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Fluorescence recovery after photo-bleaching experiments were performed in human stratum corneum
in vitro. Fluorescence multiphoton tomography was used, which allowed the dimensions of the photo-
bleached volume to be at the micron scale and located fully within the lipid phase of the stratum corneum.
Analysis of the fluorescence recovery data with simplified mathematical models yielded the diffusion
coefficient of small molecular weight organic fluorescent dye Rhodamine B in the stratum corneum lipid
phase of about (3-6) x 102 cm? s~ It was concluded that the presented method can be used for detailed
analysis of localised diffusion coefficients in the stratum corneum phases for various fluorescent probes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The stratum corneum (SC) is the main barrier to drug delivery
through skin and therefore understanding details of solute trans-
port in SC is an important area of research. The SC is a complex
multiphase membrane consisting of layers of corneocytes that are
sealed tightly by densely packed lipid layers (Wu et al., 2011).
Fundamental parameters describing this transport are values of
diffusion coefficients in different phases of the heterogeneous SC,
that can be used in in silico models of the SC (e.g. Wang et al., 2006,
2007, for recent review of such models see Mitragotri et al., 2011).
These values are generally very difficult to obtain in classical skin
penetration experiments (Roberts and Anissimov, 2005), as well
as in less common skin desorption experiments (Anissimov and
Roberts, 2004, 2009), due to difficulties in assessing the true path-
length of solute transport through the SC (Bunge et al., 1999). In
this work, we deployed the technique of fluorescence recovery after
photobleaching (FRAP) (Braeckmans et al., 2003; Sniekers and van
Donkelaar, 2005) realised on a fluorescence multiphoton tomogra-
phy (FMT) to probe diffusion of organic fluorescent dye Rhodamine
B (Rh:B, MW =479, Log P=1.95) in the SC lipid phase. FRAP imple-
mented by means of FMT is capable to realise dimensions of the
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photo-bleached volume from sub-micron to sub-millimetre in lin-
ear dimension. Therefore, this volume can be localised fully within
the lipid phase of the SC, allowing determination of the value of
local diffusion coefficient. Although FRAP has been used before to
assess diffusion coefficients of various fluorescent probes in artifi-
cial lipid bilayer systems (Johnson et al., 1996), to our knowledge,
the presented technique for the first time determines the diffusion
coefficient of a solute in the SC lipid phase using FRAP. Since the
artificial lipid phases can potentially have structure and compo-
sition different to those of the lipid phase of SC, we believe that
this addition to the experimental toolbox of SC transport studies
is a significant development. Furthermore, the proposed technique
can be further developed, by appropriate choice of a fluorophore
and by a proper selection of site of the photobleaching, to study
the transport inside corneocytes and across a corneocyte envelope.
This development has a potential to further advance the under-
standing of relative importance of different pathways (Anissimov
and Roberts, 2009; Kasting et al., 2003; Keister and Kasting, 1986)
on the overall solute transport across SC.

2. Methods

All experiments were performed using FMT based on Zeiss510
(Zeiss, Germany) system with a water-immersion objective lens
(63 x,N.A. 1.3). Zeiss510 system operated in combination with Mai
Tai XF-1 femtosecond pulsed laser with a wavelength tuning range
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from 710 t0 920 nm. The pulse width was evaluated as <100 fs based
on the spectral bandwidth measurement at 80-MHz repetitionrate,
resulting in the high instantaneous peak power (~100 GW/cm?) at
the focal spot. A femtosecond laser operated at a centre wavelength
of 810 nm with power incident at the sample estimated as 33 or
16.5mW (1% or 0.5% of the total laser output energy which was
3310mW) was employed as the excitation source. To achieve the
photobleaching regime, the laser power was increased to 165 mW.
A bandpass filter centred at a wavelength of 560 nm (bandwidth,
60 nm) was used to pass the Rh:B fluorescence to a detector.

