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Scanning Transmission X-ray microscopy (STXM) is a sensitive
and selective probe for the penetration of rapamycin which is
topically applied to human skin ex vivo and is facilitated by skin
treatment with microneedles puncturing the skin. Inner-shell
excitation serves as a selective probe for detecting rapamycin
by changes in optical density as well as linear combination
modeling using reference spectra of the most abundant
species. The results indicate that mechanical damage induced
by microneedles allows this drug to accumulate in the stratum
corneum without reaching the viable skin layers. This is unlike
intact skin which shows no drug penetration at all and

underscores the mechanical impact of microneedle skin treat-
ment. These results are compared to drug penetration profiles
of other drugs highlighting the importance of skin barriers.
High spatial resolution studies also indicate that the lipophilic
drug rapamycin is observed in corneocytes. Attempts in data
evaluation are reported to probe rapamycin also in the lipid
layers between the corneocytes, which was not accomplished
before. These results are compared to recent results on
rapamycin uptake in skin where barrier impairment was
induced by pre-treatment with the enzyme trypsin and drug
formulations leading to occlusion.

Introduction

Scanning transmission X-ray microscopy (STXM) and related
approaches employ tunable soft X-rays for spatially resolved
spectromicroscopy studies. It is an established approach for
label-free probing of various samples.[1–7] This includes samples
of importance to materials science, biological matter, as well as
drug delivery systems. Its strength lies in the use of tunable soft
X-rays delivered from synchrotron radiation sources allowing
for element-selective excitations and exploiting chemical shifts
of resonant transitions, for probing the chemical environment
of the absorber with spatial resolution on the nanoscale.
Recently, various approaches in spectromicroscopy relevant to
drug delivery have been reviewed.[8] Among these are exper-
imental approaches relying on sensitive labels, such as
fluorescence, as well as label-free approaches that utilize the
intrinsic spectroscopic properties of the species to be probed
with high spatial resolution. Of crucial importance to STXM is
data reduction for deriving from the spatially resolved spectro-

scopic data details on the spatial distribution of the species of
interest. A variety of approaches exist, which have been
reviewed recently.[9] Most important is the use of specific
software for treating the raw data, e.g., aXis2000,[10] so that
changes in optical density and drifts in image stacks can be
evaluated. We have recently developed an approach that is
based on linear combination modeling of reference spectra[11,12]

and is based on singular value decomposition.[13] Furthermore
other approaches, such as cluster analyses and principal
component analyses have been used, e.g., by employing the
program MANTiS.[14]

Topical drug delivery is of central importance to dermal
applications, as skin is the largest human organ that can be
affected by a variety of diseases, most important are inflamma-
tory skin diseases, such as psoriasis and atopic dermatitis.[15,16]

Investigations of topical drug delivery applied to skin have the
advantage that the transport path of the drug is short until it
reaches its site of action in the viable parts of the skin, which is
of the order of 150 μm. This is fully compatible with the size of
samples that can be investigated by STXM, provided the sample
thickness is sufficiently thin allowing for transmission of soft X-
rays. Previous work has shown that soft X-rays can penetrate
skin samples with a thickness of the order of 300–500 nm,[6]

which is demanding for sample preparation, as this is signifi-
cantly thinner than biological samples prepared for optical
microscopy[17] and thicker than electron microscopy samples.[18]

Another limitation in sample preparation is the occasional
access to soft X-ray microscopes located at highly demanded
synchrotron radiation facilities. This is prohibitive for studies on
fresh biological samples and requires sample preparation to
make them last until the access to the X-ray microscope is
granted. Specifically, biological samples are embedded in
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polymers, such as EPON, a technique that is also used in
electron microscopy.[19]

Microneedles made of metals or polymers have been used
for topical intra- and transdermal drug delivery or
vaccination.[20–28] They consist of arrays of micron sized needles
piercing the upper skin layers and can be formed from different
materials, shape, and length with or without a bore. Their shape
and choice of materials are of crucial importance and they
might even dissolve.[29,30] The use of microneedles is manifold, it
is mainly pain-free in use specifically for skin treatment, and has
developed into commercial products.[31] Clinical use of micro-
needles has been reviewed before to be useful for numerous
applications reaching from diagnostic to therapeutic applica-
tions as well as use in cosmetics.[32]

