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ABSTRACT

The penetration of topically applied tacrolimus formulated in micelles into murine skin is reported, measured by X-ray microscopy. Tacrolimus and micelles are
probed for the first time by this high spatial resolution technique by element-selective excitation in the C 1s- and O 1s-regimes. This method allows selective detection
of the distribution and penetration depth of drugs and carrier molecules into biologic tissues. It is observed that small, but distinct quantities of the drug and micelles,
acting as a drug carrier, penetrate the stratum corneum. A comparison is made with the paraffin-based commercial tacrolimus ointment Protopic’, where local drug
concentrations show to be low. A slight increase in local drug concentration in the stratum corneum is observed, if tacrolimus is formulated in micelles, as compared
to Protopic’. This underscores the importance of the drug formulations for effective drug delivery. Time-resolved penetration shows presence of drug in the stratum
corneum 100 min after formulation application, with penetration to deeper skin layers at 1000 min. High resolution micrographs give indications for a penetration
pathway along the lipid membranes between corneocytes, but also suggest that the compound may penetrate corneocytes.

1. Introduction

The sensitive detection of topically applied drugs within skin layers
is an important issue, which has been addressed in various studies
[1,2]. Some drugs easily penetrate into viable skin layers or even be-
yond via transdermal penetration, whereas others do not penetrate and
remain essentially on the skin surface. This has been empirically de-
termined for lipophilic drugs by the 500 Da rule, which implies that
above this molecular mass efficient penetration is substantially im-
peded [3]. The essential barrier for this process is the stratum corneum.
It was also shown that in inflammatory skin diseases, such as atopic
dermatitis, the barrier function is decreased and the cutoff limit of
penetrating substances is shifted to higher molecular weights [3].
Psoriasis-like lesions, epidermal hyperplasia, and hyperkeratosis may
also affect the penetration of anti-inflammatory drugs [4].

Probing drugs encapsulated in nanoscopic particles after topical
application on skin requires specific detection techniques, which have
been reviewed recently [5]. Preferably, label-free approaches are re-
quired, by exploiting the inherent properties of the drugs and drug
carriers. Several experimental approaches have been employed for
label-free detection, which includes Raman-based approaches [6],
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atomic force microscopy [7], including tip-enhanced Raman scattering
[8], photoacoustic nanoscopy [9], photothermal expansion [10], and X-
ray microscopy [11].

Recently, the penetration of the lipophilic drug dexamethasone by
scanning X-ray microscopy was reported [11-13]. These studies yielded
quantitatively systematic findings at different penetration times, so that
the amount of drug in different skin layers was determined. The central
advantage of X-ray microscopy is that the results can be quantified due
to Beer-Lambert law, In (I/Iy) = — o'c'd, where I is the transmitted ra-
diation, I is the incident radiation, o is the absorption cross section
measured in Mbarn (1 Mbarn corresponds to 1078 cm?), ¢ is the local
concentration, and d is the thickness of the sample that is penetrated by
soft X-rays. The quantity In(I/I,) is also called absorbance or optical
density, probing the relative change of the transmitted radiation
through the sample. Highest concentration of dexamethasone is found
in the stratum corneum and there specifically in the lipid lamellae be-
tween the corneocytes, as follows from high resolution studies [12]. A
characteristic minimum in local drug concentration is found near the
stratum granulosum, indicating that tight junctions are a further barrier
for drug penetration [14], as was analyzed in detail by a transport
model [13]. Beyond the viable skin the drug is only found in the viable
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Scheme 1. (a) Structure of tacrolimus (taken from Ref. [26]); (b) structure of the polymer forming micelles for transporting tacrolimus (x ~ 40-50 units, y ~20-30
units)); (c) structure of a micelle incorporating the active pharmaceutical ingredient (API) tacrolimus (hydrodynamic diameter ~30nm), where hydrophobic
polymer chains point toward the inside and hydrophilic polymer chains toward the outside of the micellar corona.

epidermis, hinting that the basal membrane is another barrier impeding
drug permeation to the dermis. In addition, stratum corneum removal
by repeated tape stripping yielded an enhanced drug penetration be-
havior, which is due to the thinned stratum corneum. As a result, the
drug penetrated in shorter time into deeper skin layers [12]. In addi-
tion, the drug transport was modified by core-multishell nanocarriers,
which transport dexamethasone more slowly through the stratum cor-
neum and release the drug in the lower part of this top skin layer [15].
As a result, less drug is contained in the stratum corneum and the drug
is transported in larger local concentrations into the viable epidermis.
Interestingly, the nanocarriers remained in the stratum corneum and
were not able to cross the tight junction zone. Similar findings were
reported from labeled nanocarriers, which were probed by fluorescence
microscopy [16]. Even in inflamed skin of murine models of psoriasis or
atopic dermatitis the nanocarriers remained in the stratum corneum
[17,18].

