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Understanding the mechanisms governing the penetration of substances into the skin is crucial for the devel-
opment of safe and effective topical drug delivery systems and skincare products. This study examined the
partitioning of model permeants into human skin, by assessing six substances with diverse logP values. We
employed stimulated Raman scattering (SRS) microscopy, an ambient, label-free optical imaging technique
known for its ability to provide chemical distribution with subcellular resolution. Our investigation assessed
partitioning into the two primary pathways through which substances traverse the skin: the intercellular lipid
matrix and the intracellular route via corneocyte cells. We observed that the partitioning behaviour was strongly
influenced by the lipophilicity of the molecule, with lipophilic compounds showing greater affinity for inter-
cellular matrix with increased lipophilicity. Conversely, hydrophilic molecules demonstrated a preference for
corneocyte cells, with their affinity increasing with increased hydrophilicity. The findings contribute to our
understanding of the mechanisms underlying topical delivery and offer important implications and new methods
beneficial for the development of safe and effective topical products. In addition, the methods presented could be

valuable to reveal changes in drug partitioning or to assess targeting approaches in diseased skin models.

1. Introduction

Human skin serves as a versatile medium for delivering various
compounds in dermatological, cosmetic, and pharmaceutical contexts,
while simultaneously acting as a barrier to regulate the passage of
substances into the skin. At the forefront of this barrier lies the stratum
corneum (SC), the outermost layer of the skin, which serves as the
principal interface between the body and the external environment [1].
SC is a complex tissue with tightly packed layers of keratin filled cor-
neocyte cells embedded in intercellular lamellar lipids composed of
ceramides, fatty acids, and cholesterol [2]. Given the heterogeneity of
tissue, SC provides various penetration mechanisms which have been a
subject of intense research, driven by the need to develop effective
strategies for topical drug delivery and skincare formulations [3,4].

Traditional bulk methods for studying skin permeation, such as in-
vitro permeation testing, or adhesive tape stripping, provide very limited
mechanistic information. Spontaneous Raman spectroscopy is typically
too time-consuming to generate images with sufficient spatial resolution
[5,6] necessary to discern specific pathways within the skin, while
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fluorescent microscopies are dependent on the use of fluorescent probes,
which when conjugated, significantly perturb the uptake of small mol-
ecules [7]. However, the advent of advanced imaging techniques,
notably stimulated Raman scattering (SRS) microscopy, has enabled the
characterization of chemical distribution within the skin at a subcellular
level [8,9]. Leveraging the vibrational properties of chemical bonds, SRS
imaging offers rapid, label-free and non-invasive imaging capabilities
for visualising the distribution of molecules within biological samples
[10]. Additionally, the direct proportionality between SRS signal in-
tensity and molecular concentration enables straightforward analysis,
consolidating SRS microscopy as a robust and at least semi-quantitative
method for chemical imaging. These unique features make SRS imaging
particularly well-suited for studying skin permeation and unravelling
the intricate mechanisms through which substances penetrate the skin
barrier [11]. The excellent imaging ability of SRS in skin research was
first demonstrated by Saar et al. in 2011 [12] where they observed the
permeation of ketoprofen in murine skin through intercellular lipids of
SC as well as through hair shafts. Another study by Wei et al. [13]
visualized the permeation of antifungal drug terbinafine hydrochloride
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in the skin of mouse ears through lipids, consistent with its lipophilic
nature. In a complementary approach [14], Chen et al. explored
permeation pathways in excised human skin using coherent anti-Stokes
Raman scattering microscopy [15] combined with two-photon excited
auto-fluorescence, offering additional insights into chemical distribu-
tion. Their observations revealed the preferential localization of hy-
drophobic jasmonic acid within lipid membranes, whereas hydrophilic
glycerol appeared to be concentrated in both cell bodies and mem-
branes, which was also validated by Saari et al. [16] in in-vivo human
skin. Belsey et al. [17] tracked the visualization of ibuprofen in porcine
skin using SRS, observing drug deposition as well as crystallization
within the skin. Most recently Feizpour et al. [18] employed depth and
time-resolved SRS imaging to investigate the permeation dynamics of an
anti-inflammatory hydrophobic drug in mouse skin. Their study eluci-
dated the drug’s accumulation in lipid-rich regions, quantified through
partition factor calculations, providing valuable quantitative insights
into permeation mechanisms.