Rapamycin (sirolimus) is a highly potent drug that is an
mTOR inhibitor (mammalian target of rapamycin). Various
medical applications of the immunosuppressive drug are known
reaching from cancer treatment,[33] to use in organ
transplantations.[34] There are also applications in dermatology,
as recently reviewed with systemic and topical applications.[35]

The motivation for this study is that it is known that
rapamycin cannot penetrate intact skin, as was also evidenced
by STXM.[36] This finding was rationalized in terms of the 500 Da
rule,[37] as the molecular weight M of rapamycin is 914.187 Da.
Here, one important barrier preventing drug penetration is the
stratum corneum, the top horny layer of skin, and the tight
junctions located in the stratum granulosum.[38] Evidently, tight
junctions act as an inside-out as well as an outside-in barrier.
For topical drug delivery properties of the outside-in barriers
are of importance and have been studied by tracers.[39] As a
result, tight junctions play an important role for suppression of
molecular penetration. Moreover, properties of lower skin
barriers, such as the basal membrane, have been investigated
before using dexamethasone as a model drug.[40,41] These
studies reveal that for hydrophobic drugs, which include
dexamethasone as well as rapamycin, the basal membrane is a
high free energy barrier, which is unlike the stratum corneum
that is a diffusion barrier. This implies that hydrophobic drugs
are best accommodated in the more lipophilic viable epidermis
than the dermis. In previous studies, the barrier of the stratum
corneum and the stratum granulosum (tight junctions) has
been modified enzymatically and by using occluding
formulations.[11,36] Enzymatically-induced partial barrier disrup-
tions were induced by low concentrations of trypsin, a serine
protease. It was shown that after a short treatment time of 10
and 100 min prior to topical drug administration, rapamycin
can only penetrate the stratum corneum. After 1000 min of
topical trypsin treatment, one observes even in the viable
epidermis the penetration of topically applied rapamycin,
implying that the tight junctions become leaky due to the initial
trypsin treatment.[36] If petrolatum-based formulations of rapa-
mycin are topically applied, which are known to induce
occlusion, this also leads to the penetration of the stratum
corneum compared to untreated skin, whereas no drug is
observed in the viable layers.[11] This implies that occlusion does
not damage the tight junctions. This knowledge motivated the
present study, where instead of enzyme- or occlusion-induced

changes in skin barrier, the mechanical damage of the top skin
barrier is investigated by applying microneedle treatment
immediately after drug application using a commercial device.
The length of the microneedles was adjusted to 250 μm to
reach upper and mid-viable parts of the skin and damage the
tight junctions. This is unlike earlier efforts which used
considerably longer needles up to 900 μm that may cause more
profound changes and alterations of the transport of substan-
ces into the skin.[42]

Experimental
Tunable synchrotron radiation in the O 1s-regime was received
from the beamline BL4 U at the UVSOR-III Synchrotron (Institute for
Molecular Science, Okazaki, Japan). UVSOR-III was operated at
750 MeV and 300 mA in the top-up injection mode. The operation
parameters of the STXM (Research Instruments, ex Bruker) were
identical to those reported before.[36] The photon energy scale in
the O 1s excitation regime (520 – 565 eV) was established by using
the known transition energies of the O 1 s!π*-transitions, such as
CO2 and rapamycin.[6] The energy resolution was ~60 meV and the
spot size of the X-ray photons on the sample was 74�3 nm. The
STXM data were collected in the ‘on-the-fly mode’ at pixel sizes of
1 μm for overview images of the entire samples and reached down
to 200–250 nm and 50 nm, respectively, for more detailed scans.
The typical dwell time for each pixel was 2 ms. Scan sizes were
150 μm x 400 μm (overview scans), 50 μm x 10 μm, and ~16 μm x
3 μm, respectively. Each stack of data contained 134 maps taken at
photon energies between 520 eV and 565 eV, except for overview
scans that covered only 11–13 energy points between 530.3 eV and
531.5 eV, as these large micrographs were too time consuming for
the limited beam time. Near-edge features at the O 1s-edge were
taken at small energy steps of 0.1 eV. The pre-edge- and post-edge-
continua were taken with larger step widths of 0.5 eV and 0.607 eV,
respectively, as there are no narrow absorption features observed.

