
Academic Editors: Modestas Žilius

and Vitalis Briedis

Received: 27 April 2026

Revised: 27 May 2026

Accepted: 28 May 2026

Published: 31 May 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Modulation of Caffeine Permeation Kinetics in a Skin-PAMPA
Model by Probiotic Lysates and Bile Acids
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Abstract

Background: Caffeine, although widely used in dermatological and cosmetic products,
exhibits limited permeability through the stratum corneum, highlighting the need for strate-
gies for optimizing delivery. The aim of this study was in vitro investigation of the ef-
fects of probiotic bacterial lysates and submicellar concentrations of bile acids on caffeine
permeation, with a particular focus on permeation kinetics. Methods: Caffeine perme-
ability was evaluated using the Skin Parallel Artificial Membrane Permeability Assay
(Skin-PAMPA). Donor and acceptor concentrations were quantified by HPLC at prede-
fined time points (1, 2, 4, 6, and 12 h), followed by calculation of apparent permeability
coefficients, cumulative permeation profiles, and interval permeation rates in systems
containing probiotic lysates and submicellar concentrations of cholic acid (CA) or deoxy-
cholic acid (DCA). Results: Probiotic lysates significantly reduced caffeine permeability
(0.98 ± 0.02 × 10−6 vs. 1.57 ± 0.14 × 10−6 cm/s in the control group) and modified trans-
port kinetics resulting in lower early-phase interval permeation rates and reduced cumu-
lative permeation. Conversely, bile acids increased the apparent permeability of caffeine,
with the highest value observed in the DCA group (2.30 ± 0.08 × 10−6 cm/s). Conclu-
sions: Overall, probiotic lysates and bile acids modulated caffeine permeation across the
Skin-PAMPA membrane primarily by reshaping permeation kinetics rather than simply
changing overall permeability. Their combined effects may provide a basis for designing
topical formulations with tailored permeation profiles.

Keywords: caffeine; probiotic lysate; bile acids; PAMPA; topical delivery; permeation kinetics

1. Introduction
Topical drug delivery systems have gained increasing attention as versatile platforms

for achieving localized therapeutic effects while minimizing systemic exposure [1,2]. The
efficacy of dermatological formulations depends not only on the intrinsic physicochem-
ical properties of the active compound but also on the composition, microstructure, and
intermolecular interactions within the formulation matrix, which can influence permeation
across the skin barrier [3]. The stratum corneum, as the outermost layer of the epidermis,
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represents the primary diffusion barrier and largely determines the kinetics of transport
and permeation of substances through the skin [4]. Therefore, understanding the factors
that govern membrane transport kinetics may contribute to the rational optimization of top-
ical delivery strategies, particularly in contexts where modulation of permeation behavior
rather than maximal transdermal permeation may be desirable.

Caffeine is a widely used bioactive compound in dermatological and cosmetic prepa-
rations due to its antioxidant [5], photoprotective [6], and lipolytic properties, as well as its
ability to improve skin microcirculation [7]. It is frequently included in formulations in-
tended to improve skin appearance, reduce edema, provide anti-cellulite effects, stimulate
hair growth, and protect against UV-induced damage [8]. Despite its broad use, caffeine
does not exhibit ideal characteristics for dermal penetration, as it is relatively hydrophilic,
with a logP value of approximately −0.07. In addition, caffeine shows unusual solubility be-
havior in certain non-aqueous solvents [9] and may form aggregates in aqueous media [10].
Consequently, despite its relatively low molecular weight, dermal permeation of caffeine
is primarily limited by its hydrophilic character and is further influenced by formulation-
related interactions and interfacial processes at the membrane surface.

Numerous approaches have been investigated to optimize caffeine delivery, either to
enhance systemic transdermal permeation or to promote its accumulation within specific
skin layers for localized action [11–14]. While classical chemical enhancers primarily aim
to increase drug permeation across the skin barrier, modern vesicular and nanoparticulate
systems are increasingly designed to modulate transport kinetics and target specific skin
layers or hair follicles rather than simply enhance permeation [15]. These considerations
suggest that optimization of topical caffeine delivery may involve not only increasing
permeability but also controlling permeation profiles over time.