Despite these notable contributions, a knowledge gap remains
regarding the permeation mechanisms of molecules spanning a wide
range of physicochemical properties, in particular their hydrophobicity.
Moreover, most studies have been conducted using animal skin models,
which may not be representative of human skin physiology [19]. In this
context, Choe et al.’s research [20] emphasized the importance of uti-
lizing human skin for studying skin physiology and topical delivery,
highlighting its higher barrier function compared to animal skin models.

To address these knowledge gaps, this study employed SRS to
investigate chemical uptake into human skin across a range of mole-
cules, featuring diverse partition coefficients (—0.92 to 7.71) and mo-
lecular weights (84.0 to 328.0). Specifically, six molecules namely
deuterated palmitic acid (d-PA), terbinafine hydrochloride (TBF), 4-cya-
nophenol (4CP), deuterated fumaric acid (d-FA), caffeine (CAF) and
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deuterated propylene glycol (d-PG) — were investigated following their
topical application. The chemical structures, along with their respective
logP and molecular weights, are depicted in Fig. 1.

The selection of these active compounds is motivated by their rele-
vance to dermatological [21,22] or pharmaceutical [23,24] applications
and their diverse logP values, ranging from highly hydrophobic (logP
7.71) to relatively hydrophilic (logP —0.92). Furthermore, these mole-
cules possess unique spectral signatures that do not overlap with
endogenous skin signals and therefore do not necessitate disentangle-
ment from superimposed signals [25]. In pursuit of delineating mecha-
nistic pathways of chemical penetration, the differential uptake in lipid-
rich and lipid-poor regions is compared to quantify partitioning across
different routes. Such findings hold immense potential for advance-
ments in the development of safe and effective topical formulations for
pharmaceutical delivery and consumer health products.

2. Materials and methods
2.1. Preparation of formulations

4CP, dg-PG, ds3;-PA, TBF, CAF, ds-FA were purchased from Sigma
Aldrich, UK. A 70 mg/ml 4CP solution, 50 mg/ml TBF solution and 25
mg/ml d-FA solution were prepared in a vehicle of equi-volume pro-
pylene glycol (PG) (MP Biomedicals, UK) and ultrapure water. A 30 mg/
ml caffeine solution was prepared in ultrapure water. A 38 mg/ml d-PA
was prepared in a vehicle of 100 % PG while an equi-volume solution of
d-PG and ultrapure water was prepared to analyse d-PG in skin. The
prepared formulations are all close to saturation except d-PG which is
freely miscible with water. All the solutions were visibly clear from
precipitates at 32 °C, although d-PA was highly viscous at the given
temperature.
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Fig. 1. Chemical structures of the six molecules studied.
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2.2. Preparation of skin samples

Excised human skin specimens were procured from ALPHENYX
(France). Full thickness skin was obtained from abdominal plastic sur-
gery and was stored at —20 °C until use. Skin was sourced from pho-
totype I and II donors to minimise absorption artefacts from melanin.
For skin preparation, the skin samples were thawed, mounted on a
vertical Franz diffusion cell and the formulations were topically applied
at a temperature of 32 °C in an infinite dose scheme. Conducting ex-
periments at 32 °C allows for consistency with in-vivo conditions, where
the skin’s temperature is typically maintained in that range [26]. The
receptor chamber was filled with 0.01 M phosphate-buffered saline
(PBS) solution (Sigma Aldrich, UK), and the donor chamber was sealed
with parafilm after adding the test formulation. A diffusion period of 24
h was used for all the formulations except d-PG, where the skin was
diffused for 8 h. At the end of penetration study, the formulation was
removed using a pipette and the skin surface was gently wiped two to
three times with a cotton swab soaked in PBS solution. Following that,
the epidermis was isolated from the full-thickness skin by epidermal
heat separation of the samples. This was necessary to obtain samples
sufficiently thin to perform SRS microscopy in transmission, and
therefore, to obtain the best quality images. Epidermal separation was
performed by placing the skin in a plastic petri dish which was floated on
a 60 °C water bath for 2 min [27]. Subsequently the epidermis was
removed manually using tweezers, mounted between glass coverslips
(#1.5, Menzel Glasser) and imaged with SRS microscopy, as described
below.