Details on data reduction are found in the Supporting Information
(Section 1). Briefly, changes in optical density due to absorption of
the species of interest were obtained according to the Beer-
Lambert law, similarly to earlier work[6]: ln(I0/I)=σ · c · d, where σ is
the absorption cross section, c is the concentration of the absorber,
and d is the thickness of the sample, which can be determined,
e.g., by atomic force microscopy.[6] Absolute absorption cross
sections were derived at 560 eV using tabulated reference data.[43]

Alternatively, linear combination modeling was used in combina-
tion with reference spectra, similar to previous work.[11,36] Briefly,
reference spectra were extracted for the dominant species, which
includes rapamycin, EPON, an averaged spectrum of human skin, as
well as components corresponding to the O 1 s!π*-transition and
the O 1 s!σ*-transition (see Supporting Information, Figure S1).

Human skin samples were prepared as follows: ex vivo skin samples
came from the upper arm of a female donor after informed
consent. This research was conducted in accordance with the
Declaration of Helsinki guidelines and was approved by the Ethics
Committee of Charité - Universitätsmedizin Berlin (Germany)
(approval EA1/135/06, renewed in January 2019). Drug formulations
were made of hydroxy ethyl cellulose (HEC, 2.5% w/v) gel that was
prepared from a solution of rapamycin (LC Laboratories, Woburn,
MA, U.S.A.) dissolved in 70% ethanol, yielding a drug concentration
of 1 mg/mL.

The skin samples were cut into 1.5×1.5 cm pieces and were pinned
on Styrofoam plates to avoid contraction during drug treatment.
Then, 40 μL of the drug formulation were placed topically on the
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skin samples. Previous work indicated that such formulations do
not penetrate intact skin, even in the top layers of the stratum
corneum no uptake was detected.[36] Subsequently, the skin
samples were treated with a commercial dermatological micro-
needle pen (derma pen) (Auto-Stamp Motorized Meso Machine)[44]

containing 36 needles of circular shape adjusted to reach a
microneedle penetration depth up to 250 μm, as shown in
Figure S2. The tip size is 15�5 μm (see Figure S2(b)). The device
was operated for 10 s with 18000 RPM at a given position,
corresponding to 300 hits · s� 1. The distance between the needles in
one row is about 0.5 mm, which appears to be too far apart to have
a sufficient number of damaged regions for STXM studies,
considering that a skin section has a thickness of ca. 300 nm and a
width of ca. 0.5 mm. Therefore, the derma pen was rotated by
approximately 45° every 5 s and 10 series of 4 rotations were
applied. Initial studies using the dye trypan blue for visualization of
the mechanical impact indicated that a uniform staining of the skin
samples was achieved in this way while no severe mechanical
damage of the skin was observed (see Supporting Information
Figure S2(d), (e)). This protocol was adopted for drug-treated skin
and subsequently the skin samples were left for 10, 100, and
1000 min to allow the drug to penetrate the mechanically damaged
skin. Subsequently, the remaining formulation was removed, and
the skin did not show visible damage due to microneedle impact.
The skin was cut into 1x1 mm pieces and was fixed in 2.5%
glutaraldehyde and 1% cacodylate buffer. The next steps were
dehydration and embedding in EPON resin, as described in
previous work.[6,11,45–47] The samples were cut using an ultramicro-
tome into ca. 300 nm thick slices having an area of ca. 500×500 μm.
They were prepared as duplicates, corresponding to neighboring
slices. All skin samples were placed on silicon nitride (Si3N4)
windows with a thickness of 100 nm (Silson) and were finally
characterized by optical microscopy (Nikon, MM-400/LU) with
magnifications up to ×100 (see Supporting Information Figure S3).
These micrographs served to select regions to be investigated by
STXM, where preferably the stratified skin layers are oriented
parallel to the silicon frame of the silicon nitride windows and no
damage of the skin samples should be visible. Figure S3 shows the
higher spatial resolution of STXM, which is also confirmed by
supplementary atomic force microscopy (AFM) experiments. The
samples that were exposed for 10 and 100 min to the drug
formulation and the untreated reference samples fulfilled these
requirements, whereas both samples exposed for 1000 min to the
drug formulation showed a crack separating the stratum corneum
from the viable epidermis, which leads to artefacts in data
evaluation. For STXM studies, the skin surface was vertically
oriented as the STXM scan direction was horizontal. Then, each
scanned line corresponds to a depth profile.