Among membrane-active compounds, bile acids have attracted considerable attention
due to their amphiphilic structure and ability to interact with lipid environments [16]. At
submicellar concentrations, bile acids are not expected to form micelles [17] but can still
alter membrane organization, interfacial tension, lipid packing, and solute distribution,
thereby acting as mild and reversible permeation enhancers [18–20].

In recent years, growing attention has also been directed toward probiotic-derived
ingredients, particularly bacterial lysates, as biologically active components in pharma-
ceutical and dermocosmetic formulations [21,22]. Clinical and experimental studies have
demonstrated that probiotics may improve skin barrier function, reduce irritation, and
enhance overall skin condition [23,24]. However, the use of live microorganisms in topical
formulations is associated with challenges related to manufacturing processes, formu-
lation stability, and regulatory requirements, prompting increased interest in postbiotic
approaches, including probiotic lysates, which retain biological activity while offering
improved formulation compatibility [25,26]. Despite extensive research on probiotic-
derived products and their immunomodulatory and barrier-supporting effects [23,27],
their influence on small-molecule permeation, particularly on permeation kinetics, remains
insufficiently explored.

Skin-PAMPA (Parallel Artificial Membrane Permeability Assay) is an artificial mem-
brane system that provides a simplified skin-mimetic platform for investigating passive
diffusion and preliminary assessment of skin permeation behavior [28,29]. The model
is widely used as a screening tool for evaluating factors affecting membrane transport
and permeability.

Based on these considerations, the present study was designed to investigate the
effects of probiotic bacterial lysates and submicellar concentrations of bile acids, both
individually and in combination, on caffeine permeation across a Skin-PAMPA membrane,
with particular emphasis on time-dependent permeation behavior. The novelty of the
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present study lies not in the individual components themselves but in their combined
evaluation within a single Skin-PAMPA system and assessment of their influence on
caffeine permeation kinetics.

2. Materials and Methods
2.1. Chemicals and Reagents

Commercial probiotic capsules (PROBIOTIC®, Hemofarm AD, Vršac, Serbia) were
used or the preparation of probiotic bacterial lysates. Each capsule contained 5 × 109 viable
lyophilized probiotic bacteria, including Lactobacillus helveticus, Lactobacillus rhamnosus, and
Bifidobacterium longum. Caffeine, sodium salts of CA and DCA were purchased from Sigma
Chemicals Co., (St. Louis, MO, USA). Phosphate-buffered saline (PBS, 1×, pH 7.4) was
obtained from Gibco, Life Technologies (Grand Island, NY, USA). Water and methanol of
HPLC grade were purchased from J.T. Baker (Phillipsburg, NJ, USA) and were used for
preparation of mobile phase and standard solutions.

2.2. Preparation of Working Solutions and Calibration Curve

A stock solution of caffeine (1 mg/mL) was prepared by dissolving caffeine in PBS.
The stock solution was diluted 2.5-fold with PBS to obtain a working solution with a
final concentration of 400 µg/mL. Standard solutions for the calibration curve were pre-
pared by diluting the stock solution with a methanol–water mixture (30:70, v/v) to obtain
concentrations in the range of 0.625–40 µg/mL. Calibration was performed by plotting
peak area versus concentration. The calibration curve was linear within the tested range
(R2 = 0.999) with the regression equation y = 0.2676x + 0.0111. The calibration curve is
shown in Figure 1.

Figure 1. Calibration curve of caffeine standard solutions in the concentration range 0.625–40 µg/mL.

2.3. Preparation of Probiotic Lysates

Probiotic lysates were prepared according to a previously published method, with
slight modifications [30]. The contents of two probiotic capsules were dissolved in 10 mL
of PBS. The suspension was subjected to sonication on ice in order to disrupt bacterial cells
and release intracellular components. Sonication was performed in three cycles of 30 s,
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with 60 s intervals between cycles, while samples were kept on ice to prevent overheating.
After sonication, the samples were centrifuged at 10,000× g for 10 min at 4 ◦C. The obtained
supernatant (lysate) was collected and used for further sample preparation and HPLC
analysis. Protein concentration in the bacterial lysates was determined using the Bradford
assay with a commercial reagent by measuring absorbance at 595 nm, using bovine serum
albumin as the standard. The measured protein concentration in the lysate was 125 µg/mL.
Prior to use in the permeation experiments, the lysate was further diluted 1:1 with buffer
and used in the donor compartment.