2.1. Glycerol experiments

Since SC is a complex, highly heterogeneous structure, it was
necessary, first, to establish the FRAP method, including optimisa-
tion of various experimental parameters, using a simplified model
of homogeneously distributed fluorescence. Rh:B solution in glyc-
erol was chosen as this homogeneous fluorescence model, because
glycerol possesses high viscosity that was comparable to that of the
skin lipids. This model was also preferred, as it has been described
in the literature (Braga et al., 2004). Experiments with glycerol
solutions of Rh:B were first performed to establish the depth of
the photobleached volume. This depth was determined from the
axial point spread function (axial PSF) of the FMT used in all FRAP
experiments. In order to determine the axial PSF, a 10-pL sample
of 10-.M Rh:B in glycerol solution sealed in an o-ring container on
a glass slide was scanned at the boundary of the sample and the
glass slide. The resultant fluorescent intensity versus depth curve
was then derived to obtain the axial PSF curve. The full width at
half maximum (FWHM) of the axial PSF was interpreted as the
depth of the photo-bleached volume. The axial PSF was dependent
mainly on the N.A. of the microscope objective lens assuming its
aberration-free characteristics. FRAP experiments were performed
with the 10-wM Rh:B in glycerol samples. The samples of the Rh:B
solution in glycerol were positioned between glass slide and the
cover slip so that the sample was at least 150-pm thick. Photo-
bleached volume of cylindrical shape was formed in the sample
to be located far from the boundaries, close to the middle of the
sample. The diameter of the cylindrical photobleached volume
was chosen to be of similar dimension to the determined depth
of photobleaching. The photobleaching was realised by scanning
the volume to be photobleached by gradually increasing the laser
power (165, 330 or 495 mW). Scanning the tissue with the high
laser power results in permanent destruction of fluorescence (pho-
tobleaching) of Rh:B molecules in the photobleached volume. After
the photobleaching stops, Rh:B molecules from non-photobleached
areas of the sample start to diffuse into the photobleached volume,
thus recovering the fluorescent molecule concentration in the vol-
ume. The recovery of the fluorescence in the photobleached volume
was measured by scanning with a reduced laser power (33 mW).

2.2. FRAP experiment in SC

Pieces of human skin were obtained from one subject and SC
prepared using trypsin treatment of heat-separated epidermis, as
previously described (Kligman and Christophers, 1963). SC was
soaked in 10-pwM Rh:B solution in water for 2 days in order to
guarantee a steady state concentration distribution of the fluo-
rophore throughout all SC phases. After saturation, the SC sample
was removed from the solution and excess solution was wiped with
tissue. Then SC was placed between a glass slide and a cover slip and
sealed to prevent the drying of the sample. FRAP was conducted at
different positions in the SC using the FMT. Significant Rh:B fluores-
cence was detected only in the lipid phase of the SC, most likely due
to the lipophilic nature of the fluorophore. The results for further
mathematical analysis were selected by ensuring that the largest

possible photobleached volume was all within the lipid phase of
the SC. As with the glycerol FRAP experiments, photobleaching of
SC was achieved by scanning the volume to be photobleached by
gradually increasing the laser power (165 mW). The recovery of the
fluorescence in the photobleached volume was measured by scan-
ning with the reduced power (16.5 mW). Both circular and square
photobleached areas were used in the SC FRAP experiments. Diam-
eter of the circle and side of the square were selected to be of similar
dimension to the depth of the photobleaching.