Results and Discussion

Figure 1 shows the reference spectra of (a) fixed human skin
and (b) rapamycin that are used for data evaluation. Note that
the quality of the O 1s-absorption of rapamycin is significantly
improved compared to previous work[36] and shows more clearly
that the O 1 s!π*-transition of rapamycin peaking at 531.2 eV
is slightly redshifted relative to that of fixed human skin peaking
at 532.0 eV. This allows us to determine from evaluation of the
optical density the relative local concentration of the drug. Also
note that the absorption energies used for this evaluation were
slightly modified compared to previous work,[36] corresponding
to 531.2 eV and 530.5 eV for the overview scans (cf. Figure 2),
respectively, indicated by vertical red lines in Figure 1. Note

that slightly different values were used for determining changes
in optical density in Figures 3 and 4 (531.2 eV and 530.2 eV). It
is impossible to fully avoid by this approach cross sensitivities
from untreated skin, especially for low drug concentrations (cf.
Supporting Information Figure S4). However, the modified
energies yield an enhanced optical density for rapamycin than
using the previously chosen ones (531.1 eV and 530.74 eV).[36]

The other broad spectral feature peaking at 538.5 eV is due to
the O 1 s!σ*-transition. This transition energy is by 1 eV lower
in energy than previously reported, as the present spectral
quality reported in this work is improved compared to earlier
results.[36] The absolute cross section peaks in this energy
regime at the O 1 s!σ*-transition with a value of 14.5�
1 Mbarn, which is derived from the atomic absorption cross
section[43] and is comparable in magnitude to the previously
reported value.[36] The O 1s - spectrum of fixed human skin is
similar in shape as reported before.[6] However, the O 1 s!π*-
transition is slightly more intense than in previous work,[6,45]

which is likely due to a different origin of the skin samples and
small changes in the fixation protocol. This might explain
variations in unsaturated to saturated moieties, corresponding
to the intensity ratio of the O 1 s!π*-transition compared to
the O 1 s!σ*-transition. Note that the absolute cross section of
fixed human skin cannot be determined, as the elemental

Figure 1. Comparison of the O 1s spectrum of (a) fixed human skin and (b)
rapamycin. The vertical dashed red lines indicate the photon energies that
were used to determine the optical density for probing rapamycin by
changes in optical density. See text for further details.
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composition is not exactly known, which is unlike rapamycin
with its molecular composition C51H79NO13, M =914.17 Da.

Figure 2 shows a series of skin samples initially treated with
microneedles, as described in the Experimental Section, and
then left at 37 °C for (a) 10, (b) 100, and (c) 1000 min so that the
drug can penetrate the samples for the indicated time periods.
The size of the scanned areas was chosen to be wide, as it was
initially unclear if the investigated samples show any evidence
of drug penetration, as the penetration depth of the needles
was not known beforehand due to the elasticity of the skin and
the mechanical barrier of the stratum corneum. We note that
no punctured regions were visible in the microneedle treated
skin, which is expected due the large distance between the
needles and the small number of samples that was produced
and investigated due to limited beam time.

It is known that no rapamycin can penetrate intact skin
samples.[36] Therefore, detecting any rapamycin in the skin
samples would be an indication for the impact of microneedle
treatment. The micrographs shown in Figure 2(a)–(c) cover an
area of 150 μm depth and 400 μm width, at a thickness of ca.

300 nm. The X-ray micrographs were taken at 531.4 eV and
show the highest contrast in this measurement represented on
a false color scale. To increase clarity for structural differences,
only the 5–95% clipped data have been used for visualization.
Such presentation clearly shows the vertical morphology of the
skin samples near the surface. The skin is oriented in a way that
the skin surface is found on the right-hand side of each X-ray
micrograph. Above the skin surface (right-hand side of Figur-
es 2(a)-(c)) one only finds EPON that is used for embedding the
skin samples (see Experimental Section). The stratum corneum
is found as a thin yellow structure of 10–20 μm thickness
followed with increasing depth by the viable epidermis (VE) and
the dermis (DE). These are clearly separated by color contrast,
due to different morphology and chemical composition of the
skin regions. Also, there are some defects visible. Figure 2(a)
(10 min exposure time) indicates funnel-like structures that are
identified as hair follicles and vary the depth of the viable
epidermis in these regions. Figure 2(b) (100 min exposure time)
does not show such structures, here the border between the
viable epidermis and the dermis is much less structured so that

