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Abstract 

Background: Knowledge regarding the barrier properties of human skin is important for understanding 

skin pathology, developing of transdermal drug delivery systems and computational skin absorption 

models; however, the molecular pathways through human skin remains to be fully investigated on a 

nanoscopic level. In particular the nanoscopic pathway of molecules passing the intercellular lipid 

bilayers separating the corneocytes in the stratum corneum (SC) is not fully elucidated.  

Methods: Using stimulated emission depletion microscopy (STED) and Förster resonance energy 

transfer (FRET) the molecular pathways through the SC, the main barrier of the skin, are determined 

for lipophilic and water-soluble molecules at a nanoscopic resolution.  

Results: Using STED and confocal microscopy, water-soluble dyes, were observed to be present in 

both the corneocytes and in the intercellular lipid matrix, whereas the lipophilic dyes were 

predominately in the intercellular lipid bilayers. FRET was observed in the SC between the lipophilic 

and water-soluble dyes, the existence of a minimum possible distance between acceptor and donor 

molecules of 4.0±0.1nm was found. 

Conclusions: The results indicate that lipophilic molecules penetrate the stratum corneum via the 

intercellular lipids bilayers separating the corneocytes in the SC, while the more water-soluble 

molecules penetrate the stratum corneum via the transcellular route through the corneocytes and 

intercellular lipid bilayers via the polar head groups of lipid molecules in the bilayers. 

General Significance: Knowledge of the nanoscopic molecular pathways through human skin will help 

understand the skin barrier function and will be of use for computational skin absorption models and 

transdermal drug delivery strategies.  
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MAIN TEXT:  

Human skin represents the body’s principal barrier by preventing the invasion of foreign substances 

through the skin and protecting against physical and chemical harm. Understanding the barrier 

properties of skin is vital in relation to understanding skin diseases [1], protecting skin from the 

environment [2], building physiologically-based mathematical skin models [3] and for transdermal 

drug delivery [4, 5]. In the latter case, understanding the route(s) molecules use to diffuse through the 

skin is important for designing successful transdermal drug delivery systems, and although successful 

models have been proposed [6], the molecular pathways through skin remain to be fully elucidated [7]. 

The complex structure of skin, composed of lipids and proteins, provides it with its unique barrier 

function. The stratum corneum (SC), which is the outermost layer of the epidermis, comprises the main 

component of the skin’s barrier function. The SC, consisting of keratin-filled corneocytes (flattened 

non-nucleated cells), has been described by the well-established brick and mortar model [8]. 

Corneocytes (i.e. “bricks”) in the SC are surrounded by a “mortar” consisting of a protein envelope 

comprised of cross-linked proteins covalently bound to a layer of ceramides [9]. Separating the 

corneocytes is the intercellular lipid matrix (ILM), which consists of lipid sheets made of multiple 

stacked lipid bilayers (Fig. 1) [1].  

The molecular route through the SC can be either through the corneocytes (transcellular), through the 

lipid matrix (intercellular), or via the follicular route. In this study we focus on the trans- and inter 

cellular route (Fig. 1 A) [10]. Lipophilic molecules can be incorporated in the hydrocarbon chains of 

the lipid bilayers in the ILM, while more polar water-soluble molecules preferentially partition to water 

or the polar headgroups. Therefore, alternate pathways for water-soluble and lipophilic molecules are 
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expected. It is of interest to know how water-soluble molecules cross the ILM, as this information can 

be used to develop enhancers for transdermal drug delivery [7, 11].  

 

Fig. 1.  Schematic representation of the intercellular lipid matrix. Schematic representation of the 

structure of the intercellular lipid matrix (ILM) in the stratum corneum (SC). A) Flattened, non-

nucleated cells called corneocytes within the SC. The intercellular pathway (solid arrow) and the 

transcellular pathway (dashed arrow) are also shown. B) Zoomed view of the marked area in (A). The 

ILM consists of several lipid bilayers stacked between the corneocytes. C) Zoomed view of the marked 

area in (B). A single lipid bilayer with the surrounding aqueous phase. The lipid bilayer consists of 

ceramides, cholesterol, fatty acids, and glucosylceramide (1). Also shown is the lipophilic fluorescent 

dye TopFluor PC (fluorescent marker; marked green), the water-soluble dye Rhodamine B (RhB; 

marked red), and the distance (R) between the two.  