These previous findings provide the motivation for the herein pre-
sented work. We have modified the experimental parameters as follows:
instead of dexamethasone we chose the higher molecular weight drug
tacrolimus (C44HgoNO12; m = 804.02 g/mol, see Scheme 1(a), which is
efficiently used in atopic dermatitis [19] and psoriasis [20] treatment.
The strongly hydrophobic compound with a logP of 3.96 + 0.83 [21]
is known to be difficult to formulate and penetrates only in small
quantities into human skin [22]. For this reason, tacrolimus was for-
mulated in micelles, which considerably increased the aqueous solu-
bility from 2.5 ug/mL to 7 mg/mL, i.e. by a factor of > 3000. Maximum
micellar loading was targeted to increase the chances of detecting ta-
crolimus by X-ray spectroscopy. The dermal penetration of tacrolimus
formulated in these micelles has been investigated before, where it was
shown that the formulation changes the drug penetration profile at low
spatial resolution of 20 um, as assessed by analytical approaches, such
as ultrahigh pressure liquid chromatography with tandem mass spec-
trometry detection [23]. The result of this study was that a higher
amount of tacrolimus was found mainly in the stratum corneum and up
to the superficial dermis, if micelles containing the drug were used, as
compared to the commercial Protopic” formulation. Subsequent work
on skin delivery of a tacrolimus composite containing hydrogel in an
imiquimod-induced psoriasis mouse model yielded a twice higher drug
concentration than the commercial formulation Protopic’, which was
also used as a benchmark in this study [22]. These promising earlier
findings of efficient tacrolimus delivery into the skin motivated the
present investigation of micellar penetration capacity via soft X-ray
microscopy. Alternatively, transferosomes have been employed for ef-
ficient delivery of tacrolimus [24]. Most recently, various delivery
strategies for tacrolimus have been reviewed [25]. In this work we
exposed inflamed murine skin to a formulation containing tacrolimus
embedded in micelles for determining the penetration of these species
(cf. Scheme 1). This includes the aspect of enhanced drug penetration
due to skin inflammation and the novel formulation of this lipophilic

drug. It is known that imiquimod-induced psoriasis-like skin lesions
lead to enhanced skin permeability and drug penetration for both hy-
drophilic and hydrophobic drugs [4]. This also includes tacrolimus,
which showed an about ten-fold increased flux in psoriatic skin com-
pared to murine healthy skin.

2. Materials and methods

Tacrolimus (TAC) > 99% (cf. Scheme 1(a)) was purchased from LC
Laboratories (Woburn, MA, USA). Sodium citrate dihydrate and anhy-
drous citric acid Ph. Eur. grade were purchased from Haenseler (Her-
isau, Switzerland). Methoxy poly(ethylene glycol) hexyl-substituted
poly(lactic acid) (mPEGhexPLA or methoxy PEG poly(caprylic acid))
(molecular weight: 5.5kDa) was supplied by Apidel SA, Geneva,
Switzerland. Acetonitrile HPLC grade (HPLC: high pressure liquid
chromatography), water HPLC grade (Biosolve”), and sterile water
(Corningm) were obtained from Brunschwig (Basel, Switzerland).
Acetone Ph. Eur., trifluoroacetic acid (TFA, HPLC grade) were pur-
chased from Sigma, Buchs, Switzerland.

Placebo and 0.7% TAC-mPEG hexyl-substituted poly(lactic acid)
micellar formulations (cf. Scheme 1(b) and (c)) were prepared in citrate
buffer at a 5mL batch scale. Briefly, tacrolimus and polymers were
dissolved in a 1:15 ratio (tacrolimus: polymer, w/w) in 2 mL of acetone.
This organic phase was added dropwise (6 mL/h) to the citrate buffer
(20mM, pH 5.5) under sonication (amplitude 20%, SD450, Branson,
USA). Acetone was evaporated under reduced pressure (60 °C,
180 mbar, Rotavapor R210, Buechi, Switzerland) and the final volume
of the formulation was controlled to ensure the correct tacrolimus dose.
Placebo mPEG hexyl-substituted poly(lactic acid) micellar formulations
were prepared accordingly, but without tacrolimus. Finally, the mi-
celles were filtered under a laminar flow hood through 0.22 um poly-
vinylidene fluoride (PVDF) filters into sterilized vials and kept at 5 °C.
The preparation of the micelles was adapted from Gabriel et al. [22].