2.4. Experimental Groups

To evaluate the effects of probiotic lysates and bile salts on caffeine transport, six
experimental groups were prepared:

1. Caff—caffeine solution (200 µg/mL) in phosphate-buffered saline;
2. Caff-C—caffeine solution (200 µg/mL) with sodium cholate (100 µM);
3. Caff-D—caffeine solution (200 µg/mL) with sodium deoxycholate (100 µM);
4. Caff-L—caffeine solution (200 µg/mL) with probiotic lysate;
5. Caff-LC—caffeine solution (200 µg/mL) with probiotic lysate and sodium cholate (100

µM);
6. Caff-LD—caffeine solution (200 µg/mL) with probiotic lysate and sodium deoxy-

cholate (100 µM).

Each experimental condition was assessed in triplicate using three parallel wells within
the Skin-PAMPA system.

2.5. Skin-PAMPA Permeability Assay

Caffeine permeability was evaluated using the Skin-PAMPA model, which simulates
the barrier properties of human skin.

Hydrophobic MultiScreen PVDF 96-well filter plates with a pore size of 0.45 µm
(Millipore, Billerica, MA, USA) were used as acceptor plates and as supports for the artificial
membrane. The membrane was prepared by impregnating each well of the acceptor plate
with 17 µL of a 35% (v/v) solution of isopropyl myristate and silicone oil (3:7, v/v) in
n-hexane, carefully avoiding contact of the pipette tip with the membrane surface. After
solvent evaporation, a lipid artificial membrane was formed.

Each well of the acceptor plate was filled with 300 µL of phosphate-buffered saline
(PBS, pH 7.4). The donor plate (MultiScreen Transport Receiver Plate, Millipore, USA) was
filled with 300 µL of the test solutions prepared in PBS (pH 7.4). The donor and acceptor
plates were assembled to initiate incubation, and the acceptor plate was covered to prevent
solvent evaporation.

Samples were incubated at 32 ◦C under constant orbital shaking (PSU-10i, Boeco,
Hamburg, Germany) at 50 rpm, and concentrations were determined at five time points
(1, 2, 4, 6, and 12 h). At each time point, the plates were separated, and samples were
collected from both donor and acceptor compartments. Caffeine concentrations were
determined by HPLC analysis.

Apparent permeability coefficients were calculated using the donor-equilibrium model
(Papp_don) and expressed in cm/s according to the following equation:

Papp_don = C × [−ln (1 − [Ca]/[Ceq])], (1)

where C = [Vd × Va]/[(Vd + Va) × S × t]; (2)

Ca denotes concentration in the acceptor compartment;
Ceq denotes equilibrium concentration;
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Va denotes the volume of the acceptor compartment (mL);
Vd denotes the volume of the donor compartment (mL);
t denotes incubation time (s);
S denotes membrane surface area (cm2).
The effective membrane surface area was calculated as 0.24 cm2, based on the manu-

facturer’s specification of a filter area of 0.32 cm2 and membrane porosity of 75% [31].
For comparison, apparent permeability coefficients were also calculated using the

acceptor-only model (Papp_acc) according to the equation:

Papp_acc = (Ca × Va)/(S × C0 × t) (3)

Ca denotes concentration in the acceptor compartment;
Va denotes the volume of the acceptor compartment (mL);
S denotes membrane surface area (cm2);
C0 denotes initial concentration in the donor compartment;
t denotes incubation time (s).
However, the donor-equilibrium model was selected for primary analysis because it

incorporates concentration changes occurring in both donor and acceptor compartments
during the experiment, thereby providing a more representative description of transport
kinetics under the present experimental conditions.