2.3. Imaging skin samples with SRS microscopy

SRS microscopy images were acquired using a Leica SP8 laser scan-
ning microscope (Leica Microsystems, Wetzlar, Germany) coupled to a
PicoEmerald-S laser system. The PicoEmerald-S generates two pulsed 2
ps laser beams: a 1031.2 nm Stokes beam which was spatially and
temporally overlapped with a tuneable pump beam. The Stokes beam
was modulated at 20 MHz and stimulated Raman loss signals were
detected using a silicon-based detector and lock-in amplifier (UHFLI,
Zurich instruments, Zurich, Switzerland). Images were acquired with a
water immersion 25X magnification lens (0.95NA, Leica) used in
conjunction with a short working distance air condenser lens (0.9NA,
Leica). The laser power was set to 30 % which corresponds to approxi-
mately 10 mW for the pump beam and 30 mW for the Stokes beam at the
sample.

The tissue microstructure was imaged first by tuning the microscope
to the CH, symmetrical vibrational stretching mode at 2850 cm ™. This
mapping facilitated the characterization of the lipid architecture, crucial
for visualising the intercellular matrix within the SC. Subsequently, the
laser system was tuned to the Raman active signature of the chemicals of
interest, allowing for the mapping of their distribution within the skin.
This was achieved by tuning the microscope to either the CD, C=N, C=C
or CH stretching bands to visualise the distribution of either d-PA, d-PG
and d-FA, 4CP, TBF or CAF respectively. The position of the Raman
bands of the chemicals were previously determined using confocal
Raman spectroscopy, with details of the spectroscopy setup and the
Raman profiles of the chemicals provided in the supplementary infor-
mation. To validate the peaks determined by confocal Raman spec-
troscopy and ensure accurate interpretation of weak signals,
hyperspectral SRS scans were also conducted, to confirm the spectral
features of the targeted compounds. Additionally, an off-resonance
control image was recorded, and any identified spurious signals were
subtracted from their on-resonance counterpart. The pump beam
wavelengths, corresponding Raman shifts, vibrational mode assign-
ments, and off-resonance frequencies for skin lipids and the six mole-
cules studied are summarized in Table 1. Typical SRS images acquired
during this study were comprised of 512 x 512 pixels, covering an area
of 435.9 x 435.9 ym?, with a pixel dwell time of 15 ps and a total
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Table 1

Pump beam wavelengths and corresponding Raman shifts, vibrational mode,
molecule visualized, and off-resonance (control) frequency used for targeting
skin and molecules studied.

Pump beam Raman Vibrational Molecule Off resonance
wavelength shift mode visualized frequency
(nm) (em™) (cm™)

797.0 2850 CH, Skin lipids 2700

847.2 2106 CD d-PA 2030

838.3 2231 Cc=C TBF 2257

838.0 2235 C=N 4Cp 2257

833.4 2301 CD d-FA 2356

779.9 3124 CH CAF 3083

845.9 2124 CD d-PG 2027

acquisition time of 3.9 s per image. Subsequently, the acquired images
underwent processing as described in the following section.