The formulations were characterized in terms of drug content, mi-
celle size, and pH. The tacrolimus content was quantified by high
pressure liquid chromatography (HPLC, Agilent 1100, Basel,
Switzerland) with a Kinetex Phenomenex” XB-C18 column (75 X 3 mm
I.D., 2.6 um) heated to 50 °C. The analysis was carried out in gradient
mode at a flow rate of 1 mL/min over 7 min. The mobile phase con-
sisted of a mixture of water with 0.1% (v/v) TFA (A) and acetonitrile
with 0.1% (v/v) TFA (B). A linear gradient from 45% to 55% B was
applied for 4 min, followed by 2 min at 55% B and an equilibration step
down to 45% B in 1 min. The injection volume was set to 20 uL and UV
detection was performed at 205 nm. The particle size was characterized
by dynamic light scattering using back scattering light (173°) with a
Zetasizer Nano-ZS (Malvern Instruments, UK). Micelle size and dis-
tribution were measured in triplicates and expressed as number
weighted (d,) and intensity weighted (Z-average, Z,,) hydrodynamic
diameters and polydispersity index (PDI). The Z,, of both the
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tacrolimus-loaded and neat micelles was around 30 nm and the target
load with tacrolimus was 0.7%.

Murine skin with imiquimod-induced psoriasis-like dermatitis
gathered in an in vivo experiment was used for these ex vivo experi-
ments, as described by Pischon et al. [17]. The frozen skin samples were
stored at —80°C and were thawed for these studies and warmed to
37 °C before incubation. Neat and tacrolimus-loaded micelles and 0.1%
Protopic” were exposed to murine skin so that all samples were treated
topically with a drug concentration of 437 ug/cm? at 37 °C, i.e. the
following samples were prepared: (i) reference skin treated for 100 min
with physiological NaCl solution; (ii) 0.1% Protopic” (100 min pene-
tration time); (iii) neat micelles (100 min, 105 mg polymer per mL ci-
trate buffer 20 mM); (iv) tacrolimus loaded micelles (10 min penetra-
tion time); (v) tacrolimus loaded micelles (100 min penetration time);
and (vi) tacrolimus loaded micelles (1000 min penetration time). Each
skin sample had a size of 0.8 cm X 0.8 cm, then 10 L of the drug for-
mulations was applied to the skin surface covering an area of ca.
0.4cm X 0.4cm. After treatment, the samples were cut into
1 mm X 2mm pieces and were fixed in 2.5% glutaraldehyde (30 min at
room temperature and overnight at 4 °C). Subsequently, the samples
were embedded using the standard protocol also applied in previous
works [11,12,15]. Briefly, the samples were post-fixed by 1% OsO4 and
0.8% K4[Fe(CN)g] in 0.1 M cacodylate buffer. Dehydration of the
samples was done by a sequence of washing steps in water-ethanol
mixtures, finally using neat ethanol. Subsequently, the samples were
embedded in EPON resin (Serva, Heidelberg, Germany). An ultra-
microtome (Ultracut E, Leica, Germany) was used for preparing ca.
350 nm thick skin slices by cutting the skin samples vertically to the
surface. The fixed skin slices were prepared in duplicates and were fi-
nally deposited on silicon nitride windows (thickness 100 nm, Silson,
Northampton, U.K.). All samples were characterized by optical micro-
scopy prior to X-ray microscopy studies (Leica DM4000M, equipped
with a Heidenhain linear encoder).

The experiments involving X-ray microscopy were performed at the
Swiss Light Source at the PolLux instrument, which is located at a
bending magnet providing linearly polarized soft X-rays between
270 eV and 1600 eV [27-29]. The energy scale was calibrated by using
dexamethasone, which has been investigated in detail before
[11,12,15]. The fixed skin samples were mounted vertically on a high-
precision piezoelectric stage and scanned horizontally in the fly scan
mode, so that each line scans a depth profile. The vertical direction is
step-scanned, yielding two-dimensional xy-raster images. A Fresnel
zone plate was used as focusing optics to generate high spatial resolu-
tion (~40nm at the C 1s-edge and ~80nm at the O 1s-edge) by geo-
metrical demagnification of the exit slit. The transmitted signal was
collected by using a small-area detector, consisting of a phosphor
screen, which was coupled to a photomultiplier tube (Hamamatsu
647P). The instrument was operated under vacuum (10> mbar) for
minimizing X-ray absorption by residual gas and to avoid sample con-
tamination. Images were recorded at selected photon energies below
and in the C 1s regime (270-320 eV) as well as below and in the O 1s
regime (500 eV and 550 eV). Image processing was carried out using
IgorPro software similar to previous work [12,13,15] as well as
aXis2000 [30], and Origin” 2018b.