2.6. Analysis of Permeation Kinetics

To further characterize permeation kinetics, cumulative permeation and interval per-
meation rates were calculated. Cumulative permeation was expressed as the percentage of
permeated caffeine relative to the initial concentration in the donor compartment (%C0).
Average interval permeation rates were calculated for two predefined periods correspond-
ing to the early phase (0–6 h) and late phase (6–12 h). The permeation rate in the early
interval was calculated as:

R0–6 = %6h/6 (4)

The permeation rate during the late interval was calculated as:

R6–12 = (%12h − %6h)/6 (5)

Permeation rates were expressed as %C0/h and used to evaluate differences in perme-
ation kinetics between experimental groups.

2.7. HPLC Analysis

High-performance liquid chromatography (HPLC) equipped with a diode array detec-
tor (Vanquish Core HPLC, Thermo Fisher Scientific, Bremen, Germany) was performed
according to a previously published and slightly modified method [32]. Separation was
achieved on a reversed-phase Zorbax Eclipse Plus C18 column (150 mm × 2.1 mm, 5 µm,
Agilent Technologies, Santa Clara, CA, USA) with a Zorbax Extend C18 guard column
(12.5 mm × 2.1 mm, 5 µm, Agilent Technologies, USA). The column temperature was main-
tained at 25 ◦C and the injection volume was 5 µL. Isocratic elution was carried out using a
mobile phase consisting of water and methanol (70:30, v/v) at a flow rate of 0.35 mL/min,
with a total run time of 5 min. Detection was performed at 274 nm, and the retention time
of caffeine was 3.14 min.

2.8. In Silico Prediction of Skin Sensitization Potential

To provide additional information regarding the safety considerations relevant to topi-
cal caffeine exposure, an in silico prediction of skin sensitization potential was performed
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using publicly available computational models integrated in the SkinSens/PRED-SKIN
database. These models are based on alternative non-animal methods accepted by OECD
and include prediction of protein reactivity (DPRA/PPRA), keratinocyte activation (Kerati-
noSens/LuSens), and dendritic cell activation (h-CLAT), which correspond to key events in
the adverse outcome pathway (AOP) for skin sensitization. For caffeine, the human skin
sensitization probability score and structural alerts related to electrophilic reactivity were
assessed [33].

2.9. Statistical Analysis

Statistical analysis of the obtained data was performed using IBM SPSS Statistics
software (version 21, IBM Corp., Armonk, NY, USA). All experiments were conducted in
triplicate, and the results are presented as mean ± standard deviation (SD).

Differences in apparent permeability coefficients between experimental groups were
analyzed using one-way analysis of variance (one-way ANOVA), followed by Tukey’s
post hoc test for multiple comparisons. This analysis was used to evaluate the effects of
probiotic lysates, bile acids, and their combinations on caffeine permeation. Differences
in cumulative permeation values between experimental groups at individual sampling
time points were analyzed to assess time-dependent permeation behavior. Within each
experimental group, interval permeation rates in the early (0–6 h) and late (6–12 h) phases
were compared using a paired two-tailed t-test. Differences were considered statistically
significant at p < 0.05.

3. Results
3.1. Apparent Permeability Coefficients

Differences in apparent permeability were observed among experimental groups
(Figure 2). The highest apparent permeability coefficient (Papp_don) was recorded in the Caff-D
group (2.30 ± 0.08 × 10−6 cm/s), followed by the Caff-C group (2.00 ± 0.05 × 10−6 cm/s),
whereas the control group (Caff) showed a value of 1.57 ± 0.14 × 10−6 cm/s. In contrast, all
lysate-containing groups exhibited reduced permeability, with the lowest value observed
in the Caff-L group (0.98 ± 0.02 × 10−6 cm/s). Statistically significant differences were
identified between Caff and Caff-L (p < 0.001), Caff-C and Caff-LC (p = 0.002), Caff-D and
Caff-LD (p < 0.001), and Caff and Caff-D (p < 0.001).

Figure 2. Apparent permeability coefficients (Papp_don) for all experimental groups (* p < 0.05).
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Apparent permeability coefficients calculated using the donor–equilibrium model
(Papp_don) were used as the primary permeability parameter. For comparison, permeabil-
ity coefficients calculated using the acceptor-only model (Papp_acc) were also determined.
Although minor differences in absolute values were observed, the overall permeability
pattern across experimental groups remained consistent (Figure 3).