2.4. Image analysis

Image processing steps were performed using ImageJ [28] software
(U. S. National Institutes of Health, Bethesda, Maryland, USA, version
1.52a). In instances specified within the text, off-resonance (control)
SRS signal contributions were subtracted from their on-resonance
counterparts on a pixel-by-pixel basis utilizing the ‘Image calculator’
plugin. This was performed to remove any spurious signals that were
non-Raman in nature. The imaging datasets for each chemical were
manually registered based on the presence of the lipids in the skin using
‘Linear Stack alignment with the ‘SIFT” ImageJ plugin to minimize the
impact of stage drift and any swelling of the tissue. For image presen-
tation, linear look-up tables were employed with ‘green’ and ‘red’ false
colour schemes to represent skin lipids and model permeants respec-
tively. The resultant overlaid images were generated using the ‘colour
merge’ plugin. As the objective of this work was to elucidate the inter-
play between molecular properties and their partitioning, the differen-
tial uptake of topical compounds was quantified by comparing the SRS
signal intensity in lipid-rich and lipid poor regions. The signal intensity
in both compartments was computed by averaging pixel intensities
across five similar regions of interest in both the lipid matrix and cor-
neocyte cells for each compound of interest. The ratio of the averaged
signal intensity in lipid-rich and lipid-poor regions was subsequently
quantified and reported as the partition factor.

3. Results

The partitioning of six model permeants in the skin were indepen-
dently assessed ex vivo utilizing SRS microscopy. Fig. 2 illustrates the
spatial distribution of permeants close to the surface of the SC alongside
the corresponding lipid architecture of the tissue, arranged according to
the increasing hydrophilicity of the permeants. Leveraging the
morphological insights provided by CH; signals, the study examined the
differential uptake of permeants in lipid-rich versus lipid-poor com-
partments. The investigation revealed marked diversity among the six
compounds studied.

It is evident that for compounds such as d-PA, TBF, 4CP, and d-FA,
partitioning into the intercellular lipid matrix of the SC is more
favourable, as inferred from Fig. 2a, 2b, 2¢, and 2d respectively. The
images with a green false-colour scheme depict the lipid architecture of
the skin, whereas the red false-colour scheme represents the distribution
of molecules studied within the skin. It is evident from the overlaid
images of skin lipids and topical compounds in Fig. 2a to 2d that hy-
drophobic molecules are predominantly situated within the intercellular
lipid matrix between corneocyte cells, in alignment with the tissue’s
lipid architecture. This observation aligns with the hydrophobic nature
of such molecules, rendering the intercellular matrix as the preferred
compartment for partitioning of lipophilic molecules [29].
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Fig. 2. Representative SRS microscopy images showing the spatial distribution
of model permeants in the SC of excised human skin (for optimum comparison,
from the same donor, a 32-year-old Caucasian female). Panel (a) d-palmitic
acid, (b) terbinafine hydrochloride, (c) 4-cyanophenol, (d) d-fumaric acid, (e)
caffeine and (f) d-propylene glycol at the surface of SC. ‘Green’ false colour
scheme represents morphology defined by skin lipid signals, ‘red’ false colour
scheme represents chemical distribution and last column represents overlay of
skin lipids and molecules studied. The scale bar represents 30 pm. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Conversely, molecules such as CAF and d-PG predominantly
concentrate within the corneocyte cells, as depicted in Fig. 2e and 2f. In
the overlaid images of these two molecules, their distribution appears
anticorrelated with the lipid architecture of the skin. This observation
can be attributed to the hydrophilic character of d-propylene glycol and
caffeine, favouring the water-rich corneocyte cells over intercellular
lipids [30]. The absence of a signal in the images of the undosed skin
tissue (provided in the Supplementary Information), which was not
treated with any molecules of interest, confirms that the distribution
mapping of the chemicals originates solely from the topically applied
formulation.

To quantify the differential chemical uptake in the two regions, the
partition factor for each permeant was determined by its ratio of SRS
signal/concentration in lipid-rich and lipid-poor regions (i.e., concen-
tration per volume measured within each phase). The partition factors
for the six compounds are depicted in a bubble plot in Fig. 3, where the
size of each bubble corresponds to the magnitude of its partition factor.
The highest partitioning value is observed for TBF, at 42.40, attributable
to its pronounced lipophilic nature. However, a significantly lower
partition factor of 2.55 is noted for d-PA, despite its similarly strong
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lipophilic characteristics. This discrepancy may stem from the low
permeation of d-PA into the skin, giving rise to weak intensity SRS
signals compared to the SRS limit of detection, impacting the accuracy of
partition factor quantification. The other two hydrophobic molecules,
4CP and d-FA, exhibited average partition factors of 2.57 and 1.95,
respectively. Conversely, caffeine and d-PG displayed partitioning
values of 0.78 and 0.61, respectively, both below 1.0. This suggests that
uptake into the corneocyte cells is preferred over the intercellular lipid
matrix.