 

Empirical studies have shown that prediction of permeability coefficient for a given molecule can be 

made using four physicochemical parameters: molecular weight less than 350 D, octanol-water 

partition coefficient (logD) between 0-5 as well as the number of H-bond donors and of H-bond 

acceptors [12]. The pathways of various molecule types have been investigated using tape stripping 

[13], confocal microscopy [14], multiphoton microscopy [5, 15], and coherent anti-stokes Raman 

scattering microscopy [16]; however, the transcellular pathway remains to be fully accepted and 
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understood [7]. Previous investigations have been limited by the relatively poor resolution of the 

techniques (200-300 nm) compared to the thickness of the intercellular lipids (<100 nm) and of the 

lipid bilayers (4-14 nm) [17]. This low resolution leads to inconclusive results because the exact 

location of molecules in the SC cannot be determined; therefore, the exact route through the SC has not 

yet been elucidated. As such, there remains a need to investigate the pathways at a nanoscopic level. In 

the present study, we propose to determine the molecular pathway of lipophilic more water-soluble and 

molecules through the skin using lipophilic dyes which associate with the lipid membranes in the ILM 

as well as water soluble dyes with logD values of about 1. The pathways are investigated by combining 

confocal and stimulated emission depletion (STED) microscopy with Förster resonance energy transfer 

(FRET) to visualize whether the dyes penetrate the SC via the trans- or intercellular pathway.  

Recently, STED microscopy has been introduced as a tool to resolve the intercellular lipids [18]. Using 

STED, both the structure of the skin and the transport pathway of molecules of different size and 

affinity can be examined. STED circumvents the classical resolution limit of 200 nm in confocal 

microscopy, enabling a resolution down to approximately 30 nm, under optimal conditions [19].  

FRET is a distance-dependent interaction between the electronic excited states of two dye molecules in 

which excitation energy is transferred from a donor molecule to an acceptor molecule, without the 

emission of a photon. The efficiency of FRET is dependent on the inverse sixth power of the 

intermolecular separation, making it useful as a spectroscopic ruler over distances comparable to the 

dimensions of biological macromolecules (1-10 nm) [20-22]. Using FRET, it is possible to measure the 

distance between different water-soluble and lipophilic fluorescent dye pairs in the skin, giving 

information on the thickness of the stacked lipid layers in the intercellular lipid matrix as well as the 

molecular pathways through the skin on a nanoscopic level.  
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In the present study, STED and FRET measurements using different water-soluble and lipophilic dye 

pairs are applied to both human skin samples and model membrane systems using supported lipid 

bilayers [23]. FRET efficiency also depends on the dipole orientation of the donor and acceptor 

molecules. Therefore, in order to achieve quantitative FRET measurements, time-resolved fluorescence 

anisotropy was used to study the rotational mobility of the molecules in skin. The combined STED and 

FRET measurements enable the determination of the relative positions of the water-soluble and 

lipophilic dye molecules in the SC, providing information on the thickness of the stacked lipid bilayers 

in the intercellular lipid matrix and the molecular pathways through skin on a nanoscopic level. 

 

The lipophilic fluorescent dyes used in this study include TopFluor PC and ATTO 488 DPPE, which 

are both amphiphilic molecules. The latter has the fluorescent marker placed on the hydrophilic head of 

the lipid molecule and the former has it placed on the hydrophobic tail. These dyes incorporate into the 

lipid bilayers due to their hydrophobic nature [24]. The water-soluble dyes used include Rhodamine B  

(RhB) (solubility = 67mM in PBS, logD = 1.1, pH 7.4) and ATTO 647N (solubility > 3mM in PBS, 

logD = 1.0, pH 7.4). These molecules are chosen because due to their moderate logD value and small 

size they are expected to penetrate the SC [12]. However, due to their water solubility they are 

expected to be able to penetrate the SC through the transcellular route or via the lipid head group 

regions in the ILM using the intercellular pathway.  

   

 

MATERIALS AND METHODS 

The fluorescent dyes used in all the following experiments were 1-palmitoyl-2-(dipyrrometheneboron 

difluoride) undecanoyl-sn-glycero-3-phosphocholine, TopFluor PC (Avanti Polar Lipids, USA), 1,2-
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Dipalmitoyl-sn-glycero-3-phosphoethanolamine, ATTO 488 DPPE (ATTO TEC, Germany), ATTO 

647 N (ATTO TEC, Germany), Rhodamine B (RhB) (Sigma-Aldrich, Denmark), Fluorescein (Sigma-

Aldrich, Denmark), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), (Corden Pharma, 

Switzerland). Information on other chemicals can be found in the supplementary materials. 