Figure 3. Comparison of apparent permeability coefficients calculated using the acceptor-only model
(Papp_acc) and the donor–equilibrium model (Papp_don).

3.2. Cumulative Permeation Profiles

Cumulative permeation profiles revealed progressive differences among experimental
groups during the incubation period (Figure 4). In all systems, the amount of permeated caf-
feine increased throughout the 12-h experiment; however, the rate and extent of permeation
depended on the composition of the donor phase.

Figure 4. Cumulative permeation profiles of caffeine expressed as percentage of the initial concentra-
tion in the donor compartment (Cacc/C0 × 100) for all experimental groups.

Groups without probiotic lysates (Caff, Caff-C, Caff-D) showed faster permeation
rates and higher cumulative fractions of permeated caffeine, reaching up to 7.0% after 12 h.
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In contrast, lysate-containing groups consistently showed slower permeation, with final
permeated fractions ranging from 3.5% to 4.3%. Samples containing bile acids generally
exhibited higher cumulative permeation compared with the caffeine-only control.

To further characterize changes in permeation behavior over time, interval perme-
ation rate analysis was performed. As shown in Figure 5, lysate-containing formulations
exhibited lower early-phase (0–6 h) interval permeation rates and relatively maintained or
increased values during the late phase (6–12 h). In contrast, systems containing submicellar
concentrations of bile acids generally showed higher interval permeation rates compared
with the caffeine-only control. Comparison of early and late intervals demonstrated statisti-
cally significant differences in the Caff (p = 0.046) and Caff-D (p = 0.038) groups, whereas
the remaining groups showed similar trends without reaching statistical significance.

Figure 5. Interval permeation rate of caffeine during the early (0–6 h) and late (6–12 h) phases across
experimental groups (* p < 0.05).

3.3. Mass Balance Recovery

Mass balance recovery values for caffeine after incubation ranged between approxi-
mately 87% and 108%, indicating acceptable experimental recovery with minimal nonspe-
cific adsorption or degradation. Slightly elevated values observed in some samples were
likely associated with analytical variability. Overall, recovery values remained within an
acceptable range across experimental groups.

3.4. In Silico Prediction of Skin Sensitization

The in silico analysis indicated a high predicted probability of skin sensitization for
caffeine, with a predicted human sensitization score of approximately 0.83. The compound
was within the applicability domain of the model, implying a reliable prediction. Positive
alerts were observed for protein reactivity and activation of keratinocytes and dendritic
cells, corresponding to key events in the skin sensitization pathway (Table 1).
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Table 1. Results of SkinSensPred in silico analysis.

Substance
Human

Sensitizer
(Score)

In AD In AD
(Pesticide)

DPRA
/PPRA

Sensitizer (Score)

KeratinoSens/LuSens
Sensitizer

(Score)

h-CLAT
Sensitizer

(Score)

Caffeine 0.835 Y N 0.835 0.795 0.805

4. Discussion
The present study demonstrated distinct effects of probiotic lysates and bile acids on

caffeine permeation across the Skin-PAMPA membrane, with differences observed not only
in overall permeability but also in caffeine permeation kinetics.

A consistent reduction in caffeine permeation was observed in all lysate-containing
systems, reflected by lower apparent permeability coefficients and reduced cumulative
permeation. In addition, lysates altered the temporal profile of caffeine transport, charac-
terized by lower early-phase (0–6 h) interval permeation rates and a relatively sustained
permeation pattern during later stages of the experiment.

One possible explanation may involve changes in the availability of the freely dif-
fusible caffeine fraction within the donor phase. Probiotic lysates contain complex mixtures
of proteins, peptides, polysaccharides, and membrane fragments that may participate in re-
versible intermolecular interactions or alter the physicochemical properties of the surround-
ing environment [34,35]. In addition, alterations in donor-phase microstructure or local
diffusional properties may influence molecular mobility and reduce diffusion toward the
membrane interface. Previous studies have shown that the presence of macromolecules in
complex matrices can affect molecular mobility and availability for diffusion [36]. Although
direct comparison is limited by differences in experimental design, similar phenomena
have been reported in structured systems such as microemulsions, where formulation
composition and rheological properties influence caffeine permeation kinetics [37].