Figure 2. Overview micrographs of microneedle-treated skin samples that were exposed to a topically applied rapamycin formulation for (a) 10 min, (b)
100 min, and (c) 1000 min (photon energy: 531.4 eV, range: 5–95% clipped data). The dashed regions marked by numbers the evaluated regions with respect
to changes in optical density between 531.2 eV (maximum of O 1 s!π*-transition of rapamycin) and 530.5 eV for probing rapamycin (cf. Figure 1). All curves
were compared to an untreated control (black curves in the depth profiles, cf. Figure S4). The scale bars correspond to 50 μm. DE: Dermis, VE: Viable
epidermis, SC: Stratum corneum. See text for further details.
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the viable epidermis has an almost constant thickness. There is
evidence for cracks at the stratum corneum in the lower part of
the micrograph (cf. Figure 2(b)), which is indicated by black
color. Figure 2(c) shows a crack through the entire skin sample
at the stratum corneum, which is likely due to the long
exposure time of 1000 min that weakens the mechanical
stability of the skin and leads to damage upon fixation.

The samples shown in Figure 2(a)–(c) were investigated in
the region of the O 1 s!π*-transition at 11 and 13 photon
energies between 530.3 and 531.5 eV, respectively, for probing
the spatial distribution of rapamycin by changes in optical
density. This stack of images is used to determine changes in
optical density at two selected photon energies (531.2 eV and
530.5 eV, respectively) where rapamycin is efficiently probed (cf.
Figure 1).[36] They were chosen for determining rapamycin depth
profiles over the entire sample, since it was initially not clear,
where the drug can be found after microneedle impact. Here,
we show, as typical examples, only two sub-sections per

experiment, as indicated in Figure 2 by dashed rectangles, for
determining if the microneedle approach may inject the drug
deep into viable skin regions. These sub-sections were mostly
selected for regions where no significant morphological
changes within the stratified structure of the skin sections
occur, i. e., where the skin layers are sufficiently parallel to each
other. In Figure 2(a) region 1 corresponds to a feature that is
due to a hair follicle, whereas region 2 shows horizonal layers
parallel to the skin surface. This proves to yield the clearest
results for the analysis outlined below, as inclined or bended
skin layers may distort the depth profiles of rapamycin. Note
that in Figure 2(c), corresponding to 1000 min exposure time,
regions of the smallest defects were selected. Previous work
also indicated that there are cross sensitivities from the fixed
skin matrix,[36] so that an unstructured background signal is
expected to occur. Note that previous work on different skin
samples and topically applied drugs probed by STXM in
comparison with other spectromicroscopy and analytical techni-

Figure 3. (a) 10 min treated skin sample; (b) 100 min treated skin sample; (c) 1000 min treated skin sample as well as (d) results from an untreated reference
skin. Each Figure consists of: (1) X-ray micrograph taken at 532.0 eV (range: 5–95% clipped data) (top) and changes in optical density between 531.2 eV and
530.2 eV (bottom); (2) linear combination modeling (LCM)-component map for rapamycin (top), where only the reference spectra were normalized to the O
1 s!σ*-resonance; depth profile of the LCM map (bottom); (3) LCM-component maps for rapamycin, where the reference spectra and each pixel of the
micrographs were normalized to the O 1 s!σ*-resonance (top); depth profile of the LCM map (bottom). The depth profiles were derived for ‘top’ and ‘bottom’
from the indicated colored rectangles indicated in (a) region (1). The scale bars correspond to 10 μm.
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ques indicates that reliable results are derived despite cross
sensitivities.[48,49] The background signal is determined from an
untreated reference sample that is included as a black curve in
the lower part of Figure 2(a)–(c). The evaluated data from the
reference sample are plotted in Figure S4. The red curves in
Figures 2(a)–(c) correspond to the depth profile of rapamycin
including the background signal from the skin matrix. The
depth profiles were vertically adjusted to the same background
level for gaining comparability between the treated samples
and the control. This was done by subtracting the average of
the first 10 data points in the dermis (DE), where no rapamycin

is expected to be present in none of the samples and is also
justified by the fact that the depth profiles closely overlap at
the top region of each scan, where EPON is the only species
being present. This adjustment also explains the negative
intensity values in these profiles. Note that the reference skin
was from the same donor and the stack of micrographs were
taken as for the treated samples. However, as there is some
variability in skin morphology, the general shape cannot be
fully identical to that of the treated skin samples. Region (1)
from the 10 min. treated sample, corresponding to a hair
follicle, indicates that the shape of the rapamycin profile and