The human skin samples used were obtained from breast reduction and abdominoplasty operations. The 

experiments performed in this work, involving the use of human samples, were approved by the 

Regional Research Ethics Committee of Southern Denmark, and adhered to the Declaration of Helsinki 

Principles (2008). Patient consent for experiments was not required because Danish regulations 

consider human tissue left over from surgery as discarded material. Information on sample preparation 

and labeling can be found in the supplementary materials. SC lipid samples were prepared as described 

in [25]. The lipid extraction followed a modified version of the Bligh and Dyer protocol; see [26, 27].  

Supported lipid bilayers (SLB) were prepared using hydration of dry lipid films formed by spin-coating 

[28, 29]. (See supplementary materials). Giant lipid vesicles were prepared using hydration of dried 

lipid films formed on glass by rotation drying.  (See supplementary materials). Microscopy: The 

microscope used for confocal and stimulated emission depletion (STED) imaging was a Leica SP8 

(Manheim, Germany) [18]. The resolution in the tissue was measured to be 70±10 nm. A detailed in-

depth description of all the methods used can be found in the supplementary materials.  FLIM setup 

and measurements for FRET studies: FLIM/FRET measurements for both lipid bilayers and skin slices 

were carried out on a custom-built multiphoton excitation microscope based on a Nikon TI Eclipse 

microscope equipped with a Mai Tai DeepSee Ti:Sapphire femto-pulsed laser [5]. Samples were 

excited at 920 nm.  A 60x (NA=1.20) WI objective was used. FLIM was performed in the time domain 

using the SPC-150 TCSPC Module (Becker & Hickl GmbH, Berlin, Germany) or in the frequency 

domain using a FastFLIM board (ISS, Champaign, IL, USA). Detection was completed using hybrid 
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photo detectors (HPDs) and the SPC-150 TCSPC module, or with h7422p Photomultiplier tubes 

(PMTs) (Hamamatsu) using the FastFLIM board. 

Time-resolved two-photon fluorescence anisotropy: The time-resolved fluorescence anisotropy studies 

were performed on a custom-built system like that used for FLIM measurements, but employing a 

Glan-Taylor polarizer to split the light between two hybrid detectors (HPDs) [30]. Data analysis: The 

FLIM/FRET data was analyzed using SimFCS software [20] (See supplementary materials). Image 

Analysis: The images obtained were analyzed using Fiji – ImageJ [31] software. Deconvolution of 

acquired STED, confocal images, and stacks was completed using Huygens professional (Scientific 

Volume Imaging, Holland).  

Partition coefficients (log P) in 1-octanol/water were measured using a UV-Vis Spectrophotometer 

(Shimadzu UV-2600, Holm & Halby Brøndby, Denmark) 

 

RESULTS AND DISCUSSION  

The pathway and location of the lipophilic fluorescent dyes TopFluor PC and ATTO 488 DPPE are 

visualized in the skin by confocal and STED microscopy (Fig. 2). Both dyes are used as it was found 

that TopFluor PC labels the SC better, while ATTO 488 DPPE is better for labeling the membranes of 

viable cells. 

The images display therefore labeling of both the cell membranes in the viable epidermis and sheet-like 

structures in the SC. Using confocal images of the SC (Fig. 2C), the width of the intercellular lipid 

matrix is measured. The widths of lipid sheets were measured as 250 ± 31nm (i.e. the smallest size 

measurable in the system due to diffraction). In the corresponding STED images (Fig. 2D), the same 

lipid sheets are observed to be approximately 117 ± 17 nm, similar to values previously found by 
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transmission electron microscopy [32], demonstrating the power of STED to resolve the lipid matrix, 

and that the lipophilic dyes are confined to the ILM. 

To investigate the transport pathway of water-soluble molecules, RhB was applied to intact skin (i.e. 

before slicing) and visualized using confocal microscopy (Fig. 3 A). It is observed that both the SC and 

viable epidermis are labeled. In the viable epidermis, the dye labels the cell cytosol but not the nuclei; 

whereas global labeling is seen in the SC with a higher concentration visible in some sheet-like 

structures (Fig. 3A). 