3. Results and discussion

Fig. 1(a) shows the absorption spectrum of the species under study
in the C 1s regime. This is required for gaining the chemical selectivity
by X-ray microscopy. These spectra have not been reported before, so
that they are briefly discussed. Note that the absorption spectra were
left on a relative scale, but these can be easily converted into an ab-
solute cross section scale by using the atomic absorption cross section, if
the composition of the species under study is known, i.e. tacrolimus
(C44HgoNO;, m = 804.02 g/mol) and the polymer composing the mi-
celles (CogoH454N20094, M = 5454 g/mol, cf. [23]), e.g. at 310eV, i.e. a
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region, in which no resonant transitions occur. This yields for tacro-
limus at 310 eV a value of 38.9 + 0.5 Mbarn (cf. Fig. 1(a)), if the pre-
edge value at 280 eV is set to 0 Mbarn. For the micelles one derives at
310eV a larger value of 337.7 + 1 Mbarn (cf. Fig. 1(a)). These sub-
stantial cross sections, corresponding at the C 1s — xt" transition of the
micelles to 25 Mbarn and for tacrolimus to 16 Mbarn, are advantageous
for the detection of topically applied substances, since these are roughly
by a factor of 2.5-4 higher than at the O 1s-edge, as reported in earlier
studies [11,12].

This is a clear advantage of the instrument at the Swiss Light Source
which barely shows any contamination of the X-ray microscope and the
beamline in the C 1s regime (cf. ref. [31]), specifically if compared to
other X-ray microscopy installations. The chemical composition of fixed
skin is not exactly known, so that the conversion into an absolute
vertical scale may lead to substantial errors (cf. Fig. 1(a)). For the ta-
crolimus-loaded micelles (see Fig. 1(a)) one expects a similar C 1s-
spectrum compared to neat micelles, since the drug loading is estimated
to be of the order of 0.7% (see above). As a result, tacrolimus will not
significantly affect the spectral shape of the tacrolimus-loaded micelles.

The assignment of the spectral features shown in Fig. 1(a) is
straightforward according to the molecular structure of the absorbing
carbon in all species under study [32,33]. Note that detailed assign-
ments require quantum chemical calculations (cf. Ref. [11]), which go
beyond the scope of this work. The distinct resonance located for ta-
crolimus at 284.58 eV is due to the C 1s — " resonance of the C=C
bonds, of which there are three in tacrolimus (see Scheme 1(a)). The
shoulder near 286.6 eV is most likely due to the C 1s — 5" resonance of
the C=O0O bonds. The distinct features near 290 eV are likely due to
0" (C—H) excitations [33]. At slightly higher energy, i.e. near 293 eV,
one expects the 0'(C—0)- and o (C—C)-excitations, whereas the
0’ (C—C)-excitations occur as broad and weak features above 300 eV.
The C 1s absorption spectrum of the micelles is similar in shape, but
there are small differences in absorption energies, such as that the weak
C — n"-resonance peaks at slightly higher energy than for tacrolimus,
i.e. at 285.0eV. This weak absorption is unexpected, since the ab-
sorption due to the C 1s — 7t resonance of the C=0 bonds is expected
to occur at higher photon energy (see above) and might be a result of
radiation damage, which may occur for radiation sensitive carboxylic
groups, even at the moderate photon flux of the PolLux beamline. Note
that there is no shift in absorption energy compared to fixed murine
skin (see Fig. 1(a)), so that we cannot use the same approach that was
successfully applied for probing dexamethasone in fixed human skin,
where a distinct spectral shift of the O 1s — x" resonances of skin and
the drug allowed us to selectively probe the drug [11,12]. However, in
the present case it appears to be possible to use two photon energies at
which there is a change in differential absorption primarily for the
micelles, but not for fixed skin. These photon energies are found at
284.6 eV and 286.7 eV, respectively. There, the micelles gain absorp-
tion cross section by 350 + 5%, whereas for tacrolimus a drop in cross
section 23 * 5% is observed. This implies that changes in absorption
cross section due to topically applied micelles can be selectively probed
in the C 1s-regime, but not for tacrolimus.

