude and the lipophilicity of the considered pollutant
could allow some speculations. As more lipophilic molecules exhibited a
greater permeation propensity, it can be hypothesised that permeation
predominantly occurs via the transcellular route, which is reported in
the literature to be favoured for lipophilic and non-ionised molecules,
corresponding to PAHs characteristics (Mazzinelli et al., 2023a;

Table 5
Biopharmaceutical parameters of PAHs: Js, Kp, and tiag, from the permeation
studies across the buccal and sublingual mucosae. Means + SE (n=>5).

FLUO ACE PHEN PYR BaP
BUCCAL Js 125.02 184.33 165.60 142.30 Null
MUCOSA (ng/ + 4.17 + 4.05 + 6.97 +6.21
cm? e
h)
K, 0.246 0.141 0.396 2.052 Null
(cm/ + 0.005 + 0.002 + 0.010 + 0.052
h)
tiag 27 min 3h16 1h37 2h 50 Null
min min min
SUBLINGUAL Js 76.06 111.13 130.39 75.34 Null
MUCOSA (ng/ + 3.96 +8.71 + 5.63 +5.80
sz [
()
K, 0.150 0.085 0.312 1.185 Null
(cm/ + 0.004 + 0.004 + 0.008 + 0.050
h)
tiag 1h19 1h12 1h25 1h36 Null
min min min min
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Wanasathop et al., 2021; Kokate et al., 2008).

The lag time, defined as the time required to reach steady-state
conditions, also provided interesting insights. While lag times were
comparable for all PAHs in sublingual mucosa experiments, marked
heterogeneity was observed for the buccal mucosa set of experiments.
Specifically, FLUO and PHEN, which are both characterized by the
presence of a planar bay region in their chemical structures, displayed
tiag values significantly lower than those calculated for ACE and PYR.
This suggested a correlation between permeation through thicker mu-
cosa and PAHs chemical structures: the presence of more rigid regions
within the molecule appears to influence its permeation capacity from a
kinetic perspective, promoting a faster interaction with the tissue and,
consequently, a more rapid passage through it. Overall, the results
demonstrated that PAHs are able to permeate the oral mucosae. The
relevance of this finding lies in the identification of a novel hidden entry
route for PAHs, which complements established exposure pathways and
may contribute to the attainment of toxic systemic concentrations.
Although the surface area of the oral cavity with the highest perme-
ability is relatively small (~120 cm?) compared to other tissues, such as
the skin, the high permeability of these membranes may nevertheless
results in a significant increase in the total plasma concentration of
PAHs. This may be particularly relevant for at-risk populations, espe-
cially those exposed to high local concentrations of PAHs (e.g.,
smokers).

3.3.3. Tissue accumulation

Another factor potentially influencing the toxicity is the accumula-
tion of the PAHs within the mucosal tissues. Therefore, at the end of the
permeation tests, mucosal samples were subjected to hot extraction in
ACN. Fig. 2 shows the amount of each PAH accumulated within buccal
and sublingual mucosae, expressed per unit surface area (ng/cmz).

The high amount of PAHs recovered into the mucosal tissues are
certainly coherent with the physicochemical characteristics of the tested
molecules. Generally, PAHs are mainly retained from the buccal tissue
than the sublingual one and the total amount of PAHs extracted were
8189.1 + 1367.7 versus 6778.5 + 1379.9 ng/cm?, respectively. Again,
to better compare the obtained results, data were further processed to
determine the following biopharmaceutical parameters: PAH; (PAHs
retention per unit surface area) and Ac (accumulation constant) for each
PAH through both buccal and sublingual mucosae, as reported in
Table 6.

In this case as well, it is more relevant to compare the obtained re-
sults in terms of Ac, as they are normalized to the actual concentration of
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[ sublingual mucosa
2500
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FLUO ACE PHEN PYR BaP

Fig. 2. Amount of FLUO, ACE, PHEN, PYR and BaP (ng/cmz) accumulated
within the buccal (black) and sublingual (red) mucosae at the end of the ex vivo
permeation assays. The * indicates a significant difference (p < 0.05). Means +
SE (n=>5). (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Table 6
Biopharmaceutical parameters of PAHs: PAH, and Ac, from the accumulation studies into the buccal and sublingual mucosae. Means + SE (n = 5).
FLUO ACE PHEN PYR BaP
BUCCAL MUCOSA PAH, (ng/cmz) 846.33 + 110.76 1017.66 + 205.61 2150.90 + 351.68 2392.94 + 301.98 1781.27 + 397.64
Ac (cm) 1.67 + 0.13 0.78 £+ 0.09 5.15 £+ 0.49 34.50 + 2.51 93.75 + 12.08"
SUBLINGUAL MUCOSA PAH, (ng/cmz) 503.04 + 108.53 504.14 + 123.17 1964.97 + 470.90 2467.54 + 407.84 1338.78 + 269.47
Ac (cm) 0.99 + 0.12 0.39 £ 0.06 4.70 £ 0.65 35.58 + 3.40 70.46 + 8.19