The experimentally derived partition factors of chemicals within the
skin were compared with the model-predicted values developed by
Wang et al,[31], as detailed in Table 2. These data-based models, which
forecast the partition coefficients of solutes into the SC lipid and protein,
were employed to predict the partition coefficients for the six com-
pounds under investigation.

The experimentally determined partition coefficients for TBF (42.40)
and 4CP (2.57) align closely with the corresponding predicted values
from the model (69.50 and 2.11, respectively). However, notable de-
viations were observed, with d-PA, where the predicted value stands at
310.07, significantly higher than the experimentally assessed value of
2.55. This discrepancy suggests a potential underestimation of the par-
titioning of d-PA experimentally, possibly due to its poor penetration
into the skin resulting in low SRS signals relative to the limit of detec-
tion, undermining the partition factor. Interestingly, the partitioning
behaviour of d-FA observed experimentally contrasts with the predic-
tion made by the model. The experimental determination yields a
partition factor of 1.95 for d-FA, implying a preference to partition into
the intercellular matrix. In contrast, the predicted partition value of 0.61
suggests a preference for corneocyte cells. This discrepancy may stem
from the underprediction of partition from the model, as observed for
certain molecules during model development, thereby altering their
partitioning behaviour. Moreover, given the hydrophobic nature of d-
FA, it is inclined to show a stronger affinity towards the lipid-rich
intercellular matrix, thus reinforcing the significance of the experi-
mental observation. For caffeine, the observed partitioning behaviour
aligns closely between experimental and model-predicted values, with
partition coefficients of 0.78 and 0.31, respectively. Furthermore, the
experimentally determined partition of caffeine was compared with the
literature-reported value [32] obtained through a far more invasive and
labour-intensive technique. Ellison et al. calculated the partition co-
efficients in human delipidised SC and SC lipids by direct measurements
of the radioactivity in the delipidised tissue layers/lipid component vs.
buffer samples. The reported values were used to compute their ratio
between lipid-rich and lipid poor SC resulting in a value of 0.79 which is
consistent with the findings of this study.

Finally, the partitioning behaviour of d-PG observed in both the
experiment and model indicates an affinity towards corneocyte cells,
with partition factors of 0.61 and 0.13, respectively. The partitioning
behaviour for all molecules (excluding d-FA) appears consistent be-
tween the experimental and model-derived results. The disparity in
magnitude can be elucidated by the fact that the model was developed
from a dataset obtained largely using phosphate-buffered saline (PBS) as
the vehicle, based on data deriving from porcine skin as well as human
skin. In contrast, this study utilizes human skin to calculate the partition
factor in the SC and employs a propylene glycol-water vehicle for most
of the molecules resulting in different values of partition [33].

4. Discussion

The study delved into the partitioning of six model permeants within
the skin through the application of SRS imaging in-vitro. Two-
dimensional images were acquired to retrieve information from SC,
the outermost layer of skin which is the major barrier to penetration of
chemicals. The findings unveiled the spatial distribution of these per-
meants in the skin alongside the corresponding lipid architecture,
revealing the mechanistic preferential partitioning among the
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Fig. 3. Bubble plot representing the partition factor for six compounds characterized by their logP and molecular weight. The bubble size corresponds to the
magnitude of the partition factor. The orange bubbles are hydrophobic molecules while blue bubbles are hydrophilic molecules. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Comparison of partition factors determined experimentally using SRS imaging with predicted value from data-based model [31] and literature reported data [32].

Mol. Weight logP Experimental partition factor Model predicted partition factor* Literature reported partition factor
d-PA 256.4 7.17 2.55 + 0.44 310 NA
TBF 328.0 5.51 42.40 + 0.68 69.5 NA
4Cp 119.0 1.60 2.57 £ 0.31 2.11 NA
d-FA 118.1 0.46 1.95 + 0.41 0.61 NA
CAF 194.2 —-0.07 0.78 + 0.25 0.31 0.79
d-PG 84.0 —-0.92 0.61 £+ 0.10 0.13 NA

NA - Not available.