The O 1s absorption regime is shown in Fig. 1(b) for the same
samples discussed for the C 1s regime (cf. Fig. 1(a)). The assignments
are similar to those given above for the C 1s features with the difference
that only oxygen sites are excited. The intense resonances peaking near
531 eV are due to the O 1s—x" transition. The broad feature near
540 eV is assigned to the O 1s—¢" transition. Note that the O 1s ab-
sorption cross section is significantly smaller than that at the C 1s-edge,
which is only used in this work for supplementary studies, such as
probing tacrolimus.

Fig. 2 shows a series of X-ray micrographs from the top skin layers of
inflamed murine skin. These were recorded in the C 1s regime in order
to detect the presence and penetration of polymeric micelles after ex-
posure of the skin samples to topically applied substances for 100 min.
Fig. 2(a)-(d) shows a series of images taken at 286.7 eV. This photon
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Fig. 1. (a) Carbon 1s absorption cross sec-
tion of fixed murine inflamed skin; tacro-
limus; tacrolimus loaded micelles; and neat
micelles. The vertical dashed lines at
284.6eV and 286.7 eV correspond to the
excitation energies used for X-ray micro-
scopy studies; (b) Oxygen 1s absorption
cross section of fixed murine inflamed skin;

O1s
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= . S, tacrolimus; tacrolimus loaded micelles; and
,-? ( Tacrollmus_ > neat micelles. The vertical dashed lines at
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9o [J] N Tacrolimus excitation energies used for X-ray micro-
£ E 0 scopy studies.
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H Fig. 2. X-ray micrographs of murine inflamed
P rOtoplc N eat Loaded skin near the skin surface: SC: stratum corneum,
Mlce"es Mlce"es VE: viable epidermis, N: nucleus. The micro-
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graphs (a)-(d) have been taken at 286.7 eV for
determining the structure of the samples: (a)
control skin; (b) skin treated with Protopic@; (©)
skin treated with neat micelles; (d) skin treated
with tacrolimus loaded micelles. The micro-
graphs shown in the lower row (e)-(h) are de-
rived from changes in optical density between
284.6eV and 286.7 eV for probing efficiently
micelles. Changes in optical density above a
common threshold value in relative optical
density of 0.067 are indicated by yellow color,
similar to previous work [15]. The arrow in (h)
points toward enhanced concentration of mi-
celles at the border to the viable epidermis.
Note that similar features also occur in (e) and
(g). The scale bars correspond to 5um. Note
that all micrographs were taken with 50 nm step
widths, except for (b) and (f), where 200 nm
were chosen. See text for further details.
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Differential Absorption [arb. units]

Neat
Micelles

Loaded
Micelles

Control
Skin

Fig. 3. Changes in differential absorption for probing micelles by X-ray mi-
croscopy in different skin layers and differently treated skin samples for
100 min as indicated. The error bars correspond to the variance of the corre-
sponding signal levels, where a quarter of the respective region was evaluated.
Stratum corneum (SC) and viable epidermis (VE) — see text for further details.

Protopic

energy corresponds to the onset of the C 1s continuum (cf. Fig. 1(a)) for
all topically applied substances as well as fixed murine skin.

Each micrograph shows the stratum corneum with distinct layers of
corneocytes besides the top part of the viable epidermis. Specifically,
Fig. 2(a)-(d) shows the structural properties of the skin samples. In
contrast, the images in Fig. 2(e)—(h) indicate the presence of micelles at
detectable levels. The distinct layers in the stratum corneum have ty-
pically a thickness of 1.6 um and appear to be swollen due to the topical
application of NaCl solution (Fig. 2(a)), Protopicm (Fig. 2(b), neat mi-
celles (Fig. 2(c)), and tacrolimus loaded micelles (Figure (2d)). Below
these structures lies the viable epidermis, showing sections of kerati-
nocytes with nuclei (partially indicated by N, e.g. in Fig. 2(a) — see also
Fig. 2(e)—(h)) and provides the chemical contrast due to selective ex-
citation at 284.6 eV and 286.7 eV, respectively. These energies were
chosen in order to have the same absorption contrast for fixed skin,
while for the other samples, i.e. micelles and tacrolimus-loaded mi-
celles, an increase in absorption cross section leads to an enhancement
of the differential absorption. We have chosen a presentation for these
Figures that is similar to previous work (cf. Ref. [15]) in order to vi-
sualize the topically applied species under study. This means that a
common threshold value of 0.067, as derived from the relative optical
density scale, is used at which the gray scale image turns into yellow
color of increased differential absorption. This shows a constant back-
ground in the viable epidermis for all micrographs (see Fig. 2(e)-(h)),
which is not considered for the present analysis. We assume that these
highlighted structures are due to carbon-rich moieties in the upper part
of the viable epidermis, which can be assigned to granular and lamellar
patterns according to electron microscopy studies [34,35]. Note that
these occur only in the stratum granulosum and below, but not in the
stratum corneum, yielding a chemical contrast, which is similar to the
topically applied substances under study. Caprylic acid, which is a
chemical building block of the micelles’ polymer, is a fatty acid. High
prevalence of lipids, which are endogenously present in the skin, might
be the reason for signal interference in the viable epidermis. For ex-
ample, lipid species that have been detected particularly in the epi-
dermis, but not in the stratum corneum, are phosphatidylcholins [36].