2.3. Mathematical models and data analysis

Two simple mathematical models are considered: the first
(referred to as the 3D-model) is based on the solution of the dif-
fusion equation with the assumption that the diffusion medium
around the photobleached volume is infinite. The second model
(referred to as the 2D-model) is based on the assumption that the
fluorophore diffusion occurs only in the lipid phase of the SC and
this phase is an infinite 2D-layer of thickness equal or less than the
photobleached volume. This layer is limited by assumed imper-
meable corneocytes from the top and bottom (this assumption
is mathematically identical to the assumption of no fluorophore
present in the corneocytes). For both models, it is assumed that
the photobleaching is uniform within the photobleached volume
(Vpg), that is, if C(x, t) is the fluorophore concentration at the time t
and at a position x=(x, y, z), then immediately after photobleaching
occurs, the concentration is:

_ aCy inside VeB
C(x, 0)= {Co outside Vpp

(1)

where Cy is the original concentration of the fluorophore and

0 <a<1is the degree of photobleaching. The concentration at any

time after the photobleaching can be found by solving the diffusion

Eq. (2) with initial condition (1).

aC(x, t)
at

where D is the diffusion coefficient. The total fluorescence inside
the Vpg (F(t)) can be found as:

F(e) =

where we assumed that fluorescence intensity is proportional to
the concentration of the fluorophore. 3D-model is assumed in Eq.
(3), for 2D-model, the triple integral in Eq. (3) and integrals below
need to be replaced with double integrals.

The initial condition for the problem can be simplified by a
change of function, so that:

Cf(X, t)=Co—C(x,t) (4)

=DAC(x, t) (2)

C(x, t)d3x (3)

Vpg

so that initial condition for Cy is:

_ (] 76()C0 inside VpB _ _
Cr(x,0) = {0 outside Vg =(1-a)CU(x) (5)
where U(x) is defined as:
) 1 inside Vpp
Ulx) = {0 outside Vpg (6)

and (; satisfies the diffusion Eq. (2). The total fluorescence inside
Vpg can be defined using C:

F(t) = VpgCo — @SVPB Gr(x, £)d*x = VppCo — / / / UX)Cr(x, t)dx dydz (7)

Taking Fourier transform of the diffusion equation and initial
condition then solving yields:

Cr(k, t) = Co(1 — a)0(K)exp(—Kk*t) (8)
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where

ff(k, t)=/ / / Cr(x, t) exp(ikx)dx dydz 9)

is the Fourier transform of Cy, and

O(K) = /00 /OO /00 U(x)exp(ikx)dx dydz = Sf#vpg exp(ikx)d>x
—00 J —00 J —00 (10)

is the Fourier transform of U.
Using Parseval’s theorem for Fourier transform:

/ / / f(X)g(X)dxdde— / / / K)2(K)dk, dk, dks

in the integral on right hand side of Eq. (7) yields:

/ / / U(X)Cr(x, t)dx dydz_ / / /

together with Eq. (8) this gives:

/ / / U(x)Cr(x, t)dx dydz
C"]‘ ///\U(k exp(—K2t)dk; dkydks  (12)

Therefore, the total fluorescence inside Vpg can be found as:

oi-a) [F T[T
)= VinCo - =5 /w /w /x |0

with U(k) defined in Eq. (10).
For the cylindrical Vpg (3D-model) Eq. (13) yields:

l()dlq dk; dks3

(11)

k)|2 exp(—K*t)dk; dk, dks (13)

F(t) =

where d is the diameter and h is the depth of the photobleached
volume, respectively.
For the square prism Vpg (3D-model) Eq. (13) yields:

2
4Dt 2
e 1 /g 1 )]

F(t) = a?hCp 41— (1 —a) [erf(zjﬁ) +

h ADt 2 /apt) _
X lerf(zm)+ nh2(e 1)

where a is the side of the square and h is the depth of the photo-
bleached volume, respectively.

For the 2D-model equations for the total fluorescence are
derived by considering double, instead of triple integrals in Egs.
(10) and (13) yielding:

- 25 fi-a-af-c o () o ()]} 0
2
_ _(1- a ADE a2 jtapt) _
F(t)aZCU{l (1 a)|:erf(2\/m)+ mz(e (4Dt) 1)]} 17)

for the circular and square photobleaching areas, respectively.