Figure 4. Spatial distribution of rapamycin in the stratum corneum, as derived from linear combination modeling at high spatial resolution: (a) 10 min treated
skin sample; (b) 100 min treated skin sample; (c) 1000 min treated skin sample; (d) untreated reference skin. For the analysis, the upper and lower 10 pixels of
the width of the scans were considered, as illustrated by dashed lines in (a). (1) Top: X-ray micrograph taken at 532.0 eV (range: 5–95% clipped data). Bottom:
Changes in optical density between 531.2 eV and 530.2 eV; (2) Top: linear combination modeling (LCM)-component map for rapamycin, where only the
reference spectra were normalized to the O 1 s!σ*-resonance. Bottom: Depth profile of the linear combination modeling map; (3) Top: linear combination
modeling-component map for rapamycin, where the reference spectra and each pixel of the micrographs were normalized to the O 1 s!σ*-resonance.
Bottom: Depth profile of this map. The scale bars correspond to 3 μm.
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that of the background signal are almost identical, but there is
a narrow region in the stratum corneum that hints evidence for
rapamycin. In contrast, region (2) indicates more clearly in the
same depth region of the stratum corneum evidence for
rapamycin compared to the background signal. Similar results
were also obtained from the 100 min and 1000 min treated
samples. Note that the amplitude of the rapamycin signal is
always different in magnitude, which is rationalized by different
local drug concentrations. This is ascribed to local mechanical
damage by microneedle treatment, which is unlike topical
treatment of intact skin, where a uniform depth profile is
expected, provided the drug can penetrate skin.[46] Interestingly,
one could gain the impression that there is some rapamycin
present in the viable epidermis reaching below the basal
membrane at a constant level, which could be a plausible result
of microneedle treatment. However, as the untreated reference
sample shows the same depth dependent shape in optical
density, rapamycin penetration into the viable parts of skin is
discounted, as will be elucidated further below in the context of
linear combination modeling and higher spatial resolution
STXM-studies. Therefore, the shape of the background signal
reflects a different composition of the viable epidermis and
dermis as probed by changes in optical density in the O 1s-pre-
edge regime.

The amplitudes of the rapamycin signal compared to the
background are most narrow for 10 min exposure time (Fig-
ure 2(a) regions (1) and (2)), which is ascribed to the lack of
bending of this skin layer and a smaller width of the stratum
corneum compared to the other regions investigated. A slightly
broader spatial drug distribution is found after 100 min, which
is partly due to the broader stratum corneum and the slight
bending of this skin layer in region (2) of Figure 2(b). The
mechanical defect in the entire sample in Figure 2(c) allows us
to investigate only a narrow skin region. There, one also
observed rapamycin in the stratum corneum with variable
amplitude. This result highlights evidence for local variations in
drug concentration due to microneedles.

Figure 3 shows with higher spatial resolution and smaller
pixel sizes of 250 and 200 nm the distribution of rapamycin for
the three samples shown in Figure 2. Figure 3(a)–(c) shows in
the top part of Section (1) X-ray micrographs taken at 532.0 eV,
corresponding to exposure times of 10, 100, and 1000 min,
respectively. These provide details of the skin morphology, such
as the stratified structure of the stratum corneum, consisting of
corneocytes and thin lipid layers,[50] as well as round-shaped
structures in the viable epidermis that are due to nuclei of
keratinocytes. Figure 3(d) includes results for the untreated
reference skin.

The rapamycin distribution is evaluated by two different
approaches (i) changes in optical density (bottom part of
Section (1)) and (ii) results from linear combination modeling
(Sections (2) and (3)). Changes in optical density were derived in
the same way as those shown in Figure 2, but slightly different
photon energies were used (531.2 eV and 530.2 eV, respec-
tively) in comparison to the overview scans. These results
indicate that the choice of photon energies is not critical,
especially since there is a background signal due to cross

sensitivities from the skin matrix, as shown in Figure 2. The
results from linear combination modeling[12] were derived from
reference spectra, as shown in Figure S1 (see Supporting
Information). These reference spectra were obtained from the
maps of the reference skin sample and cover the O 1s-regime
of rapamycin, an average of the skin under study, where the
contribution of the embedding medium (EPON) has been
subtracted, the embedding medium EPON, as well as an O
1 s!π*- and an O 1 s!σ*-component to account for regions of
the skin that contain more unsaturated- or more saturated
oxygen species. Note that Figures 3 and 4 contain the results
for rapamycin, whereas the spatial distributions of the other
species are compiled in Figures S5-S8.