A potential explanation for the observed lower early-phase permeation rates followed
by relatively maintained or increased values during later stages of the experiment may be
drawn by analogy with systems involving reversible drug–matrix interactions. Namely,
lysate-derived components may transiently interact with a fraction of caffeine, thereby
reducing the amount immediately available for diffusion in the donor phase. Consequently,
the initial transport rate could be reduced, while subsequent changes in permeation behav-
ior may reflect gradual redistribution of caffeine over time [38]. It may be hypothesized
that, as an equilibrium between associated and freely available caffeine becomes progres-
sively established, diffusion through the membrane may proceed at a more sustained rate,
resulting in a prolonged permeation profile [39,40]. Such modulation of transport kinetics
may be relevant for topical delivery systems where sustained and controlled exposure is
desirable rather than maximal penetration across barrier systems.

Although direct studies investigating the effects of probiotic lysates on caffeine per-
meation are lacking, previous reports suggest that probiotic-derived components may
influence skin barrier function and permeability-related processes. For example, lysates
of Lactobacillus rhamnosus were shown to reduce the penetration of Rhodamine B through
reconstructed human epidermis [24]. Similarly, fermented probiotic lysates have been
reported to improve skin barrier function and reduce transepidermal water loss, effects
that could potentially influence the transport of small molecules across the skin [23].

The increase in caffeine permeability observed in the presence of submicellar concen-
trations of bile acids may be explained by the amphiphilic properties of these molecules and
their ability to interact with membrane-like systems [41–43]. Even at concentrations below
the critical micellar concentration, bile acids may act as mild and reversible permeation
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enhancers, increasing membrane permeability without causing complete disruption of
barrier integrity [44].

In the present study, systems containing DCA showed higher permeability compared
with those containing CA, which is in agreement with previous reports indicating stronger
membrane-disrupting effects of more hydrophobic bile acids. The greater lipophilicity
of DCA may contribute to stronger interactions with the lipid phase of the membrane,
resulting in greater enhancement of diffusion across the barrier [42]. Similar findings with
other compounds have been reported in the Skin-PAMPA model, where CA and DCA
increased clindamycin permeability, supporting the relevance of bile acids as modulators
of passive transport across artificial skin membranes [31].

When probiotic lysates were combined with systems containing bile acids, intermedi-
ate permeability values were observed, positioned between lysate-only and bile acid–only
systems. This pattern may reflect the simultaneous influence of factors associated with
both components on caffeine transport across the membrane. Similar interactions between
membrane-active compounds and macromolecular constituents have been described in
complex delivery systems, where multiple formulation-related factors may collectively
influence the effective transport of the active compound [45]. Accordingly, the resulting
permeation profile may depend on the balance between these potentially opposing effects.

While many topical formulation strategies aim to enhance drug permeation across the
skin barrier [46], modulation of permeation kinetics may represent an important consid-
eration in the design of dermal formulations, particularly when controlled and sustained
exposure to the active compound is desired. This concept is especially relevant for derma-
tological and cosmetic formulations containing caffeine, where prolonged local activity and
limited systemic penetration are often desirable. Although caffeine is generally considered
safe for topical use when applied at concentrations up to 3% [8], the in silico predictions
obtained in the present study suggest that caffeine may interact with skin proteins and
activate cellular pathways associated with skin sensitization. Although the predictive per-
formance of the applied in silico model has been reported as satisfactory, the possibility of
false positive results remains a recognized limitation, warranting cautious interpretation of
the generated alerts [33]. Nevertheless, isolated clinical observations may provide indirect
support for the relevance of such predictions. For example, Tognetti et al. described a case
of caffeine-induced urticaria–angioedema after caffeine consumption and suggested that
caffeine should be considered a potential urticaria-inducing agent [47].

Overall, these observations further support the concept that maximal skin permeation
may not always represent the optimal formulation goal and that modulation of permeation
kinetics could be advantageous for achieving controlled and sustained topical delivery.