The total fluorescence intensity recovery data was fitted to
mathematical models using Scientist software (MicroMaths Scien-
tific Software).
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Fig. 1. Examples of the axial PSFs obtained by using a 63x, N.A. 1.3, water-
immersion objective lens at six different sites.

3. Results and discussion

Examples of the axial PSF are presented in Fig. 1. The analy-
sis of this data yielded the depth of the photobleaching volume of
2.7+0.3 wm. In FRAP experiments, the lateral dimensions of the
photobleached volume were selected to be close to the depth of a
photobleached volume.

FRAP experiments for Rh:B in glycerol were performed using a
cylindrical photobleached volume of diameter~ 2.5 wm. The fluo-
rescence intensity recovery data were fitted using Eq. (14), resulting
in the diffusion coefficient of D=(3.24+0.5)x 10~ cm?2s~! (n=3).
The value of the diffusion coefficient of Rh:B in glycerol can also

ﬂdzhco 7(12/(8 ) d2 d2 h 4Dt 7h2/(4 )
a {1(10[)|:1e DO 1o 3Dt +1 3Dt x erf(ﬁ>+ ﬁ(e Do 1) (14)

be approximated using empirical Wilke-Chang relationship (Wilke
and Chang, 1955):

8TM1/2

D=74x%x10" VG

(18)

where D is in cm2s~!, T is the temperature (=298 K) at which
the diffusion coefficient is measured, M is the molecular weight
of the glycerol (92gmol~!) and 7 is the dynamic viscosity of
glycerol (934 centipoise, from Wolfram Alpha). Further, V is the
molar volume of Rh:B at the normal boiling point, which was esti-
mated as MW/p, where p (~1gcm~3, from Wolfram Alpha), and

W (=479 gmol~1) is the molecular weight of the Rh:B. Using
these values in Eq. (18), yields D~ 5.6 x 10~2 cm? s~ !, which is rea-
sonably close to the value obtained from the fitting of the FRAP
data (3.2 x 1079 £ 0.5cm? s 1), considering that Eq. (18) is only an
approximation. It can therefore be concluded that the FRAP exper-
iments of the Rh:B in glycerol yielded reasonable value for the
diffusion coefficient.

In Fig. 2, Z-stack FMT image set of the SC is presented, with
images (a)-(e) acquired from closer to the surface of the SC to
more in-depth layers of the SC at an interval of 1 wm. In images
(b)-(d), a circular photobleached area is apparent, consistent with
the cylindrical photobleached volume. The 3D-data from the Z-
stack FMT image sets similar to that presented in Fig. 2 allows
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Fig. 2. Z-stack FMT image set of the SC with a cylindrical photobleaching volume evident as a dark circle pointed by a white arrow in image (c). Images (a)-(e) are from closer
to the surface of the SC to more in-depth layers of the SC at an interval of 1 um. Scale bar is 30 pm.

determination of the local structure of the SC phases (corneocytes
and lipids) around the photobleached volume. For example, it can
be seen in Fig. 2 that corneocytes appear as areas of little Rh:B flu-
orescence and lipid phase as bright Rh:B fluorescence. In principle,
using this information it would be possible to construct a numer-
ical finite-element model of the SC for each individual instance of
FRAP experiment. While we understand that this type of mathe-
matical modelling would represent a gold standard, in this work,
we consider it appropriate to make simplifying assumptions that
would give an analytical solution for the total fluorescence. We
based the first mathematical model for the SC FRAP experiments
on the assumption that the diffusion medium is infinite (referred
to as the 3D-model). This assumption would have been valid, if the
diffusion coefficient, as well as solubility, were the same in both the
lipid and corneocyte phases of the SC. The second model is based
on the assumption that diffusion occurs only in the lipid phase of
the SC, and this phase is structured as an infinite layer sandwiched
between two corneocyte layers (referred to as the 2D-model). This
solution approximates the situation when corneocytes are imper-
meable to Rh:B or the concentration of Rh:B in them is negligible
(due to, for example, low solubility). The real scenario is probably
somewhere in between these two extreme cases, but given the fact
that corneocytes have little Rh:B fluorescence (see Fig. 2), possibly
closer to that of the 2D-model.