We have derived depth profiles from narrow regions of the
spatial rapamycin distribution for avoiding morphology de-
pendent distortions that would occur if the entire region would
be used. These regions are indicated by colored rectangles in
Figure 3(a) region (1) and are indicated by ‘top’ and ‘bottom’ in
all depth profiles of Figure 3. The difference between the
Sections (2) and (3) derived from linear combination modeling
is described as follows: In Section (2) all reference spectra were
normalized to the O 1 s!σ*-resonance in the 538–540 eV
regime to normalize the oxygen content. In Section (3) addi-
tionally each pixel of the spectromicroscopy maps was
normalized to this spectroscopic feature. The result is that the
relative scale corresponding to the rapamycin depth profiles in
Sections (3) covers a larger dynamic range while there are
minor differences between both normalization procedures with
respect to the shape of the depth distribution of the drug. The
full importance of this analysis is evident for the high-spatial
resolution scan that are discussed in Figure 4 (see below).

The results indicate independent from the evaluation
approach that rapamycin is only found in the stratum corneum.
No evidence for the drug is found in the viable epidermis. The
spatial distribution of the drug is narrower for linear combina-
tion modeling than from changes in optical density. This is
ascribed to the cross sensitivities to the skin matrix of the latter
approach. The shape of the rapamycin distributions derived
from linear combination modeling indicate that the top layers
of the stratum corneum do not contain the drug. This points to
evidence that the drug is entering the stratum corneum from
the mechanically damaged sites, but not topically, as one would
expect then to find evidence for rapamycin also in the top
layers of the stratum corneum, as shown in previous work.[11,36]

Note that the rapamycin distributions for the sample that was
exposed for 1000 min to the drug formulation shows similar
results (Figure 3(c)). However, due to the damage of the entire
sample near the stratum corneum this layer is widened and the
rapamycin distribution is more structured than for the compact
structure of an intact stratum corneum. Finally, reference skin
(Figure 3(d)) shows for changes in optical density a broad offset,
which is comparable to the results shown in Figure 2.

Linear combination modeling yields weak and noisy con-
tribution of the drug that is rationalized in terms of uncertain-
ties of the fit procedure. We conclude that enhanced spatial
resolution provides consistent results compared to the overview
scans and changes in optical density, as shown in Figure 2. In
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addition, more details on the drug penetration process become
visible, especially, if depth profiles in narrow regions are
evaluated.

Figure 4 covers results from higher resolution images than
shown in Figure 3. Here, the focus is the stratum corneum for
determining more precisely where rapamycin is located and
where its concentration is the highest. Note that in these
micrographs not the entire stratum corneum was mapped, so
that the depth distribution discussed above is not considered,
Rather, the focus is put on evidence for finding rapamycin in
the lipid layers separating the corneocytes. Also, for these more
detailed scans, the depth profiles of rapamycin were derived for
two different narrow regions indicated by dashed rectangles at
the top and bottom of each micrograph, as indicated by
colored rectangles in Figure 4. This was done for the same
reason as explained for Figure 3, i. e., maintaining the spatial
resolution of the micrographs in depth profiles. Here, this
approach is more relevant, as the narrow lipid layers would be
smeared out by integration of wider regions. The same
approach was pursued for the untreated reference sample (see
Figure 4(d)).