 

Fig. 2. STED and confocal images of epidermis. STED and confocal images of the same area of the 

epidermis of a sliced skin sample labeled with the lipophilic dyes TopFluor PC and ATTO 488 DPPE. 

A) Confocal image of the epidermis. B) STED image of the epidermis. C) Zoomed view of the marked 

area in (A). D) Zoomed view of the marked area in B). Scalebars are 10 µm; sc – stratum corneum; ep 

– viable epidermis. 

 

By comparing intensity line plots across the SC of RhB and the lipophilic dyes it is possible to localize 

the RhB relative to the ILM. It can be seen in the plot (Fig. 3C) that there is some coincidence between 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

the maxima, indicating a higher concentration of RhB in the ILM compared to the surrounding 

corneocytes. This is further supported by the Mander’s colocalization coefficient, for Fig. 3A/B, which 

was found to be 0.95 ± 0.04 (N=5) and 0.95 ± 0.009 (N=5) in the SC for RhB and the lipophilic dyes 

respectively. As the lipophilic dyes are mainly found in the ILM the high colocalization of both dyes 

suggests that RhB is also primarily found in the ILM.  

To further investigate the location of the dyes in the skin, dyes were applied to 20 µm thick sliced skin 

samples. The experiment was performed by applying either RhB or ATTO647 N in combination with 

ATTO 488 DPPE and TopFluor PC to the sample and imaging using confocal microscopy (Fig. 4).  

 

Fig. 3. Epidermis samples labeled before slicing. Confocal images of the epidermis in a sample first 

labeled with RhB on intact skin (i.e. before slicing), and labeled with ATTO 488 DPPE and TopFluor 

PC after slicing. A) Confocal image of the epidermis labeled with RhB before slicing. B) Confocal 

image of the epidermis labeled with ATTO 488 DPPE and TopFluor PC after slicing. C) Normalized 

intensity profiles of RhB (solid black line) and TopFluor PC + ATTO 488 DPPE (dashed red line) 

measured along the line drawn in A and B. Scalebars are 10 μm; sc – stratum corneum; ep – viable 

epidermis. 

 

The lipophilic dyes are mainly found in the ILM and the cell membranes (Fig. 4B and E). Intensity plot 

profiles indicate that RhB and ATTO 647N are found both inside the transcellular space of the 
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corneocytes and in the ILM (Fig. 4C and F).  Mander’s colocalization coefficients, in the SC in Fig. 

4A/B, were found to be 0.99 ± 0.003 (N=5) and 0.80 ± 0.03 (N=5) for RhB and the lipophilic dyes, 

respectively. In Fig. 4D/E Mander’s colocalization coefficients were 0.98 ± 0.008 (N=5) in the SC for 

ATTO 647N and 0.73 ± 0.06 (N=5) for TopFluor PC and ATTO 488 DPPE. The high colocalization 

coefficients for the water soluble dyes support the presence of these dyes in the ILM. The lower 

Mander’s coefficient for the corresponding lipophilic dyes suggests that RhB and ATTO 647N are 

labeling the corneocytes as well as the ILM while the lipophilic dyes are only in the ILM. As labeling 

of the corneocytes was not seen when intact skin was labeled it is thought to be due to the slicing of the 

skin causing better access to the corneocytes. However, it is still seen that the hydrophilic dyes prefer 

the ILM pathway as there is an overlap of between 73 and 80% between the two channels.   

Previous research  has shown that in sectioned skin the SC maintains its barrier properties in the lateral 

direction [18]. That is, that molecules added to a skin slice cannot freely penetrate into the SC but must 

move along the molecular pathways dictated by the molecular structure of the SC. This indicates that 

the labeled slices can be used to investigate the path the molecules use in the SC. 

Under normal circumstances, little or no free water is available in the SC. However, during the labeling 

process of the sectioned samples, the skin is submerged in water, which induces a swelling of the SC, 

indicating an increase of water available in the corneocytes. This high level of skin hydration during 

labeling could play an important role in the barrier properties of the SC. However, previous research 

has suggested that the packing of lipids in the SC does not change due to hydration [17]. This suggests 

that hydration mainly effects the corneocytes and not the ILM. As similar distributions of RhB and 

ATTO647 N is observed in the SC for both intact labeled skin and skin labeled after sectioning 
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(hydrated), the effect of hydration of the corneocytes does not appear to change the molecular pathway 

through the SC.  