In Fig. 2(a) and (e) it is also evident that cell nuclei in the stratum
granulosum, indicated by N, are barely affected by this cross sensitivity.
Despite this cross sensitivity in the viable epidermis, it is possible to
probe topically applied drug formulations in the stratum corneum. This
means that the stratum corneum of the reference skin sample does not
show any enhanced absorption contrast in the top of this skin layer.
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Furthermore, Protopic® (cf. Fig. 2(b) and (f)) does not show any hint for
tacrolimus penetration, implying that only small quantities can pene-
trate, which are evidently below the detection limit, if probed in the C
1s-regime. However, the skin samples exposed to micelles display much
higher signals in the stratum corneum. As noted above, the sensitivity is
significantly higher for probing micelles as compared to tacrolimus.
Neat micelles show evidence of their penetration most intensely in a
narrow range at the top of the stratum corneum (see Fig. 2(c) and (g)).
Here, the entire corneocytes in the top layer appear to have taken up
the formulation. The corneocytes show a thickness of 1.8 + 0.2 um,
which is thicker than in untreated murine skin [37]. Thus, it is assumed
that the corneocytes are swollen due to topical treatment. In the lower
layers of the stratum corneum one observes, as indicated by yellow
color, the micelles preferably at the edges of corneocytes. This hints
that their penetration is mostly due to transport in the lipophilic la-
mellae [38], as is known to occur for hydrophobic low molecular
weight drugs [12]. Swelling of corneocytes is known for topical appli-
cation of polymeric nanogel formulations, e.g. from thermoresponsive
nanogels [39]. When exposed to micelles loaded with tacrolimus, the
following changes are observed: The top layer of the stratum corneum
contains also most of the topically applied species, but the load in lower
parts of the stratum corneum shows a different signature compared to
the neat micelles. In the case of the drug-loaded micelles one observes a
more delocalized signal distribution with lower relative concentration
(see Fig. 2(d) and (h)). Localized structures at the edges of corneocytes
only occur in deeper layers of the stratum corneum, as indicated by the
white arrow in Fig. 2(h). The delocalized signal in the stratum corneum
shown in Fig. 2(h) may indicate the disintegration of some micelles in
superficial skin layers and their ability to diffuse down and accumulate
in the stratum granulosum. At the same time, the micelles might be able
to carry with them the drug into layers below the superficial stratum
corneum, as previously reported [23].

Fig. 3 summarizes the findings after 100 min penetration time as
follows: Integrated intensities of the different layers, i.e. stratum cor-
neum (SC) and viable epidermis (VE) are added, yielding an averaged
response due to changes in differential absorption between 286.7 eV
and 284.6 eV, respectively, where the differential absorption of fixed
murine skin cancels out. The control skin and the Protopic’ treated
samples show a minor response in terms of differential absorption in the
stratum corneum. In contrast, the response is significantly higher for
neat micelles and tacrolimus loaded micelles, indicating the feasibility
to show the presence of micelles in the stratum corneum. In contrast,
differential absorption is almost the same for control and viable epi-
dermis treated with Protopicw, neat micelles, and tacrolimus loaded
micelles. This implies that penetration of micelles into the viable epi-
dermis cannot be evidenced by this technique. However, it is assumed
in accordance with previous studies that they will not penetrate into
this skin layer [15]. Additionally, the role of tacrolimus cannot be fully
derived from these experiments, since the drug shows at the chosen
photon energies even a drop in differential absorption, as displayed in
Fig. 1(a).

In comparison to previous work on polymeric micellar nanocarriers
transporting tacrolimus these results are fully compatible [23]. Core-
multishell nanocarriers were found to remain in the stratum corneum
and there was no or minimal penetration into deeper layers observed.
This was also the case for topically applied thermoresponsive nanogels
[39], indicating the necessity of small sized nanocarriers and specific
physicochemical properties in order to cross the skin barriers. As a re-
sult, this type of drug delivery is ideally expected to minimize the
systemic exposure to the drug.