The results indicate for all samples and both data evaluation
approaches, except for the untreated reference, that there is a
broad continuous background level of rapamycin, which is due
to drug-filled corneocytes. In addition, there are changes in
local drug concentration at the lipid layers separating the
corneocytes. The lipid layers between corneocytes have a
typical thickness of 100–200 nm and can be filled by lipophilic
drugs, such as dexamethasone, as long as they do not exceed a
molecular weight of 500 Dalton.[46] The X-ray micrographs
indicate by high transmission of the soft X-rays compared to
the corneocytes that the lipid layers are optically thinner than
the corneocytes. The local concentration of rapamycin derived
from changes in optical density yields significant decreases in
the regions of the lipids both for the drug treated and the
reference samples, respectively. Due to their natural variability
the properties of the lipid layers cannot be easily quantified, as
the thickness of the samples is there also slightly lower than for
the corneocytes, which follows from additional AFM experi-
ments (see Figure S3). Due to this variability in this part of the
skin it is not possible to determine if the drug is contained in
these structures using changes in optical density. This indicates
inherent limits of this approach for regions that are optically
thin and cannot efficiently accommodate the drug due to their
small volume. Linear combination modeling yields more distinct
information for the spatial distribution of rapamycin if one
evaluates the vertical scale of rapamycin abundance. It is for the
reference sample smaller than for the drug-treated samples (see
Sections (2) in Figure 4). This situation becomes even more
evident, if the pixels of the X-ray micrographs are also
normalized to the O 1 s!σ*-resonance. This increases the
sensitivity for the optically thin lipid layers. The result of this
analysis is shown in Sections (3) of Figure 4. Then, there are
sharp increases in local rapamycin concentration with enhanced
amplitude compared to the reference sample and the back-
ground level of drug in the corneocytes at the location of the
lipid layers between the corneocytes. These results indicate that

even in optically thin regions a highly dilute drug can be
probed at the spatial resolution of less than 100 nm, given that
all data sets have previously been normalized to compensate
for thickness- and composition-dependent variations in optical
density. These results indicate, however, that only a small
fraction of the drug is bound in these lipids, whereas most of
the rapamycin can enter the bulk of the corneocytes, as follows
from the low-resolution X-ray micrographs.

Previous work on rapamycin penetration facilitated by
trypsin treatment and occlusion indicated that the drug is
mostly found in the corneocytes.[11,36] This was rationalized in
terms of enzymatic destruction of the corneocyte envelopes by
trypsin and mechanical damage of these structures due to
swelling of the corneocytes, respectively. However, these results
were unexpected due to the high log P value of 4.3 (cf. ref.[51])
of rapamycin that would lead to the expectation that the drug
should be found at least in part in the lipids separating the
corneocytes, as was found in earlier work on dexamethasone
penetration.[46] In the case of microneedle treatment there is
also mechanical damage, but different from that resulting from
occlusion, as the corneocytes get locally punctured by the
microneedles outside the thin investigated samples and allow
the rapamycin to enter these structures that are large in their
lateral surface compared to their thickness with typical
dimensions of 40 μm in length and 0.5 μm in thickness.[52]

The density of mechanical damage is sufficiently high for
rationalizing the high local concentration of rapamycin within
corneocytes as well as the lipid layers (cf. Figures 3 and 4),
explaining that primarily the bulk of the corneocytes is filled by
rapamycin.

These results imply that the damage caused during the
needling process is sufficient to enhance the uptake of
rapamycin into the stratum corneum. Such uptake could be
beneficial to create depots for prolonged penetration. Yet, the
fact that no deeper penetration in viable compartments was
observed suggests that the compound in the chosen formula-
tion did not have the capability to translocate from the lipid-
rich environment of the stratum corneum or from within the
corneocytes to deeper, more hydrophilic compartments in the
viable epidermis.

While the use of longer or finer needles could be
considered, their potential mechanical limitations must be
taken into account. Alternatively, patch systems incorporating
drug-loaded microneedles that deliver the drug directly during
the skin disruption process might offer a promising approach.

Conclusions

Dermal penetration of the topically applied drug rapamycin
that does not penetrate intact human skin due to its high
molecular weight is shown to be facilitated by a commercial
microneedle device. Rapamycin is selectively probed by tunable
soft X-rays in the O 1s-regime by scanning transmission X-ray
microscopy. This approach is suitable to gain from spectro-
scopic signatures selectively the spatial distribution and depth
profile of rapamycin by employing two data reduction
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approaches, i. e., changes in optical density and linear combina-
tion modeling, which yield consistent results. Linear combina-
tion modeling provides more reliable results for drug distribu-
tions since cross sensitivities are weaker than by probing
changes in optical density. The results indicate that rapamycin
does not reach the viable skin layers and remains in the top
horny skin layer, the stratum corneum. There, mostly corneo-
cytes absorb the drug. In addition, in the lipid layers separating
the corneocytes, also evidence for the occurrence of lipophilic
rapamycin is found. From the therapeutic point of view skin
treatment with microneedles after topical drug application
opens a reservoir for high molecular weight drugs in the
stratum corneum which can be beneficial for prolonged drug
treatment.
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