 

Fig. 4. Epidermis samples labeled after slicing. Confocal images of the epidermis where the dyes are 

applied to the sample after slicing. The sample was labeled with RhB or ATTO 647N and ATTO 488 

DPPE. A) Confocal image of the epidermis labeled with RhB; scalebar is 20 μm. B) Confocal image of 

the epidermis labeled with ATTO 488 DPPE and TopFluor PC; scalebar is 20 μm. C) Normalized 

intensity profiles of RhB (solid black line) and TopFluor PC + ATTO 488 DPPE (dashed red line) 

measured along the line drawn in A and B. D) Confocal image of the epidermis labeled with ATTO 

647N; scalebar is 10 μm. E) Confocal image of the epidermis labeled with ATTO 488 DPPE and 

TopFluor PC; scalebar is 10 μm. F) Normalized intensity profiles of ATTO 647N (solid black line) and 

TopFluor PC + ATTO 488 DPPE (dashed red line) measured along the line drawn in D and E. sc – 

stratum corneum; ep – viable epidermis. 

The confocal and STED results clearly demonstrate that the lipophilic dyes are located in the ILM and 

therefore use the intercellular pathway through the skin. The water-soluble dyes are observed to be 
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localized mainly in the ILM when labeled in intact skin and in both the ILM and the corneocytes upon 

labeling of sliced skin, suggesting that they access both the transcellular and intercellular pathway. 

However, a high accumulation of the water-soluble dyes in the ILM poses the question of how they 

pass through the lipid bilayers. The aforementioned experiments are limited by their resolution, making 

it difficult to determine whether water-soluble dyes are situated between the lipid bilayers of the ILM 

or confined to its edges. Since the lipophilic dyes are submerged in the lipid bilayers, it is possible to 

use FRET between the lipophilic and water-soluble dye pairs to determine the location of the water-

soluble molecules in the ILM. 

Fluorescence anisotropy studies on human skin: Since FRET efficiency depends on the dipole 

orientation of the donor and acceptor molecules, it must be determined whether RhB and ATTO 647N 

are bound or free to rotate in the SC. This is done by performing time-resolved fluorescence anisotropy 

studies in both phosphate buffered saline (PBS) and human skin. In PBS, the anisotropy for both dyes 

was found to equilibrate to zero, which indicates free rotation of the molecules. In the SC, the time-

resolved anisotropy measurement of ATTO 647N equilibrated to zero, while that of RhB did not (see 

Fig. S4). This indicates that ATTO 647N is free to rotate, and thus randomly orientated in the SC, 

while RhB is bound or confined, limiting the molecular rotation [30]. The hindered rotation of RhB is 

thought to be a result of binding to keratin in the SC [33]. It is interesting to note that the distribution of 

ATTO 647N seen in Fig. 4D appears to be more diffuse as well as a lower Mander’s coefficient for the 

lipophilic dyes then than that of the RhB seen in Fig. 4A. This is in line with the anisotropy data where 

it is seen that ATTO647N was free while the RhB was not.  

Förster resonance energy transfer (FRET) in human skin: For FRET measurements, skin slices were 

labeled with the lipid dye TopFluor PC (the donor molecule), followed by the water-soluble dye RhB 
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or ATTO647N (the acceptor molecules). Fluorescent lifetime microscopy (FLIM) images were 

recorded for skin samples containing only donor molecules in order to measure the lifetime of the 

donor alone. FLIM images were then captured at increasing concentrations of the acceptor molecules. 

The fluorescence lifetime of TopFluor PC without acceptor present was found to be approximately 3.2 

ns in the viable epidermis, whereas, in the SC, it was approximately 2.9 ns (Fig. 5A). Previous studies 

have shown that the lifetimes of lipophilic dyes depend on the lipid phase in which they are situated 

[15, 34]. For BODIPY type of probes the lifetime is lower in an ordered gel phase compared with a 

fluid phase. The phase specificity is attributed to the packing of the lipid molecules, which can possibly 

enhance homo-FRET between the donor molecules. The difference in lifetime for Top Fluor PC in 

human skin can be attributed to liquid membranes present in the lower layers of the epidermis and 

tightly packed and ordered lipid stacks in the SC [17].  