 Since BaP was not quantifiable in artificial saliva pH 6.8, its aqueous solubility value was considered for a speculative calculation of the Ac.

each PAH into the donor compartment. As previously observed in terms
of Ky, again a correlation exists between the PAHs solubility and the Ac
value obtained. Specifically, the same trend of inverse proportionality
emerged. The retention of PAH resulted in the following tendency: ACE
< FLUO < PHEN < PYR < BaP. These results further support the
mechanism of permeation previously suggested as generally lipophilic
molecules which cross the biomembranes via transcellular route are
mainly prone to accumulate within the tissue. It is noteworthy that
significant differences were observed for FLUO and ACE, when
comparing buccal and sublingual accumulation aptitude. For these two
molecules, the Ac values are approximately doubled into the buccal
mucosa. This suggests that, for compounds with LogP <4.5, mucosal
thickness is a key factor: the thicker buccal mucosa leads to increased
accumulation. For compounds with LogP >4.5, extreme lipophilicity
appears to outweigh tissue-specific changes, as no significant differences
were observed between buccal and sublingual mucosa. Overall, the
obtained data suggest high tendency of PAHs to interact with the oro-
mucosal tissues, in accordance with the existing literature which
correlated PAHs exposure to PAH-DNA adduct presence in oral cells,
potentially contributing to the development of oral, head and neck
cancers in humans (Foki et al., 2020; Khariwala et al., 2017; Chen et al.,
2022; Besarati et al., 2000).

3.3.4. The case of BaP

BaP, which is the most lipophilic molecule considered (logP = 6.00)
as well as the most toxic one, represents an apparently anomalous case.
BaP is the only considered PAH that was not detected in the acceptor
compartment during the first 6 h of experiment, yet it was quantifiable
at the 24 h time point, with values of 21.38 + 2.01 ng/cm? and 72.33 +
19.22 ng/cm? following permeation through the buccal and sublingual
mucosa, respectively. These findings are in contrast with the data ob-
tained in terms of the other PAHs permeation: indeed FLUO, ACE, PHEN
and PYR exhibited higher permeation through the buccal mucosa
respect to the sublingual one. However, it should be considered that BaP
has an extremely low solubility in artificial saliva (it was under the LOQ)
and thus, once inserted into the donor chamber it might be present
almost exclusively as solid. Then it is reasonable that it is not detected
for the first 6 h of experiment as the interaction with the tissue, leading
to penetration and permeation, can occur only when BaP is molecularly
dispersed. Nevertheless, as reported, it was found and quantified into
the acceptor chamber at the 24 h-time point as well as it was found into
the mucosae at the end of the ex vivo experiments. Given the lipophilic
nature of the tissues, it is reasonable to assume that they may gradually
“solubilize” BaP, resulting in a prolonged lag time of nearly 24 h.

However, two hypotheses can be formulated regarding the limited
permeation observed: i) the solubilization kinetics of BaP could be
extremely slow (leading to detection of BaP in the acceptor chamber
only in the 24-h sample); ii) BaP high lipophilicity could prevent effi-
cient partitioning from mucosal tissue to the acceptor compartment,
determining accumulation in tissues that act as a reservoir, analogous to
what occurs in the skin (Zhang et al., 2023). Thus, the higher lip-
ophilicity of the buccal mucosa appears to favour greater accumulation,
whereas permeation predominantly occurs through the sublingual tis-
sue, albeit with an extended lag time. This speculative consideration was
confirmed by the Ac values obtained. It should be noted that since BaP
was not quantifiable in artificial saliva pH 6.8, its aqueous solubility