" The model is based on data for skin permeation analysis comprising of piglet skin and human skin using PBS as vehicle.
™ Partition coefficients of caffeine in SC lipids and delipidised SC were used for deriving partition factor.

compounds studied. Evidently, two distinct permeation pathways
through the stratum corneum were visualised: the intercellular lipid
matrix and the corneocyte cells. This observation aligns with the widely
acknowledged ’brick and mortar model [34], which characterizes water-
rich corneocytes (the bricks) embedded within a continuous lipid ma-
trix, akin to mortar illustrating two mechanistic pathways: intercellular
and transcellular. The quantification of differential chemical uptake in
lipid-rich and lipid-poor pathways elucidated the partitioning behav-
iour, providing insights into the underlying mechanisms of topical de-
livery. Overall, the partitioning behaviour is contingent upon the
lipophilicity of the molecule. Specifically, hydrophobic compounds
exhibited a partition factor greater than 1.0, preferring the intercellular
lipid matrix of the SC. Moreover, this preference for intercellular par-
titioning increased with increase in lipophilicity. Contrarily, the hy-
drophilic molecules were primarily distributed within the corneocyte
cells as revealed by their partition factor less than 1.0 with their incli-
nation toward this compartment increasing with greater hydrophilicity.
Experimental findings correlate well with model-predicted partition
with some discrepancy, particularly notable with d-FA, underscoring the
importance of experimental validation in understanding permeation
behaviour. Importantly, it should be noted that while this study reports
the relative concentrations of the target molecules measured across the
two pathways, it does not report on the relative speed at which they may
progress via either route. Moreover, to obtain the best quality SRS im-
ages (collected in transmission), epidermal heat separation was neces-
sary to obtain sufficiently thin skin samples. This brief exposure of the
skin to 60 °C could affect the SC lipid composition and organization. At
elevated temperatures (around 60 °C), these lipids can undergo phase
transitions, shifting from an ordered (solid or gel-like) phase to a
disordered (liquid crystalline) phase. This disrupts the tightly packed
lipid layers, weaking their structural integrity increasing and impairing

the skin’s protective barrier [35]. Furthermore, this research uses PG as
co-solvent for most of the studied compounds, which is a well-known
permeation enhancer. PG disrupts the lipid bilayers of the stratum cor-
neum by altering the ordered structure of skin lipids. By increasing the
fluidity of the lipid matrix, propylene glycol can promote the uptake of
both hydrophilic and lipophilic molecules. Changes to drug permeation
depending on the presence of permeation enhancers has been observed
using similar methodology, by Feizpour and coworkers [18]. Nonethe-
less, this methodology can be adopted to calculate the partition factor in
aqueous vehicle and can be used to determine the effect of co-solvents.

To the best of our knowledge this study is the first to systematically
investigate different penetration pathways of the topical delivery pro-
cess for a range of both lipophilic as well as hydrophilic molecules with
SRS microscopy. Furthermore, the utilization of human skin samples
enhances the clinical relevance of our findings. While SRS microscopy
has garnered widespread utilization for in-vitro skin permeation studies,
ongoing technological advancements hold promise for real-time anal-
ysis, positioning SRS as a compelling tool for future in-vivo applications
[36].

In summary, SRS microscopy emerges as a powerful label-free opti-
cal imaging modality, offering unprecedented mechanistic insight into
permeation pathways that surpass the capabilities of alternative tech-
niques, which often lack adequate spatial resolution or necessitate the
use of bulky labelling agents. Such data is key to furthering our under-
standing of topical delivery and facilitating the development of inno-
vative and efficacious formulations for dermatological, cosmetic, and
pharmaceutical applications. The methods described could provide
valuable insight to changes in skin permeation mechanisms in diseased
skin models in addition to studying appendageal targeting, paving the
way for more efficacious topical therapeutics.
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