Fig. 4 shows the temporal skin penetration behavior in samples
treated with loaded micelles, as probed by an increase in differential
absorption in the stratum corneum. We have taken X-ray micrographs
for three penetration times, i.e. at 10 min, 100 min, and 1000 min.

The presence of micelles was evidenced in the stratum corneum at
100 min and 1000 min. Clearly, only a minor signal from the micelles is
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100 min 1000 min

10 min

Fig. 4. X-ray micrographs of inflamed murine skin near the skin surface: SC:
stratum corneum, VE: viable epidermis. The micrographs (a)-(c) have been
taken at 286.7 eV for determining the structure of the samples: (a) skin treated
for 10 min. penetration time with tacrolimus loaded micelles; (b) 100 min pe-
netration time; (c) 1000 min penetration time. The micrographs shown in the
lower row (d)—(f) are derived from changes in optical density, i.e. at 284.6 eV
and 286.7 eV, probing mostly micelles. Changes in optical density above a
common threshold value are indicated by yellow color. Note that all micro-
graphs were taken with 50 nm step widths. See text for further details.
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Fig. 5. Changes in differential absorption in the top skin layers of tacrolimus
loaded micelles as a function of penetration time. The error bars correspond to
the variance of the corresponding signal levels, where a quarter of the re-
spective region was evaluated. Stratum corneum (SC) and viable epidermis (VE)
- see text for further details.

detected in the stratum corneum after 10 min penetration time. This is
indicated by light yellow color in Fig. 4(d). Most of the intensity is
observed even above the stratum corneum in the top part of this image
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(not shown in Fig. 4(d)). The measurements taken at 100 min are
identical to those shown in Fig. 2(d) and (h). As the penetration time is
increased to 100 min, an intense signal is observed in the entire top
layer of corneocytes, implying that this layer has absorbed the drug
formulation (cf. Fig. 4(e)). This situation is similar, but more deloca-
lized after 1000 min. penetration time, as displayed in Fig. 4(f). This
might indicate the disintegration of the micelles and release of tacro-
limus into the tissue. A quantification of these results cannot be done
from the micrographs, which is due to the low signal strength. There-
fore, the relative intensities of the micelles in the stratum corneum have
been derived from the results shown in Fig. 4, where cross sensitivities
in the viable epidermis impede the analysis below the stratum corneum.
The results are shown in Fig. 5. The differential absorption due to mi-
celles increases in the stratum corneum (black bars) with time, whereas
the intensity in the viable epidermis (red bars) remains almost constant.
This leads to the conclusion that the temporally resolved loading of the
stratum corneum appears to go into saturation for penetration times
above 100 min. Such penetration behavior will ensure safety due to a
rate-limited drug uptake by the skin.

A limitation of these results is that one cannot distinguish between
neat micelles, tacrolimus loaded micelles, and tacrolimus on the X-ray
micrographs shown in Figs. 2 and 4 with the C 1s probing technique. As
pointed out above, there is an increase in absorption for the micelles,
providing the chemical contrast in the X-ray micrographs, whereas for
tacrolimus there is even a slight drop in absorption, if the photon en-
ergies at 284.6 eV and 286.7 eV are used. This is, however, not suitable
for detecting tacrolimus via resonant excitation in the C 1s-regime and
requires probing the drug in the O 1s-regime (cf. Fig. 1(b)). There, ta-
crolimus shows an O 1s — 5" resonance, which is positioned at slightly
lower energy than the other species under study. This allows us to se-
lectively probe the drug in fixed murine skin. The differential absorp-
tion is adjusted at 528.0 eV (pre-edge regime) and at 530.3 eV (slope of
the O 1s — " transition (cf. vertical lines in Fig. 1(b)). There, the cross
sensitivity is as small as possible, while the absorption cross section is
appreciably high, corresponding to 12.0 + 0.5 Mbarn, if the atomic
absorption cross section in the O 1s-continuum is used (see above). This
results from a chemical shift in the different species under study near
the carbonyl groups. It is rationalized as follows: A careful examination
of the O 1s absorption spectra shown in Fig. 1(b) indicates the O 1s —
7' (C=0) peak of tacrolimus is shifted to lower energy by ~0.5eV re-
lative to the " peak in the other systems under study. This is consistent
with the carbonyl groups (C=O0) being attached to two neighboring
carbon atoms in the drug (see Scheme 1), whereas in the head group of
micelles the C=0 is attached to a C and an O, while in skin protein the
C=0O0 is attached to C and N. The use of 530.3 eV photon energy probes
selectively tacrolimus by exploiting this chemical shift. Then, one can
derive for the samples under study the differential absorption, which
also shows a background due to cross sensitivities of the majority
species in the skin samples.