value was considered for a speculative calculation of the Ac. The latter
resulted >90 cm and >70 cm for the buccal and sublingual mucosae,
respectively. These results support previous hypotheses: BaP has a
strong affinity for the thicker and more lipophilic buccal mucosa, where
it becomes sequestered, while the thinner sublingual mucosa favours
long-term permeation. Overall, BaP's marked accumulation suggests it
may exert local toxic effects, especially considering that humans are
exposed to BaP from cigarette smoke (20-40 ng/cigarette in smoke of
non-filter cigarettes) as well as from indoor and outdoor environmental
exposures (e.g., 10.3 pg/m? reported by indoor air sampling of emissions
from unvented coal combustion) (Chen et al., 2022). The obtained re-
sults are consistent with the limited literature on PAHs skin perme-
ability. Alalaiwe et al. (2020) reported increased cutaneous deposition
of more lipophilic PAHs, including substantial BaP accumulation
(Alalaiwe et al., 2020). Although BaP represents an extreme case, the
considerable tissue accumulation of all the five studied PAHs may sug-
gest their potential to induce local toxicity following oromucosal
exposure, in accordance with the literature data correlating PAHs
exposure to development of oral, head and neck cancers, as previously
mentioned.

3.4. Histological studies

Furthermore, to test the inflammatory responses and the occurrence
of tissue lesions following ex vivo PAHs treatment, some samples of
sublingual and buccal mucosae coming from the permeation studies
were not subjected to hot PAHs extraction, yet they were preserved for
histological analysis. As observable from the pictures in Fig. 3 (buccal
mucosa samples, reported as a representative example), both the PAHs
treated (Fig. 3, panel A and C) and the untreated (Fig. 3, panel B and D)
tissues appeared without obvious cellular or tissue damage, indicating
that they were not symptomatic of inflammatory effects or damage from
chemical impact. The slides were analysed considering the usual aspect
of both the buccal and the sublingual mucosa, comprising stratified
epithelia, containing keratinocytes, melanocytes, Merkel cells and
Langerhans cells, which provide protection against body fluid loss,
exposure to toxins and microbial invasion (Presland and Jurevic, 2002).
The keratinocytes — i.e., the predominant cell population of the epithe-
lium - are arranged in multiple overlapping layers within the oral
mucosae. In the deeper layers, the keratinocytes are cuboidal or cylin-
drical in shape, appearing more compact. In the more superficial layers,
they take on a flattened shape and appear slightly dispersed. Other
features commonly visible in microscopic analysis of the oral mucosae
are the ducts, which are small channels that carry saliva from the sali-
vary glands. These structures were well recognisable in both treated and
untreated samples (Fig. 3, panel C and D respectively) and appeared
without any signs of damage.

Neither mucosa showed cytological or tissue damage typically
associated with accumulation resulting from exposure to PAHs (Boyle
et al.,, 2010). Indeed, accordingly with the literature (Tauchi et al.,
2005), the damages most visible through histological analyses — such as
increasing collagenous tissue, hypertrophic keratinocytes, or increasing
number of Langerhans cells — usually involve prolonged exposure to
PAHs and the onset of inflammatory phenomena. As the results
confirmed tissue integrity following the described experimental proto-
col, they also provide evidence that the chosen acceptor medium
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Untreated control

(8)

Fig. 3. Slides of the buccal mucosa stained by H&E method following PAHs treatment (panel A magnification: 10x; panel C magnification: 40x) versus untreated
control (panel B and D, magnification: 10x). In panel C and D the circles highlight the ducts.

(PBS-PEG-20) does not compromise mucosal integrity or permeability,
further supporting its suitability for this study.

4. Study limitations

The ex vivo permeation experiments were conducted using vertical
Franz diffusion cells with porcine mucosae as permeation membranes.
This experimental setup is widely employed to approximate human
oromucosal xenobiotic permeation because of the physiological and
anatomical similarities between porcine and human tissues; however,
several important limitations must be acknowledged.

First, the static nature of Franz diffusion cells does not replicate the
dynamic environment of the oral cavity, including continuous salivary
flow and mechanical movements, both of which can significantly in-
fluence xenobiotic dissolution and absorption kinetics. Although ap-
proaches to simulate salivary washout have been proposed, they remain
imperfect representations of in vivo conditions (Mazzinelli et al.,
2023a). Moreover, Franz cell experiments do not fully mimic the
complexity of living systems, as they generally assume passive diffusion
as the primary transport mechanism and neglect enzymatic activity,
active transport processes, and blood perfusion, all of which may affect
the permeation behaviour of various compounds.