The square prism photobleached volume was used in SC FRAP
experiments with the side of the square set to 2 wm. An example
of the data of the total fluorescence versus time and its regressions
with the 2D- and 3D-models is shown in Fig. 3. It can be seen
that the quality of the regression is very good for both 2D- and
3D-models, which yield very similar curves. The value of the
diffusion coefficient estimated by fitting the 3D-model (Eq. (15))
to the experimental data (n=6) was 3.5+1.0x 102 cm2s~ 1.
The 2D-model (Eq. (17)) yielded the diffusion coefficient of
6.3+ 1.7 x 1072 cm? s~ 1. It can be noted that the values for the two
distinct models differ by less than a factor of 2, yielding reasonably

narrow range for the value of the diffusion coefficient of Rh:B in
SC lipid phase. Both of these values are substantially less than the
value of the diffusion coefficient for a similar molecular weight flu-
orophore (4a-diaza-s-indacene-3-hexadecanoic acid, MW=474)
found by Johnson et al. (1996) (D=19.2+1.7 x 10-9cm?2s~1). In
their work, the FRAP technique was used to measure a solute
diffusion coefficient in artificial lipid bi-layers prepared from a
dimyristoyl-phosphatidylcholine/cholesterol (40 mol%) mixture.
This difference in values for the diffusion coefficients could be
in part due to the higher temperature of the authors’ experi-
ments: 27°C, compared to our experiments conducted at room
temperature (22-25°C). The value of the diffusion coefficient can
be influenced by the lipid-fluorophore molecular interactions,

120

100
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(O o L E s B S B B
0.0 0.5 1.0 1.5 2.0 2.5
Time (s)

Fig. 3. Total fluorescence versus time data for SC (squares) and its regressions with
the 2D (dashed line) and 3D models (solid line).
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which are different for two fluorophores considered. Another
possibility is that the structure of natural SC lipid bi-layers slows
diffusion compared to that of the artificial lipid bi-layers used in
the experiments reported by Johnson et al. (1996).

Since corneocytes appear as areas of little Rh:B fluorescence (see
Fig. 2), FRAP experiments in the corneocyte phase of the SC have
not yielded useful data. It is expected, though, that an appropri-
ate selection of fluorophore, exhibiting measurable fluorescence in
the corneocyte phase should allow determination of the value of
the diffusion coefficient in this phase. It can be also argued that
if coenocytes are not permeable or have little fluorophore present
(corresponding to 2D-model case) the diffusion measured by the
presented FRAP technique is the lateral diffusion in the lipid lay-
ers. Indeed, due to lipid layers orientation (parallel to corneocyte’s
surface) diffusion in these layers will happen in the lateral direc-
tion only (sandwiched between two corneocytes above and below)
and, only the lateral diffusion in the lipid layers is likely to be mea-
sured by this technique. If fluorophore can be selected so that it is
present in the coenocyte as well as corneocyte’s wall being perme-
able to the fluorophore (this corresponds to our 3D-model), then
molecular transport above and below the photo-bleached volume
will be trans-lipid layer diffusion (as well as trans corneocyte wall),
and should allow determination of the trans-lipid layer diffusion
coefficient as well.

4. Conclusion

A FRAP method for determining local values of diffusion coeffi-
cient in SC was developed. The method was, first, verified using the
simplified system of Rh:B in glycerol solution followed by applica-
tion to human SC. For Rh:B fluorophore in SC FRAP it was found that
only the diffusion coefficient in SC lipids can be determined from
SC FRAP experiments. It was hypothesised that extending the SC
FMT FRAP method to different fluorophores can yield local diffusion
coefficients in both lipid and corneocyte phases.
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