It should be noted that the Skin-PAMPA model represents a simplified system that
primarily reflects passive diffusion and does not fully reproduce the structural and biologi-
cal complexity of human skin [48]. Nevertheless, the present findings provide preliminary
insight into how biologically complex excipients and membrane-active components may
influence the transport of small molecules across artificial skin membrane barriers. As
direct experimental characterization of caffeine-lysate interactions was beyond the scope of
this study, the proposed interpretations remain hypothetical and require further mecha-
nistic investigation. Since the observed permeation behavior may be influenced by both
membrane-related factors and the composition of the donor system, the standardization of
lysate-containing samples is relevant for interpreting these findings. Total protein content
was used as a practical standardization parameter for probiotic lysates, allowing compa-
rable lysate input across experimental groups. Although the selected Lactobacillus and
Bifidobacterium strains were used as commonly used probiotic species, potential strain-
specific differences should also be considered in future studies. Furthermore, detailed
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compositional characterization of probiotic lysates and systematic assessment of batch-to-
batch reproducibility were not included in this exploratory study and may warrant further
investigation. Additional studies using broader concentration ranges of caffeine and bile
acids, together with in vitro release experiments and more physiologically relevant skin
models, may further provide could provide a more comprehensive understanding of the
effects of probiotic lysates and bile acids on caffeine permeation behavior.

5. Conclusions
The results of this study indicate that probiotic bacterial lysates significantly influence

the permeation of caffeine across the Skin-PAMPA membrane primarily by altering the
permeation profile over time rather than simply reducing overall permeability. Lysate-
containing systems showed a lower initial permeation rate followed by a more sustained
permeation profile, suggesting that interactions within the donor phase may influence the
freely available fraction of caffeine and consequently affect permeation kinetics. In contrast,
submicellar concentrations of bile salts increased caffeine permeability, most likely due
to their ability to modify membrane properties and enhance molecular diffusivity, with
DCA producing a stronger effect than CA. When lysates and bile acids were combined,
intermediate permeation profiles were observed, indicating the coexistence of competing
mechanisms affecting drug availability and membrane transport.

Although the Skin-PAMPA model represents a simplified system that does not fully
reproduce the complexity of human skin, the present findings provide preliminary insight
into how biologically derived components may modulate the permeation behavior of small
molecules. Overall, these findings may provide a basis for future studies exploring the po-
tential role of biologically active excipients and membrane modulators in the development
of topical formulations with tailored permeation behavior.

Author Contributions: Conceptualization, M.Ð. and N.P.; methodology, M.Ð., S.L., D.Z. and N.P.;
software, M.Ð., S.L. and N.P.; validation, M.Ð.; formal analysis, M.Ð. and N.P.; investigation, M.Ð.,
N.D., D.Z., S.L. and N.P.; resources, M.Ð. and N.P.; data curation, M.Ð.; writing—original draft
preparation, M.Ð. and N.D.; writing—review and editing, D.Z., B.S. and N.P.; visualization, M.Ð.;
supervision, M.M.; project administration, N.P.; funding acquisition, N.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Provincial Secretariat for Higher Education and Science,
Autonomous Province of Vojvodina, Republic of Serbia (project No. 003877177 2025 09418 003 000
000 001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Dubashynskaya, N.V.; Skorik, Y.A. Patches as Polymeric Systems for Improved Delivery of Topical Corticosteroids: Advances

and Future Perspectives. Int. J. Mol. Sci. 2022, 23, 12980. [CrossRef]
2. Athavale, T.M.; Nalliah, M.; Obuobi, S.; Grimstad, Ø.; Škalko-Basnet, N. Sustained release of betamethasone from solid lipid

nanoparticles loaded polymeric hydrogels with natural emollient: One step closer to effective topical therapy for atopic dermatitis.
J. Pharm. Sci. 2025, 114, 103876. [CrossRef]

3. Otto, A.; du Plessis, J.; Wiechers, J.W. Formulation effects of topical emulsions on transdermal and dermal delivery. Int. J. Cosmet.
Sci. 2009, 31, 1–19. [CrossRef]