 

Fig. 5. FLIM data. FLIM images of a 20-µm thick slice of human skin color coded to show the 

fluorescence lifetime of the donor molecule. A) Skin labeled only with the donor TopFluor. B) Skin 

labeled with TopFluor and 30µM of the acceptor ATTO 647N. The lifetime is seen to decrease due to 

FRET. C) Phasor representation of the FLIM data for the donor TopFluor PC (black circle) in SC with 

an increasing concentration of the acceptor RhB (red circles). The data is plotted along with the FRET 

trajectory (solid black line). The blue arrow indicates the direction of increasing acceptor concentration 

and FRET efficiency. The scalebars are 10 μm. 
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Samples with increasing concentrations of acceptor molecules (RhB or ATTO 647N) showed a 

decrease in lifetime of the donor to approximately 2.4 ns in the SC (Fig. 5B). Using the phasor 

approach [35], FRET efficiency (EFRET) was calculated for increasing concentrations of the acceptor 

(Fig. 5C and Fig. S2), the results are presented in Fig. 6A. The FRET efficiency is observed to increase 

from 0 in samples labeled only with TopFluor PC to a maximum EFRET when skin was labeled with 30 

µM acceptor. When the number of acceptors increases (increased concentration), the probability of 

having an acceptors molecule in the proximity of a TopFluor PC molecule also increases, thus 

decreasing the average distance between the molecules, resulting in a higher FRET efficiency. FRET 

efficiency does not change for acceptor concentrations of ≥30 µM, thus demonstrating saturation and 

indicating the existence of a minimum possible distance between acceptor and donor molecules. This 

minimum distance is defined by the depth at which the fluorescence moiety of the donor is buried in 

the membrane.  
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Fig. 6. EFRET and donor-acceptor distance in the human SC. EFRET and donor-acceptor distance in 

the human SC as a function of acceptor concentration. The donor is TopFluor PC and the acceptors are 

ATTO 647N (solid circles) and RhB (empty circles). The data points are made from 5 measurements of 

2 separate samples from 3 individuals, and the data is presented with standard deviation. A) EFRET in 

the human SC shown as a function of acceptor concentration. EFRET reaches a maximum at an acceptor 

conc. of about 30µM. B) Calculated donor–acceptor distances shown as a function of acceptor 

concentration (ATTO 647N). The donor–acceptor distance for RhB could not be calculated as the 

Förster distance R0 could not be determined. 

 

 

To determine the absolute distances between the donor and acceptor molecules, the Förster distances, 

R0,
 
for the dye pair TopFluor PC and ATTO 647N was calculated. R0 depends on the overlap integral of 

the donor emission spectrum with the acceptor absorption spectrum as well as the orientation of the 

molecular dipoles relative to each other. The orientation of the molecules is described by the 

orientation parameter κ
2
,
 
which can assume values from 0 to 4 [21]. The lipid dye, TopFluor PC, is 
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confined within the membrane in the SC. The orientation of its emission dipole can be described by an 

orientation and position with a characteristic angular distribution within a membrane. The orientation 

of emission dipole of TopFluor PC in POPC and SC lipids was measured in Giant Vesicles using 

polarized 2 photon excitation microscopy. For a detailed description see [36] and the supplementary 

materials. The mean angle of TopFluor in POPC was found to be 5° with a standard deviation of 0.76
o
. 

The mean angle of TopFluor in SC lipids was found to be 80° with a standard deviation of 0.15
o
 (Fig. 

S3). The results show that the fluorescence moiety of Topfluor PC is held in place by the tightly packed 

SC lipids, while in the more fluid POPC membrane  the fluorescence moiety is more free to move over 

a larger angle and folds up towards the surface of the membrane changing is orientation to nearly 

orthogonal to the membrane surface. 

 

Using software from [37], κ
2
 was calculated for TopFluor PC and ATTO 647N. The model assumes a 

plane membrane with a donor at a depth of about 4.0 nm and a freely rotating acceptor (as shown by 

the time resolved anisotropy measurements of ATTO 647N) resulting in a κ
2
 value of 0.8. This 

provides an R0 value of 4.0 nm (see supplementary material). The values of EFRET for ATTO 647N 

were then used to calculate the average distances between the donor and acceptor molecules for each 

acceptor concentration (Fig. 6B). The highest EFRET corresponds to a distance of 4.0±0.1 nm between 

the fluorophores. The short distance between the donor and acceptor fluorophore indicates that the 

molecules must both be present in the ILM. This is also the case for the RhB given that the FRET 

effect is only efficient over distances of less than 10 nm, however the absolute distance between RhB 

and TopFluor could not be determined because the time resolved anisotropy measurements showed that 