Fig. 6 clearly indicates that there is a distinct difference in differ-
ential absorption in the stratum corneum, providing evidence that ta-
crolimus is probed with weak intensity. Skin areas were selected, where
the thickness of the stratum corneum is similar. Local differences in
structure of stratum corneum were not dominant in these areas, so that
defects, e.g. holes, cracks etc. were not included in the analysis. In these
selected areas, single images were split into three small longitudinal
sub-sections (sub-images) that were evaluated individually. The total
mean value (column height) of the total sample was derived from the
three mean values of the individual sub-images. The limits of the error
bars correspond to the minimum/maximum of all three sub-images. In
addition, selected areas of the skin were analyzed for evaluating the
robustness of the analysis with respect to large defects, e.g. the long-
itudinal section containing the area of the two large holes shown in
Fig. 2(d) and (h). There, no significant difference compared to the area
left of these holes is observed. Evidently, the analysis does not respond
to the holes containing primarily EPON resin. It can therefore be
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Fig. 6. Changes in differential absorption in the stratum corneum due to tacrolimus probed at the O 1s-edge relative to a untreated control sample (cf. Fig. 1(b)): (a)
Changes in differential absorption for samples exposed for 100 min to neat micelles, Protopic’, and tacrolimus loaded micelles; (b) temporal evolution of the
tacrolimus load in the stratum corneum after delivery with tacrolimus loaded micelles — see text for further details. The error bars correspond to the variance of the
corresponding signal levels, where a quarter of the respective region was evaluated.

concluded that the chosen approach yields realistic results. A lower
level of differential absorption is obtained from the control sample and
the skin sample containing neat micelles (see Fig. 6(a)), whereas an
enhanced level is obtained from the Protopic’ sample, which is at least
similar, likely even slightly higher for the tacrolimus loaded micelles.
This underscores the previously noticed favorable penetration of ta-
crolimus, if formulated in micelles rather than in Protopic® [22,23]. We
note that the drug load is lower in the viable epidermis, so that this
analysis is not extended to this skin region. We have rather evaluated
the time-resolved measurements, as shown in Fig. 6(b).

The O 1s probing technique allowed for following tacrolimus levels
in the stratum corneum as a function of penetration time. The same
level of differential absorption is observed for the control sample and
10 min penetration time. This means that tacrolimus has not yet pe-
netrated into the stratum corneum. There is an increase of tacrolimus
levels at 100 min penetration time, with slightly decreasing levels at
1000 min. The local concentration of tacrolimus might have dropped in
superficial layers due to transport into deeper skin layers, but this re-
mains speculative at this point. Due to rate-limited drug uptake by the
skin, drug concentrations might remain at safe, but active levels in a
considered volume.

4. Summary and conclusions

X-ray microscopy has been applied for the first time to follow the
penetration of tacrolimus in inflamed murine skin ex vivo. Element se-
lective excitation allowed us to probe the penetration of the drug and
micelles in the top skin layers, where C 1s-excitation is preferable for
probing the micelles and O 1s-excitation is more suitable for probing
tacrolimus. The local concentration of the drug and micelles is weak in
the stratum corneum, but at least on the same level compared to
Protopic’, a commercial formulation. The present results indicate that
the corneocytes are swollen and penetrated by the drug formulation,
but there is also minor evidence for enhanced concentration near the
lipid lamellae between the corneocytes. Additional time-resolved stu-
dies indicate that the local concentration of micelles and tacrolimus in
the stratum corneum is increasing with time and reaching finally sa-
turation.

Note that earlier studies with the same tacrolimus loaded micelles
showed efficient, significantly superior tacrolimus delivery compared to
Protopic” into murine, porcine, and human skin [22,23]. The micelles
were therefore considered a suitable delivery system for tacrolimus,
which was able to significantly increase the cutaneous drug levels, and
for this reason merited further investigation. There are noticeable

differences, if X-ray microscopy is used for high spatial resolution
analysis with chemical selectivity. These can be due to the efficiency for
selective probing of the drug and micelles by tunable X-rays as well as
the local deposition of the topically applied species, which were in-
vestigated for the first time in this study. Thus, subsequent studies are
suggested for explaining the evident differences between these experi-
mental approaches.
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