4. Vitorino, C.; Sousa, J.; Pais, A. Overcoming the skin permeation barrier: Challenges and opportunities. Curr. Pharm. Des. 2015, 21,
2698–2712. [CrossRef] [PubMed]

https://doi.org/10.3390/pharmaceutics18060688

https://doi.org/10.3390/ijms232112980
https://doi.org/10.1016/j.xphs.2025.103876
https://doi.org/10.1111/j.1468-2494.2008.00467.x
https://doi.org/10.2174/1381612821666150428124053
https://www.ncbi.nlm.nih.gov/pubmed/25925125
https://doi.org/10.3390/pharmaceutics18060688


Pharmaceutics 2026, 18, 688 12 of 13

5. Devasagayam, T.P.; Kesavan, P.C. Radioprotective and antioxidant action of caffeine: Mechanistic considerations. Indian J. Exp.
Biol. 1996, 34, 291–297. [PubMed]

6. Rosado, C.; Tokunaga, V.K.; Sauce, R.; de Oliveira, C.A.; Sarruf, F.D.; Parise-Filho, R.; Maurício, E.; de Almeida, T.S.; Velasco,
M.V.R.; Baby, A.R. Another Reason for Using Caffeine in Dermocosmetics: Sunscreen Adjuvant. Front. Physiol. 2019, 10, 519.
[CrossRef]

7. Fouad, S.A.; Badr, T.A.; Abdelbary, A.; Fadel, M.; Abdelmonem, R.; Jasti, B.R.; El-Nabarawi, M. New Insight for Enhanced Topical
Targeting of Caffeine for Effective Cellulite Treatment: In Vitro Characterization, Permeation Studies, and Histological Evaluation
in Rats. AAPS PharmSciTech 2024, 25, 237. [CrossRef] [PubMed]

8. Herman, A.; Herman, A. Caffeine’s Mechanisms of Action and Its Cosmetic Use. Ski. Pharmacol. Physiol. 2013, 26, 8–14. [CrossRef]
9. Bustamante, P.; Navarro, J.; Romero, S.; Escalera, B. Thermodynamic origin of the solubility profile of drugs showing one or two

maxima against the polarity of aqueous and nonaqueous mixtures: Niflumic acid and caffeine. J. Pharm. Sci. 2002, 91, 874–883.
[CrossRef]

10. Tavagnacco, L.; Schnupf, U.; Mason, P.E.; Saboungi, M.L.; Cesàro, A.; Brady, J.W. Molecular dynamics simulation studies of
caffeine aggregation in aqueous solution. J. Phys. Chem. B 2011, 115, 10957–10966. [CrossRef]

11. Vyas, L.K.; Tapar, K.K.; Nema, R.K.; Parashar, A. Development and characterization of topical liposomal gel formulation for
anti-cellulite activity. Int. J. Pharm. Pharm. Sci. 2013, 5, 512–516.

12. Freire, T.; Dario, M.; Mendes, O.; Oliveira, A.; Neto, A.; Faria, D.; Silva, V.; Baby, A.; Velasco, M. Nanoemulsion containing caffeine
for cellulite treatment: Characterization and in vitro evaluation. Braz. J. Pharm. Sci. 2019, 55, e18236. [CrossRef]

13. Puglia, C.; Offerta, A.; Tirendi, G.G.; Tarico, M.S.; Curreri, S.; Bonina, F.; Perrotta, R.E. Design of solid lipid nanoparticles for
caffeine topical administration. Drug Deliv. 2016, 23, 36–40. [CrossRef]

14. Suptijah, P.; Joshita, D.; Kirana, C.; Saputro, H.; Hidayat, T. The Characterization and Effectiveness Penetrasion of Caffeine
Trapped and Coated Chitosan Nanoparticles as Anti-Cellulite. J. Nanosci. Nanotechnol. 2015, 1, 198–205.

15. Touítou, E.; Levi-Schaffer, F.; Dayan, N.; Alhaique, F.; Riccieri, F.M. Modulation of caffeine skin delivery by carrier design:
Liposomes versus permeation enhancers. Int. J. Pharm. 1994, 103, 131–136. [CrossRef]
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