Second, biological variability intrinsic to porcine mucosal tissues (e.
g., differences in anatomical site, tissue thickness, handling procedures,
storage conditions, and viability) can result in substantial inter-sample
variability in permeability measurements, thereby complicating stan-
dardization and reproducibility (Kulkarni et al., 2010b). Closely related
to this issue, preserving tissue integrity throughout permeation assays is
challenging, which limits the feasibility of extending experiments
beyond 24 h. Consequently, it was not possible to determine a perme-
ability coefficient (Kp) for BaP, although diffusion into the acceptor
compartment was clearly observed. This limitation should be addressed
in future investigations.

Finally, inherent differences between porcine and human mucosa,
including lipid composition, extracellular matrix organization, and im-
mune features, restrict the direct extrapolation of permeability co-
efficients and flux data to humans without careful contextualization.
Taken together, these considerations highlight the need for comple-
mentary experimental models when evaluating oromucosal xenobiotic
permeation.

Additional study-specific limitations need to be acknowledged: they
are related to the concentrations selected for the donor compartment of
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the investigated pollutants, owing to the scarce bibliographic data on
their actual in vivo salivary levels, both under physiological conditions
and in scenarios of increased exposure (e.g., cigarette smoking or
occupational settings). All such considerations should be systematically
addressed in future studies.

5. Conclusions

The population is continuously exposed to PAHs through inhalation,
dermal absorption, and ingestion, as these persistent organic pollutants
are ubiquitous in air, water, and soil. Prolonged and repeated exposure
poses serious health risks, including chronic inflammation, DNA dam-
age, and an increased incidence of cancer. By applying a sound rationale
and carefully selecting the experimental parameters, it was possible to
demonstrate that the oromucosal route represents a previously unrec-
ognized pathway of entry for PAHs. This assertion should be interpreted
in terms of both systemic entry and loco-regional uptake, with conse-
quent toxic potential affecting the whole organism as well as, more
specifically, the treated sites and adjacent areas. With respect to sys-
temic toxicity, BaP may be considered a reference compound, as it is the
only established carcinogen among the PAHs investigated in the present
study and, owing to its well-documented carcinogenicity, one of the
most extensively studied molecules. As an illustrative comparison, the
recent study by Beriro et al. (2026) on BaP dermal fluxes following
exposure to contaminated soil (BaP concentration: 150 mg/kg) may be
considered. Specifically, when comparing the amount of BaP permeated
per unit surface area after 24 h through the buccal and sublingual
mucosae, the corresponding values are approximately 376- and
1270-fold higher, respectively, than those reported for the dermal route
in the literature (0.890, 3.01, and 0.00237 ng/cmz-h_1 for the buccal,
sublingual, and dermal routes, respectively) (Beriro et al., 2026). It must
certainly be taken into account that the two exposure routes differ
markedly in terms of contact surface area, ranging from approximately
1.8 m? for the skin to a total of 120 cm? for the oral lining mucosae (~90
em? buccal mucosa; ~30 cm? sublingual mucosa). Assuming static
exposure conditions solely for speculative purposes, as they are unre-
alistic, this would result in a BaP intake of 42.66 ng/h through the skin
compared with an intake exceeding 170 ng/h through the oral mucosae.
Obviously, as discussed in the limitations section, the oral cavity is
subject to continuous salivary wash-out; therefore, it cannot be defini-
tively concluded that oromucosal intake has a greater impact on total
exposure than dermal intake. Nevertheless, the relevance of the
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oromucosal entry route highlighted herein should be recognized for its
contribution to the overall systemic PAHs burden, particularly in in-
dividuals with substantial oromucosal exposure, such as smokers. This
work has therefore revealed the oromucosal route as an additional
gateway for PAHs alongside the already recognized exposure pathways.
The results obtained are pioneering and provide valuable stimulus for
researchers operating in different fields to further advance knowledge
on oromucosal PAHs permeation, for instance through the development
of models allowing a more detailed mechanistic understanding.

Regarding the comparison of our data with the tissue accumulation
of BaP reported by Beriro et al. (2026), it is possible to observe that the
amounts detected in the buccal and sublingual mucosae are respectively
8- and 6-fold higher than those observed at the dermal level (74.20,
55.78, and 8.99 ng/cm2~h_1 for the buccal, sublingual, and dermal
routes, respectively) (Beriro et al., 2026). This evidence further corre-
lates high local PAHs exposure events, such as cigarette smoking, with
DNA alterations in the affected cells or in immediately adjacent districts,
including the formation of PAH-DNA adducts potentially capable of
promoting malignant progression, as suggested by the literature.

These findings thus open the way for developing new tools, such as
cosmetics and medical devices, to limit or prevent PAHs accumulation
through detoxification strategies, which must be carefully designed to
ensure consumer safety.
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