RhB was bound in the SC and therefore κ
2
 could not be calculated. Since the acceptor molecules are of 

polar nature, we propose that these must be situated at the polar head groups of the lipid molecules to 

be close enough to accept energy from TopFluor PC, which sits buried in the highly hydrophobic 

regions of the bilayers [24].  In the static case a concentration of 50-60µM corresponds to an average 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

 

 

acceptor molecule distance to the surface of about 10-15 nm, which is larger than the 4.0±0.1 nm 

minimum distance measured here. In the SC the situation is complicated considering the local 

concentration and confinement of the molecules. However, the results could indicate some charge 

charge interactions between the acceptor molecules and the lipid head groups leading to a higher local 

acceptor concentration at the lipid membrane [38]. 

Similar FRET experiments were also carried out on model membrane systems using supported lipid 

bilayers (SLB) made of extracted SC lipids and SLB made of POPC. Comparable results to the SC 

measurements were found. In the case of a SC lipid SLM, a minimum distance between ATTO 647N 

and TopFluor PC of 3.6±0.1 nm was observed (Fig. S6).   

There has been some discussion in literature on the structure and repeat distances of the lipid bilayers 

in the SC. A short lamellar periodicity phase (SPP) of 6 nm and the long lamellar periodicity phase 

(LPP) of 13 nm has previously been reported by some groups using small-angle X-ray diffraction 

(SAXD) [39, 40] while a repeat distance of 11 nm was reported using cryoTEM and molecular 

dynamic simulations [17, 41]. Our data shows no evidence of the SPP. If there was a repeat distance of 

6 nm the minimum FRET distance should be less than half of the repeat distance ie. 3 nm. Comparing 

the FRET data with the proposed models for the 13 nm LPP [39] and the 11 nm splayed bilayer model 

[17] it is found that the FRET data best fits the splayed bilayer model. This is due to the fact that the 

splayed bilayer model predicts 6.5nm between adjacent head groups while the model of SAXD predicts 

4.4 nm or 4.2 nm between adjacent headgroups. Again, using the argument that the FRET distance 

should be less than half of this distance it is seen that 2.2 nm is too short to accommodate the FRET 

data while the value of 3.25 nm given by the splayed bilayer model is, considering the size of the 

fluorescent moieties (1nm), quite close to the value of 4.0±0.1 nm found in the FRET measurements.  
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In summary the transport pathways through the skin were visualized using lipophilic and water-soluble 

dyes combined with STED microscopy. Using STED microscopy, it was confirmed that lipophilic dyes 

pass through the ILM in the SC, and the ILM was observed to be 117±17 nm thick. When applying the 

water-soluble dyes, RhB and ATTO 647N to the skin they were observed to be present in both the 

corneocytes and in the ILM, whereas the lipophilic dyes seemed to be present predominantly in the 

ILM. These results indicate that the lipophilic dyes are constrained to the intercellular pathway, 

whereas the small water-soluble dyes can utilize both the inter- and transcellular pathway.  

FRET was observed in the SC between the lipophilic and water-soluble dyes, implying that the 

molecules are in close proximity to each other (on the order of 1-10 nm). TopFluor PC is buried in the 

highly hydrophobic regions of the lipid bilayers [24] of the ILM, and it therefore follows that the water-

soluble dyes must also be present in the ILM. Due to their polar nature, it is expected that they are 

situated at the polar head groups of the lipid molecules in the bilayers of the ILM and would not have 

full access to the donor in the hydrophobic regions of the bilayers. This is supported by the fact that 

FRET efficiency was observed to reach a plateau at a given acceptor concentration, indicating a 

minimum possible distance between acceptor and donor molecules. The combined results indicate that 

lipophilic molecules penetrate the SC via the intercellular route, while small water-soluble molecules 

can penetrate the SC via the transcellular route, as supported by confocal microscopy, but also use the 

intercellular pathway through the ILM via the polar head groups of lipid molecules in the bilayers, as 

supported by the FRET measurements. 
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HIGHLIGHTS 

 Super resolution optical microscopy resolves the intercellular lipid matrix. 

 FRET was observed between lipophilic and water-soluble dyes in the intercellular lipid matrix. 

 A minimum distance between lipophilic and water-soluble molecules of 4.0 nm was found. 

 Water-soluble molecules can move through the intercellular lipid matrix via the polar head groups. 
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